
Preface 

The frequent association of mutated Ras proteins with human cancers 
has stimulated considerable interest in the role of these small GTPases. A 
continuing expansion of interest in Ras family proteins has prompted the 
compilation of the chapters in this volume which cover four broad experi- 
mental approaches for studying Ras biochemistry and biology. The first 
section describes methods for purifying recombinant Ras proteins and the 
analysis of their posttranslational modifications. In particular, two chapters 
describe the use of farnesyltransferase inhibitors to study Ras function in 
vivo. The second section describes in vitro and in vivo approaches to evalu- 
ate the guanine nucleotide binding properties of Ras proteins. The third 
section emphasizes approaches to measure protein-protein interactions 
between components of the Ras signal transduction pathway. The final 
section describes diverse protocols for evaluating the biological properties 
of Ras proteins. 

It is now evident that Ras proteins are members of a large superfamily 
of small GTPases. These Ras-related proteins function in diverse cellular 
processes such as growth control (Ras family proteins), actin cytoskeletal 
organization (Rho family proteins), and intracellular transport (Rab, ARF, 
Sarl, and Ran family proteins). Because of the rapid expansion of interest 
in these new areas of study, Rho and transport GTPases are covered in 
depth in two companion volumes of Methods in Enzymology, 256 and 257. 
Techniques applicable to one family are frequently useful for studying other 
families. This three-volume series provides a comprehensive collection of 
techniques that will greatly benefit research in the field of small GTPase 
function, providing both an experimental reference for the many scientists 
who are now working in the field and a starting point for newcomers who 
are likely to be enticed into it in the years to come. 

We are very grateful to all the authors for their time and expertise in 
compiling this collection of experimental protocols. These volumes should 
provide a resource for addressing the role of members of the Ras superfam- 
ily in the biology of normal and transformed cells. 

CHANNING J. DER 
W.E. BALCH 

ALANHALL 
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[1] R e f o l d i n g  a n d  P u r i f i c a t i o n  o f  R a s  P r o t e i n s  

B y  SHARON L. CAMI'BELL-BURK a n d  JOHN W. CARPENTER 

Introduction 

Ras proteins are essential components of cellular processes, providing 
a link between growth factor receptors at the cell surface and gene expres- 
sion in the nucleus to regulate normal cell growth and differentiation. ~'~- 
They are often referred to as "molecular switches" because they regulate 
intracellular signaling by a cyclic process involving interconversion between 
GTP (on) and GDP (off) states. The ras gene product, p21, has become 
an essential reagent in many laboratories interested in Ras-mediated sig- 
nal transduction. 

Our laboratory has been investigating the structural basis for Ras func- 
tion using nuclear magnetic resonance (NMR) spectroscopy. These studies 
require tens of milligrams of isotopically 15N,13C-enriched material, and 
therefore efforts have been made to increase the yield and reduce the 
cost associated with isolation of isotopically enriched Ras by optimizing 
purification methods. When H-Ras is produced using the expression system 
of Feig et al., 3 95-99% is localized in the inclusion bodies as insoluble 
protein, whereas 1-5% is expressed in the soluble fraction. Consequently, 
we have worked out a procedure for refolding Ras proteins from inclu- 
sion bodies, to optimize the overall yield of Ras protein isolated from 
Escher ich ia  coll. Here we describe purification methods for isolating 
Ras proteins in high yield from both soluble and particulate fractions of 
E. coll. Ras protein refolded from inclusion bodies possesses biochemical 
activities comparable to Ras protein purified from the soluble fraction. 
Furthermore, NMR data indicate that the refolded Ras protein is structur- 
ally similar to Ras isolated from the soluble fraction. The purification 
procedures should be applicable to a number of low molecular weight 
Ras-related proteins that share sequence and mechanistic homology with 
Ras proteins. 

1 M. Barbacid, Annu. Rev. Biochem. 56, 779 (1987). 
~J. L. Bos, Cancer Res. 49, 4682 (1989). 
3 L. A. Feig, B. T. Pan, T. M. Roberts, and G. M. Cooper, Proc. Natl. Acad. Sci. USA 83, 

4607 (1986). 

Copyright (c? 1995 by Academic Press. Inc. 
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Methods 

Protein Expression and Cell Growth 

The E. coli expression vectors pAT-RasH 4 and pTACC-RasC',  5 encod- 
ing the first 166 residues of the human Ras p21 protein [Ras p21 (1-166)], 
have been kindly provided by C. Der and A. Wittinghofer, respectively. 
The plasmids are transformed into E. coli strain JM105. Conditions for cell 
growth of selectively and uniformly ~SN]3C-enriched H-Ras have been 
described previously. 67 Ras is expressed by growing bacteria at 33 ° in Luria 
broth. At an optical density of -2.3 (600 nm), expression of the protein 
is induced by the addition of 1 mM isopropyl-/3-D-thiogalactopyranoside 
(IPTG). Samples are collected hourly and the fermentor chilled when the 
glucose concentration falls to zero ( - 4  hr). Cells are harvested by centrifu- 
gation at 3300 g, 4 °, for 30 rain and the cell paste is stored at -80  °. All 
subsequent steps are performed at 4 °. The cell paste is resuspended to 0.1 
g of cell paste/ml with sonication buffer [20 mM Tris-HC1 (pH 7.2), 100 
mM NaC1, 5 mM MgCI2, 1 mM dithiothreitol (DTT), and 1 mM phenyl- 
methylsulfonyl fluoride (PMSF)] and the cells are washed once by pelleting 
at 16,000 g for 10 rain. The cells are resuspended again to 0.1 g of cell 
paste/ml with sonication buffer, and then broken by sonication in a 250- 
ml Rossett cup (VWR Scientific, Marietta, GA) at maximum output pulsed 
50% duty cycle for 45 rain, using a Heat Systems (VWR Scientific, Marietta, 
GA) W-375 sonicator equipped with a 0.5-in. button tip. We have also 
employed the French press as an alternative method for cell lysis. Soluble 
and insoluble fractions are fractionated by centrifugation at 17,000g for 30 
rain. If the soluble fraction is not used immediately, ammonium sulfate is 
added to 80% saturation, and the resultant mixture is stored at 4 ° . The 
insoluble fraction is resuspended to 0.1 vol of sonicated material. All purifi- 
cation procedures are performed at 4 ° . 

Purification qf Soluble H-Ras Protein 

DNA is precipitated from the soluble fraction by the slow addition of 
10% polyethyleneimine dissolved in sonication buffer to a final concentra- 
tion of 0.03%. It is important that the final concentration of polyethyleneim- 
ine does not exceed 0.03%, as Ras protein will start to precipitate at higher 

4 C. J. Der. T. Finkel, and G. M. Cooper, (?ell (Cambridge, Mass.) 44, 167 (1986). 
J. John, I. Schlichtin, E. Schiltz. P. Rosch. and A. Wininghofer ,  J. Biol. Chem. 264, 
13086 (1989). 

~' P. J. Kraulis, P. J. Domaille,  S. L. Campbell-Burk.  3'. Van Aken,  and E. Laue, Biochemistry 
33, 3515 (1994). 

v R. J. DeLoskey,  D. E. Van Dyk, T. E. Van Aken.  and S. Campbelt-Burk,  Arch. Biochem. 
Biophys. 311, 72 (1994). 



[1] REFOLDING AND PURIFICATION OF Ras PROTEINS 5 

concentrations. The mixture is then stirred slowly for 20 min and the precipi- 
tate pelleted at 27,000 g for 20 min. The resultant supernatant is dialyzed 
for 22 hr against 2 × 10 vol of QFF buffer [20 mM Tris-HC1 (pH 8.0 at 
4°), 50 mM NaC1, 30/xM GDP, 5 mM MgC12, 10% glycerol (v/v), and 1 mM 
DTT] plus 1 mM PMSF. The dialyzed material is then loaded onto a Q- 
Sepharose Fast Flow (Pharmacia, Piscataway, N J) anion-exchange column 
(4.4 × 14.5 cm) equilibrated with QFF buffer at a flow rate of 4 ml/min. 
H-Ras is eluted off the column with a 2-liter gradient of 50-1000 mM NaCI 
in QFF buffer. Typically, H-Ras elutes off the column as a broad peak 
at 250-450 mM NaC1. The fractions containing H-Ras are pooled and 
concentrated to <10 ml using an Amicon (Danvers, MA) stirred cell with 
a YM10 membrane. 

Gel-filtration chromatography is performed using a Sepharose S-200 
high-resolution column (2.5 × 100 cm; Pharmacia) equilibrated with S-200 
buffer [20 mM Tris-HCl (pH 8.0, at 4°), 100 mM NaCI, 5 mM MgC12, 1 
mM DTT, 10% (v/v) glycerol, and 30/xM GDP] at a flow rate of 2 ml/min. 
The fractions containing H-Ras are pooled and concentrated using a YM10 
membrane in an Amicon stirred cell and/or a Centricon 10 concentrator 
to >20 mg/ml. Western blot analysis and GDP binding are performed on 
aliquots from the various purification steps. Concentrated H-Ras protein 
is stored at -20 ° after the addition of 1.6 vol of Ras freezing buffer [20 
mM Tris-HC1 (pH 8.0), 10 mM NaC1, 5 mM MgC12, 1 mM DTT, 75% 
(v/v) glycerol, and 30/xM GDP]. 

If the soluble fraction is stored as an ammonium sulfate precipitate, 
the protein is resuspended with sonication buffer and dialyzed to remove 
ammonium sulfate prior to use. 

Purification of  Guanidine Hydrochloride-Solubilized Ras Protein .f?om 
Inclusion Bodies 

The insoluble fraction is resuspended in sonication buffer and pelleted 
at 17,000 g, The resultant pellet is resuspended to a protein concentration 
of 10 mg/ml with solubilization buffer [5.0 M guanidine hydrochloride, 50 
mM Tris-HC1 (pH 8.0), 50 mM NaCI, 5 mM MgC12, 1 mM EDTA, 5 mM 
DTT, 1 mM PMSF, 30/ ,M GDP, and 5% (v/v) glycerol] and stirred for 1 
hr. The insoluble material is then pelleted by centrifugation at 17,000 g for 
30 min. The supernatant is diluted 100-fold with dilution buffer (same as 
solubilization buffer, minus guanidine-HC1 and 1 mM DTT instead of 5 
mM DTT) and incubated without stirring for 2 hr. The sample is then 
dialyzed against 2 vol of dialysis buffer [20 mM Tris-HCl (pH 8.0), 5 mM 
MgCI2, 1 mM DTT, 1 mM PMSF, 5% (v/v) glycerol, and 30/xM GDP] for 
18 hr. Anion-exchange chromatography is performed using Q-Sepharose 
Fast Flow (QFF) resin as described above for the soluble H-Ras protein. 
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The QFF fractions are analyzed for GDP-binding activity and by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to deter- 
mine which fractions contained H-Ras. The H-Ras fractions are pooled 
and concentrated with a YM10 membrane in an Amicon stirred cell to >20 
mg/ml and stored at -20  ° after dilution with 2 vol of Ras freezing buffer. 
Western blot analysis is performed and GDP-binding activity is measured. 

Purification of Urea-Solubilized Ras Protein from Inclusion Bodies 

The insoluble fraction resuspended in sonication buffer is pelleted at 
17,000 g. The resultant pellet is resuspended to a protein concentration of 
10 mg/ml with solubilization buffer [6 M urea, 20 mM Tris-HC1 (pH 8.0), 
50 mM NaC1, 5 mM MgC12, 1 mM EDTA, 1 mM 2-mercaptoethanol (2-ME), 
1 mM PMSF, 30/xM GDP, and 5% (v/v) glycerol] and stirred for 2 hr. The 
insoluble material is then pelleted by centrifugation at 17,000 g for 30 min. 
The resultant pellet is resuspended to its previous volume with solubilization 
buffer and stirred for an additional 2 hr. The insoluble material is then 
pelleted by centrifugation at 17,000 g for 30 min. The supernatants from 
both spins are combined and diluted 20-fold with dilution buffer [20 mM 
Tris (pH 8.0), 50 mM NaC1, 5 mM MgCI2,30/xM GDP, 5% (v/v) glycerol, 1 
mM 2-ME] and incubated with gentle stirring overnight at 4 °. Alternatively, 
solubilized Ras may be dialyzed against the dilution buffer instead of dilut- 
ing the sample 20-fold, to remove the urea and allow for refolding. This 
alternative procedure reduces the total sample volume for ease of sample 
manipulation in subsequent steps. The sample is then spun one more time 
to remove insoluble material, and then loaded onto an anion-exchange 
chromatography column using QFF resin. The column is washed with one 
column volume of QFF buffer [20 mM Tris (pH 8.0), 50 mM NaC1, 5 mM 
MgCI2, 30 txM GDP, 10% (v/v) glycerol, 1 mM DTT], then eluted with a 
linear salt gradient from 50 to 1000 mM NaC1, over 10 column volumes. 
A typical elution profile from the QFF column is shown in Fig. l. The 
fractions eluted from the QFF column are analyzed for GDP-binding activ- 
ity and by SDS-PAGE to determine which fractions contain H-Ras. The 
H-Ras fractions are pooled and concentrated to about 10 ml, using a YM10 
membrane in an Amicon stirred cell. The concentrated H-Ras pool is loaded 
onto an S-200 gel-filtration column (2.5 × 100 cm) equilibrated with S-200 
buffer and eluted at a flow rate of 2.0 ml/min. A representative elution 
profile from the S-200 column is shown in Fig. 2. The fractions from the 
S-200 column are analyzed by 15% SDS-PAGE gel electrophoresis to 
determine where the H-Ras protein has eluted. The fractions containing 
H-Ras are pooled and concentrated using a YM10 membrane in an Amicon 
stirred cell to >20 mg/ml and stored at -20  ° after dilution with 2 vol of 
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Ras freezing buffer [20 mM Tris (pH 8.0), 10 mM NaCI, 5 mM MgCI2, 30 
/xM GDP, 75% (v/v) glycerol, 1 mM DTT]. The various stages of urea- 
solubilized refolding and purification of Ras can be followed by SDS-  
P A G E  gel analysis, as shown in Fig. 3. 

Alternate Batch Q-Sepharose Fast Flow Pur~l~cation Procedure 

If the highest yield is not as important as speed, a batch binding proce- 
dure may be used. Soluble Ras extracted from the soluble fraction or 
refolded from inclusion bodies can be purified further by combining with 
equilibrated QFF resin in a large container and nutated at 4 ° for I. hr. The 
QFF mixture is then passed over a glass funnel with perforated plate (No. 
36060-600C; Coming, Corning, NY) under vacuum. The gel is not allowed 
to dry. The unbound material is then washed from the gel with QFF buffer. 
At this stage, the gel can be packed into a column and eluted as normal. 

Protein Determination 

The Bio-Rad protein assay (Bio-Rad, Richmond, CA) is used to deter- 
mine protein concentration using bovine serum albumin (BSA) (A-7906, 
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Lot No. 11H0109; Sigma, St. Louis, MO) as the protein standard, s Standard- 
ization is achieved using a known concentration of Ras determined by 
amino acid composition analysis. The protein values for full-length Ras 
calculated from the Bio-Rad assay and from amino acid analysis should be 
the same. However, the protein value for truncated Ras calculated from 
the Bio-Rad assay is 1.15-fold higher than the value obtained by amino 
acid analysis. 

SDS-PA GE and Gel Scanning. SDS-PAGE is performed using precast 
Daiichi 10-20% polyacrylamide gels purchased from Integrated Separation 
Systems or using standard 15% polyacrylamide gels and buffers reported 
by Laemmli. ') Bio-Rad low-range molecular weight standards are used as 
molecular weight markers. Gels are scanned using an LKB (Bromma, Swe- 
den) Ultroscan XL laser densitometer or a Molecular Dynamics (Sunnyvale, 
CA) computing densitometer and the data are processed using GelScan 
XL version 1.2 software or ImageQuant version 3.15 software. 

Guanine Nucleotide-Binding Assays 

Ras proteins (200 nM) are labeled in 20 mM Tris (pH 8), l mM di- 
thiothreitol, 1 mM EDTA, BSA (1 mg/ml) with 1/xM [c~-3eP]GTP or [8,5'- 
3H]GDP (104 cpm/pmol) for 30 rain at 20 °. MgC12 is added to 5 mM and 
proteins placed on ice. Ras-bound nucleotide is determined by vacuum 
filtration on 0.1-tzm pore size cellulose nitrate filters (Schleicher and Schuell, 
Inc., Keene, NH) and liquid scintillation counting. ~° 

Results 

Optimization of  Protein Refolding 

We have previously described procedures for isolation of both soluble 
Ras and guanidine-solubilized Ras from inclusion bodies of E. coli. 7 The 
refolding yield of Ras was further optimized using urea as the solubilization 
agent. Hence, we focus our discussion on comparison of urea- and guanidine 
hydrochloride-solubilized refolding of Ras, and describe the experimental 
conditions optimized to yield refolded H-Ras with the highest recovery of 
active protein. The following parameters were varied: solubilization agent, 
protein concentration, temperature, and the presence of glycerol. 

M. Bradford, AnaL Biochem. 72, 248 (1976). 
U. K. Laemmli ,  Nature (London) 227, 680 (1970). 

l0 L. A. Quilliam, C. J. Der, R. Clark, E. C. O 'Rourkc ,  K, Zhang,  F. McCormick, and G. M. 
Bokoch, Mol. CelL BioL 10, 2901 (1990). 
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Protein concentration is an important parameter in refolding pro- 
teins.11 14 The protein concentration during refolding must be low enough 
that intramolecular interactions are favored over intermolecular interac- 
tions, as intermolecular interactions can result in protein aggregation, thus 
lowering the yield of correctly folded protein. 

In guanidine hydrochloride-solubilized Ras, the refolding yield was as- 
sessed at three different protein concentrations: 1.0, 0.1, or 0.01 mg/ml. 
The diluted protein was then dialyzed to remove the denaturant. The yield 
of soluble refolded H-Ras when solubilized inclusion body protein was 
diluted from 10 to 1 mg/ml ranged from 27 to 40%. A precipitate formed 
shortly after diluting the solubilized inclusion body protein to 1 mg/ml. 
Protein dilution to either 0.01 or 0.1 mg/ml resulted in a 1.2- to 3.4-fold 
increase in the yield of soluble refolded Ras protein compared to refolding 
at l mg/ml. No precipitates were observed at protein concentrations of 
0.01 and 0.1 mg/ml. Interestingly, the concentration of protein during refold- 
ing does not significantly affect the GDP-binding stoichiometry of refolded 
H-Ras, indicating that H-Ras tends to precipitate if it does not fold correctly. 

However, with urea-solubilized inclusion body protein, we obtained a 
higher refolding yield of 75% at 1 mg/ml. High refolding yields were also 
demonstrated at protein concentrations as high as 10 mg/ml. The yield was 
not improved further by refolding at lower protein concentrations, as was 
observed for guanidine hydrochloride-solubilized Ras protein. A possible 
explanation for the improved refolding yield, using urea as the solubilization 
agent, is that urea is neutral and is less likely to salt out populated hydropho- 
bic refolding intermediates compared to an ionic solubilization reagent such 
as guanidine hydrochloride. 

The effects of temperature and the presence of 10% (v/v) glycerol were 
also examined. Ras was refolded at either 4 or 25°C. The yield of soluble 
refolded H-Ras was slightly higher at 4°C compared to 25°C. Glycerol has 
been used to stabilize the activity of enzymes and the native structure of 
proteins for many years. 15 ~ The addition of glycerol to an aqueous protein 
solution results in preferential binding of water to proteins. The hydrated 

11 j. London,  C. Skrzyna, and M. E. Goldberg, Eur. J. Biochern. 47, 409 (1974). 
~2 F. A. Marston, P. A. Lowe, M. T. Doel, J. M. Schoemaker,  S. White, and S. Angul,  Bio/ 

Technology 2, 800 (1984). 
~3 M. E. Winker,  M. Blaber, G. Bennett .  W. Hohnes ,  and G. A. Vehar,  Bio/Technology 3, 

990 (1985). 
14 F. A. Marston, Biochem. J. 240(1), 1 (1986). 
15 j.  Jarakab. A. E. Seeds, Jr., and P. Tralalay, Biochemistry 5, 1269 (1966). 
1~ j. S. Myers and W. B. Jakoby, Biochern. Biophys. Res. Comrnun. 51, 631 (1973). 
17 H. Hoch, .l. Biol. Chem. 248, 2992 (1973). 
~8 K. Gekko and S. N. Timasheff,  Biochemistry 20, 4667 (1981). 
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protein is less likely to unfold in the structured glycerol solvent than it 
would in water alone] 9 The addition of glycerol to buffers used to refold 
H-Ras did not result in any significant changes in the yield of refolded 
H-Ras or the GDP-binding stoichiometry. The effects of glycerol on both 
the stability and thermodynamics of denaturation/renaturation of refolded 
H-Ras were not investigated. 

The refold procedure was successfully scaled up from 2 mg of inclusion 
body protein to approximately 1300 mg. The overall yield of guanidine 
hydrochloride-refolded H-Ras protein from two wild-type H-Ras prepara- 
tions using the same batch of inclusion bodies was 18 and 25%. In compari- 
son, the overall yield of urea-solubilized Ras was 41%. 

The GDP-binding stoichiometry values for all the refolded Ras samples 
were essentially the same, ranging from 0.24 to 0.43, and were independent 
of protein concentration, temperature, and the presence of glycerol during 
refolding. The GDP stoichiometry values calculated from the filter-binding 
assay were consistently lower than stoichiometries calculated from NMR 
spectroscopy. In particular, both ,sip and tH,15N NMR data show one species 
of H-Ras, predominantly bound to GDP, suggesting the GDP-binding stoi- 
chiometry was >0.9. Moore et al. ~° have reported that they also observed 
the same discrepancy. The GDP-binding stoichiometries that they calcu- 
lated from the filter-binding assay were 35-45% of values obtained using 
other methods to measure GDP binding to H-Ras. 

The various Ras refolding and purification procedures described in this 
manuscript are outlined in Figure 4. We have isolated and re, folded a 
number of truncated wild-type and mutant H-Ras proteins using these 
procedures. So far, all have comparable yields and no modifications were 
necessary. 

Comparison o f  Soluble H-Ras and Refolded H-Ras Proteins 

Soluble H-Ras protein was purified as described in Methods from the 
same cell paste used to isolate and refold wild-type and mutant Ras protein. 
The yield of soluble and refolded wild-type H-Ras (purity >90% as deter- 
mined by C4 reversed-phase high-performance liquid chromatography) 
from 50.2 g of cell paste was 118 and 220 mg, respectively. The GDP- 
binding stoichiometries and GTPase activities for soluble Ras and refolded 
Ras isolated from the same cells were measured. Refolded H-Ras-bound 
GDP and hydrolyzed GTP equally as well as the soluble form isolated from 
the same E. coli cells. 

I~ K. Gekko and S. N. Timasheff, Biochemistry 20, 4677 (1981). 
2o K. J. M. Moore, M. R. Webb, and J. F. Eccleston, Biochemistry 32, 7451 (1993). 
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Refold and purify Ras Sonicate Cells, spin Refold and purify Ras 
from inclusion bodies from inclusion bodies 

Purify Soluble Ras 
resuspend pellet to from supernatantj resuspend pellet to 10 mg/ml 
10 mg/ml in 6 M Urea ~ in 5 M Guanidine-HCI 

spin polyethyleneimine 

Dialyze or dilute 20-fold ~ dilute 100-fold 
T / 

Stir for 20 min, spin out DNA / 

/ 
• J dialyze (2X) overnight 

stir overflight at 4 ~ ~ E :  'alyze (2Xl °ve rnig ht / /z 
next dayspin ; ,,// 

Load on QFF 

elute, 50-1000 mM NaCI 

15% SDS-PAGE 

pool fractions containing 
Ras, concentrate 

Gel filtration on S-200 

15% SDS-PAGE 

I ool fractions containing 
Ras, concentrate 

Freeze 

FIG. 4. Flowchart of procedures for purification of Ras protein from both soluble and 
particulate fractions of E. coll. 

T w o - d i m e n s i o n a l  N M R  spec t ra  of  so luble  and r e fo lded  H - R a s  were  
also c o m p a r e d .  O u r  N M R  resul ts  ind ica te  that  the  r e fo lded  p ro te in  has a 
s t ruc ture  s imilar  to tha t  of  p ro t e in  pur i f ied  f rom the so luble  f ract ion and 
that  only  one  species  p r e d o m i n a n t l y  exists in the  r e fo lded  pro te in .  7 
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In summary, urea appears to be a better solubilization agent for refold- 
ing Ras relative to guanidine hydrochloride. We can refold Ras at higher 
protein concentrations and obtain superior recovery yields. Consequently, 
purification procedures employing urea solubilization of Ras proteins can be 
conducted at lower volumes, facilitating the time and reagent cost associated 
with purification. Our refolding procedures have been successful in the 
purification of full-length and truncated Ras proteins. The refolded protein 
possesses similar GDP-binding stoichiometry and solution structure relative 
to Ras isolated from the soluble fraction. Given the high degree of sequence 
and mechanistic homology between Ras proteins and low molecular weight 
guanine nucleotide-binding proteins, it is likely that these procedures will 
be applicable to purification of various members of the Ras superfamily pro- 
teins. 
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R a s  a n d  R a p  P r o t e i n s  

By EMILIO PORF1R1, TONY EVANS, GIDEON BOLLAG, ROBIN CLARK, 

and JOHN F. HANCOCK 

Introduction 

H-Ras, N-Ras, K-Ras(A), and K-Ras(B) are membrane-bound guanine 
nucleotide-binding proteins that participate in the regulation of cell prolifer- 
ation and differentiation. 1 Mutation of the ras genes, resulting in amino 
acid changes at positions 12, 13, or 61, can trigger neoplastic transformation 
and has been detected in about 20% of all human tumors. Rap proteins 
(Rap 1 A, Rap l B, and Rap2) are Ras-related GTPases that share 53% amino 
acid homology with Ras and are able to antagonize the effects of oncogenic 
Ras in v ivo.  2 

1 H. R. Bourne. D. A. Sanders, and F. McCormick, Nature (London) 349, 117 (1991). 
2 H. Kilayama, Y. Sugimoto. T. Matsuzaki. Y. Ikawa, and M. Noda, Cell (Cambridge, Mass'.) 

56, 77 (1989). 

Copyright fL 1995 by Academic lhess, Inc. 
METHODS IN ENZYMOLOGY, V O L  255 All rights o1 reproduclion in any torm reserved 
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Membrane localization of Ras and Rap is essential for their biological 
activity and requires a series of posttranslational modifications occurring 
at the carboxy-terminal C A A X  motif (C, cysteine; A, aliphatic; X, any 
amino acid)) These modifications comprise farnesylation (Ras) or geranyl- 
geranylation (Rap) of the cysteine residue, removal of the A A X  amino 
acids, and carboxymethylat ionY In addition H-Ras, N-Ras, and K-Ras(A) 
require palmitoylation, whereas K-Ras(B), which is not palmitoylated, re- 
quires a polybasic domain within the hypervariable region for efficient 
plasma membrane binding. 6 

The critical role of Ras in the regulation of cell proliferation, and the 
involvement of activated ras oncogenes in the development of many types of 
cancer, have led to a great deal of research on the biological and biochemical 
properties of Ras and Ras-related proteins. A variety of sources have been 
used to produce recombinant Ras required for biochemical and crystallo- 
graphic studies. Small amounts of naturally occurring Ras proteins have 
been purified from mammalian tissue. 7 A high yield of recombinant H-Ras 
or N-Ras proteins has been obtained by expressing them in E s c h e r i c h i a  

coli ,  as described in [1] in this volume. The expression of K-Ras(4B) or 
Rap is more problematic because polybasic domains are sensitive to E. 
col i  proteases. 

Bacterially produced Ras proteins do not undergo posttranslational 
processing at the C-terminal C A A X  motif. Given the importance of pro- 
cessing for Ras function, alternative strategies have been used to generate 
prenylated Ras proteins. Several observations have shown that Ras proteins 
expressed in the baculovirus-insect cell system are processed in the same 
way as in mammalian cells. H-Ras is farnesylated and palmitoylated, s K-Ras 
is farnesylated, ~) and Rap is geranylgeranylated, u~ The series of posttransla- 
tional modifications is completed by proteolysis of the A A X  amino acids 

3 B. M. Willumsen. K. Norris, A. G. Papageorge, N. L. Hubbert, and D. R. Lowy. EMBO 
J. 3, 2581 (1984). 

4 j. F. Hancock, A. 1. Magee, J. E. Childs, and C. J. Marshall, Cell (Cambridge, Mass.) 57, 
1167 (1989). 

5 S. Clarke, Annu. Rev. Biochem. 61, 355 (1992). 
J. F. Hancock, H. Patcrsom and C. J. Marshall, Cell (Cambridge, Mass.) 63, 133 (1990). 

7 T. Yamashita, K. Yamamoto, A. Kikuchi, M. Kawata, J. Kondo, T. Hishida, Y. Tcranishi, 
H. Shiku, and Y. Takai, J. Biol. Chem. 263, 17181 (1988). 

s M. J. Page, A. Hall, S. Rhodes, R. H. Skinner, V. Murphy, M. Sydenham, and P. N. Lowe, 
.1. Biol. Chem. 264, 19147 (1989). 

~ P. N. Lowe. M. J. Page, S. Bradley, S. Rhodes, M. Sydenham. H. Paterson, and R. H. 
Skinner..L Biol. Chem. 266, 1672 (1991). 

l0 T. Mizuno, K. Kaibuchi, T. Yamamoto, M. Kawamura, T. Sakoda, H. Fujioka, Y. Matsuura, 
and Y. Takai. Proc. Natl. Acad. Sci. U.S.A. 88, 6442 (1991). 
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and cysteine methylation. 11 It has been estimated that processed Ras can 
constitute up to 20% of the total Ras protein expressed in insect cells, s 

Ion-exchange chromatography on Mono Q, followed by gel-filtration 
chromatography on Superose 12, has been used to purify processed and 
unprocessed H-Ras, K-Ras, Rap, Rac, and RhoA from the membrane and 
cytosolic fraction of insect cells, respectively. ~,m Fractionation on Mono S 
has also been used to purify K-Ras(4B). ~) Purification by ion-exchange 
chromatography yields 80-95% pure Ras proteins. However. this approach 
is time consuming, because two column purification steps are often neces- 
sary, and a considerable amount of work may be necessary to optimize 
the system. 

We use single-step immunoaffinity chromatography with peptide elution 
to purify epitope-tagged H-Ras, K-Ras(4B), N-Ras, Rapl, Racl, and RhoA 
expressed in the baculovirus-insect cell system. The tag we use, known as 
"Glu-Glu" tag, includes six amino acid residues (EYMPME) and was de- 
rived from the sequence of an internal region of the polyomavirus medium T 
antigen (EEEEYMPME).12 An anti-Glu-Glu monoclonal antibody (MAb), 
raised against an identical peptide (EEEEYMPME), specifically recognizes 
the Glu-Glu tag and was originally used to purify medium T antigen from 
polyomavirus-infected cells] 2 Other than the Glu-Glu tag, several epitope 
tags are available and have been used to purify a wide range of peptides. 
These include the KT3 tag (TPPPEPET) recognized by the anti-KT3 
MAb, 13 the hemagglutinin tag (YPYDVPDYA) recognized by the 12CA5 
MAb]  4 the Flag (Immunex, Seattle, WA) tag (DYKDDDDK) recognized 
by the 4El 1 MAb,~5 and the tripeptide Glu-Glu-Phe tag recognized by the 
YLI/2 MAb. ~(~ Compared to ion-exchange chromatography, purification 
by immunoaffinity chromatography is a faster and gentler method, suitable 
for small-scale preparation, which can be used under nondenaturing condi- 
tions and which yields proteins purified to homogeneity. Elution with the 
epitope tag is highly specific for the tagged protein. Furthermore, the small 

El p. N. Lowe, M. Sydenham, and M. J. Page, Oncogene 5, 1045 (1990). 
1~ T. Grussenmeyer ,  K. H. Scheidtmann,  M. A. Hutchinson, W. Eckhart.  and G. Walter, Proc. 

Natl. Acad. Sci. U.S.A. 82, 7952 (1985). 
13 G. A. Martin, D. Viskochil, G. Bollag, P. C. McCabe, W. J. Crosier, H. Haubruck,  L. 

Conroy, R. Clark, P. O'Connel l ,  R. M. Cawlhon,  M. A. Innis, and F. McCormick, Cell 
(Cambridge. Mass. ) 63, 843 (199(I). 

t4 H. L. Niman, R. A. Houghten,  L. A. Walker,  R. A. Reisfeld, I. A. Wilson. J. M. Hogle, 
and R. A. Lerner,  Proc. Natl. Acad, Sci. U.S.A. 80, 4949 (1983). 

~5 T. P. Hopp, K. S. Prickett, V. L. Price, R. T. Libby~ C. J. March, D. P. Cerretti, 15). L. Urdal, 
and P. J. Conlon, Bio/Technology 6, 1204 (1988). 

i(, R. H. Skinner, S. Bradley, A. L. Brown, N. J. E. Johnson,  S. Rhodes,  D. K. Stammers.  and 
P, N. Lowc, J. Biol. Chem. 266, 14163 (1991). 
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size of the epitope tag, usually 6-10 amino acids that are added at the N 
or the C terminus, is unlikely to interfere in protein-protein interactions 
or to affect the enzymatic activity of the protein of interest. However, tags 
that can be placed only at the C terminus, like the KT3 tag or the tripeptide 
tag, cannot be used with Ras proteins, because they would affect Ras pro- 
cessing. 

Expression of Epitope (Glu-Glu)-Tagged Ras and  Rap Proteins in 
Baculovi rus - Insec t  Cell Sys tem 

The DNA sequence ( G A A T A C A T G C C A A T G G A A )  encoding the 
Glu-Glu epitope tag is placed into the 5' end of wild-type K-Ras(4B), 
H-Ras, and Rap cDNA using the polymerase chain reaction (PCR). The 
tagged cDNAs are cloned into the Kpnl and XbaI sites of the pAcC13 ~7 
baculovirus transfer vector to place the ras genes under the control of the 
polyhedrin promoter. To generate recombinant baculovirus 2/xg of Ras- 
pAcC13 or Rap-pAcC13 DNA is cotransfected in Sf9 (Spodoptera frugi- 
perda, fall armyworm ovary) cells with 1 /xg of gapped and linearized 
Autographa californica nuclear polyhedrosis virus DNA (PharMingen, San 
Diego). ~s Cotransfections are carried out by lipofection, using the synthetic 
lipid N-L1 -(2,3-dioleyloxy)propyl]-N,N,N-triethylammonium chloride 
(DOTMA) mixed 1:1 with dioleoylphosphatidylethanolamine. Recombi- 
nant virus is isolated from occlusion negative ( o c c )  plaques following two 
cycles of reinfection. 1~) To verify the expression of Ras or Rap, several 
small-scale cultures are infected with independent isolates of recombinant 
virus and analyzed by Western blot using the anti-Glu-Glu MAb, For large- 
scale cultures (500 ml to 10 liters), Sf9 cells seeded at the density of 1 × 
106 cells/ml are infected with 5 to 10 × lff' plaque-forming units (PFU)/ 
ml of recombinant virus. Suspension cultures are grown in Grace's medium 
containing 10% (v/v) fetal calf serum and 3.5% (v/v) yeast hydrolysate, for 
48 hr at 37 ° prior to harvesting. Cells are collected by centrifugation at 500 
g for 10 min at 4°: cell pellets, approximately 1 ml each ( -100 × 10 (' cells), 
are snap-frozen in liquid nitrogen and stored at -80  ° until use. We estimate 
that Ras or Rap accounts for 1-1.5% of total Sf9 cell protein and some 
20% of the total Ras or Rap protein recovered from the cell lysate is 
prenylated. 

17 S. Munenfitsu, M. A. Innis, R. Clark, F. McCormick, A. Ullrich, and P. Polakis, Mol. (.'ell. 
Biol. 10, 5977 (1990). 

~s G. E. Smith. M. D. Summers.  and M. J. Fraser, Mol. Cell  Biol. 3, 2156 (1983). 
t~ D. R. O'Reilly, K. L. Miller. and V. A. Luckow, "Baculovirus Expression Vectors: A 

Laboratory Manual ."  Freeman,  New York, 1992. 
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Separa t ion  of Processed and  Unprocessed Ras and  Rap Proteins by 
Triton X- 1 14 Part i t ioning 

To separate prenylated (processed) from unprocessed Ras and Rap 
proteins we use the Triton X-l14 partition method. 2° One milliliter of 
previously snap-frozen Sf9 cells is thawed at room temperature, resus- 
pended in 10 vol of ice-cold 50 mM Tris-HC1 (pH 7.5), 150 mM NaC1, 
5 mM MgC12, 200 p,M GDP, 1 mM dithiothreitol (DTT), 1 mM Pefabloc 
(Boehringer Mannheim Co., Indianapolis, IN), 10/,g/ml each of leupeptin, 
aprotinin, and soybean trypsin inhibitor and homogenized with 20 strokes 
in a Dounce (Wheaton, Millville, NJ) homogenizer. Following homogeniza- 
tion, a 1/10 vol of 11% (w/v) Triton X-114 is added to the lysate to adjust 
the final Triton X-114 concentration to 1% (v/v), and the lysate is mixed 
for 10 min at 4 ° and centrifuged at 100,000 g at 4 ° for 30 min to get rid of 
the insoluble material. The cleared supernatant is warmed at 37 ° for 1-2 
min, until it becomes cloudy, then centrifuged at 400 g for 4 min at room 
temperature to separate the aqueous (upper) phase from the detergent 
(lower) phase. Both phases are adjusted to 1% (v/v) Triton X-114 on ice 
and three sequential phase separations are performed to "wash" each of 
the original aqueous and detergent-enriched phases. 

Purification of Epitope (Glu-Glu)-Tagged Ras and  Rap Proteins by 
Immunoaff in i ty  Chromatography  

Ehttion o f  Prenylated Ras and Rap Proteins 

Posttranslationally processed Ras proteins are purified by immunoaffin- 
ity chromatography from the original detergent phase on a 1-ml protein 
G-Sepharose column conjugated with anti-Glu-Glu MAb 12 (PG Glu-Glu 
column). The detergent phase, adjusted to 1% (v/v) Triton X-114, is applied 
to the PG Glu-Glu column for 1 hr at 4 °. The column is washed with 20 
vol of buffer A [50 mM Tris-HCl (pH 7.5), 150 mM NaC1, 5 mM MgClx, 
1 mM DTT, 1 mM Pefabloc, and 10 ~g/ml each of leupeptin, aprotinin, 
and soybean trypsin inhibitor], containing 0.5% (w/v) sodium cholate. Pre- 
nylated Ras proteins are eluted in six 1-ml fractions of buffer A, containing 
0.5% (w/v) sodium cholate and a 50-p,g/ml concentration of N-terminally 
acetylated ED peptide (EYMPTD), a peptide known to bind with high 
affinity to the PG Glu-Glu column. 

2, L. Gulierrez. A. I. Magee, C. J. Marshall. and J. F. Hancock. EMBO ,I. 8, 1093 (1989). 
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Elution of  Unprocessed Ras and Rap Proteins 

Unprocessed Ras and Rap proteins are purified from the original aque- 
ous phase, which is loaded onto a 1-ml PG Glu-Glu column for 1 hr at 4 °. 
The column is washed with 40 vol of buffer A and Ras proteins are eluted in 
six 1-ml fractions of buffer A, containing 50/xg of ED peptide per milliliter. 

Unprocessed Ras is quantitatively recovered from the PG Glu-Glu 
column, but solubilization of prenylated Ras or Rapl requires the addition 
of 0.5% (w/v) sodium cholate to the elution buffer. The use of a higher 
concentration of sodium cholate (e.g., 1%, w/v) did not result in a signifi- 
cantly better recovery of prenylated Ras or Rapl. Moreover, such a high 
concentration of detergent may affect the further use of the purified proteins 
because it may interfere with the interaction of Ras with its effectors/ 
regulators in vitro. We have also tested n-octyl-/3-D-glucopyranoside at a 
concentration of 1.2% (w/v). Using this detergent, the recovery of preny- 
lated Ras was similar to that achieved using 0.5% (w/v) sodium cholate. 

Large-Scale Purification of K-Ras(4B) Proteins 

For large-scale preparation of K-Ras(4B), we separate unprocessed 
from processed K-Ras(4B) using ion-exchange chromatography on 
S-Sepharose, followed by purification by immunoaffinity chromatography 
on a PG Glu-Glu column. 

Sf9 cells (5-ml packed volume, 100 × 10 ~ cells/ml) expressing K-Ras(4B) 
are resuspended in 20 ml of 20 mM NaPO4 (pH 7.5), 2 mM MgC12, 1 mM 
DTT, 0.1 mM Pefabloc, 1 /xg/ml each of leupeptin, aprotinin, and soybean 
trypsin inhibitor, 0.2/xg of E-64 [trans-epoxysuccinyl-L-leucylamido(4-gua- 
nidino)butane (buffer B)] per milliliter, additionally containing 0.5% 
(w/v) sodium cholate and 1 mM Pefabloc, 10 /xg/ml each of leupeptin, 
aprotinin, and soybean trypsin inhibitor, and E-64 (2/~g/ml). Sf9 cells are 
lysed by sonication (twice, 1 min each), and centrifuged at 30,000 g for 10 
min at 4 °. The insoluble material is resuspended in 20 ml of buffer B 
containing 0.5% (w/v) sodium cholate and protease inhibitors, then briefly 
sonicated and recentrifuged. The supernatants from the first and second 
centrifugation are combined and centrifuged at 100,000 g. The cleared 
supernatant is loaded onto a 10-ml S-Sepharose column. The prenylated 
protein does not bind the resin and is recovered from the column 
flowthrough. 

Purification of Prenylated K-Ras(4B) Proteins 

The S-Sepharose column flowthrough is loaded onto a 0.5-ml PG Glu- 
Glu column for 1 hr at 4 °. The column is washed with 30 vol of buffer B, 
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30 vol of buffer B containing 0.5% (w/v) sodium cholate, 30 vol of buffer 
B containing 500 mM NaCI, and 30 vol of buffer B containing 0.5% (w/v) 
sodium cholate. Processed K-Ras(4B) is eluted in ten 1-ml fractions of 
buffer B containing 0.5% (w/v) sodium cholate and ED peptide (:25 ~g/ml). 

Purification of  Unprocessed K-Ras(4B) Proteins 

The S-Sepharose column is washed with 10 vol of buffer B and eluted 
with 45 ml of buffer B containing 200 mM NaC1. The eluate is loaded for 
1 hr at 4 ° onto a 0.5-ml PG Glu-Glu column. The PG Glu-Glu column is 
washed with 30 vol of buffer B, 30 vol of buffer B containing 0.5% Nonidet 
P-40 (NP-40), 30 vol of buffer B containing 500 mM NaCI, and 30 vol of 
buffer B. Unprocessed K-Ras(4B) is eluted in ten 1-ml fractions of buffer 
B containing ED peptide (25/~g/ml). 

Analysis  of Purified Ras and  Rap Proteins and  Validation of 
Separa t ion  Procedures  

Following the elution, an aliquot (1/100) of each fraction is analyzed 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) on a 16% polyacrylamide gel, and protein concentration is deter- 
mined using the Bradford reaction. The SDS-PAGE analysis shows that 
Ras proteins are purified to near homogeneity and run between the 21- 
and 30-kDa molecular mass markers (Fig. 1). Typically we purify 0.1-0.2 
mg of prenylated Ras and 1.2 mg of unprocessed Ras from a 1-ml Sf9 cell 
pellet ( -100  x lff' cells). Ras proteins are snap-frozen in liquid nitrogen 
(50/~l/aliquot) and stored at -80  ° until use. 

Validation of" Triton X-114 Separation Procedure 

As previously observed, the mobility on SDS-PAGE of farnesylated 
Ras is greater than the mobility of unprocessed Ras (Fig. 2). To validate 
the Triton X-114 separation procedure, purified Ras is incubated with 
[~H]farnesyl pyrophosphate and farnesyltransferase in a cell-free system, 
as described in [9] in this volume. At the end of a 60-rain incubation, only 
the Ras proteins purified from the aqueous phase (unprocessed) incorporate 
the radiolabel from [3H]farnesyl pyrophosphate whereas the Ras proteins 
purified from the detergent phase do not. 

Assessment of  Guanine Nucleotide-Binding Capacity of  Ras Proteins 

To ascertain that the purified Ras proteins are biologically active we 
determine their respective GTP-binding capacity. Ras proteins (4 pmol, 
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Detergent phase Aqueous phase 

D 1 2 3 4 5 6 M A 1 2 3 4 5 6  

FIG. 1. Purification of processed and unprocessed K-Ras(4B) protein by immunoaffinity 
chromatography. Lysates from Sf9 cells expressing K-Ras(4B) were partitioned into detergent 
and aqueous phases, using the Triton X-114 method. Processed and unprocessed K-Ras(4B) 
proteins were purified by immunoaffinity chromatography on a PG Glu-Glu column. Samples 
(10 ~1) of the original aqueous (A) and detergent (D) phases and of each fraction eluted 
from the PG Glu-Glu column were analyzed by SDS-PAGE on a 16% polyacrylamide gel 
stained with Coomassie blue. Lanes DI-6,  samples of the fractions eluted from the column 
loaded with the detergent phase; lanes A1-6, samples of the fractions eluted from the column 
loaded with the aqueous phase; lane M, molecular weight markers. 

100 nM) are incubated with I /xM [3H]GTP (31.5 Ci/mmol) in a 40-/,1 
reaction mixture containing 20 mM Tris-HC1 (pH 7.5), 50 mM NaC1, 5 mM 
MgC12, 10 mM EDTA, 1% (w/v) bovine serum albumin, 1 mM DTT, 0.05% 
(w/v) sodium cholate. Following a 10-min incubation at room temperature, 
the loading is stopped by adding 10 mM MgC12. After a further 5 min, 
1 ml of ice-cold 20 mM Tris-HC1 (pH 7.5), 50 mM NaC1, 5 mM MgC12 is 
added to each tube and the mixture is filtered through a nitrocellulose filter 

30 kd - I ~  

M D A D A D A 

21 kd 

FIG. 2. SDS-PAGE analysis of Ras proteins purified by Triton X-114 phase separation 
followed by immunoaffinity chromatography. Five hundred nanograms of K-Ras(4B) and of 
the K-Ras C-terminus mutants K6Q and (TAIL were analyzed by SDS PAGE on a 16% 
polyacrylamide gel stained with Coomassie blue. Lanes A, unprocessed Ras purified from 
the aqueous phase: lanes D, processed Ras purified from the detergent phase. 
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(pore size, 45/xm), using a 1225 sampling manifold apparatus (Millipore, 
Bedford, MA). Filters are washed with 10 ml of ice-cold 20 mM Tris-HC1 
(pH 7.5), 50 mM NaC1, 5 mM MgC12, dried, and counted in a scintillation 
counter to determine the radioactivity bound to Ras. Following a 10-rain 
incubation, 23,000 (_+4000) cpm/pmol is usually detected either in farnesy- 
lated or unprocessed Ras proteins; no significant [3H]GTP binding to Ras 
is detected when EDTA is omitted from the loading buffer. 

Conclusions 

Purification of epitope-tagged Ras by immunoaffinity chromatography 
constitutes a fast and simple method yielding proteins purified to homogene- 
ity. The six-amino acid Glu-Glu tag added at the N terminus of the protein 
does not appear to interfere with Ras interactions with its regulators and 
effectors. 21'22 The Triton X-114 partition represents a simple and reliable 
method for separating processed and unprocessed Ras proteins that is 
especially suitable for small-scale purifications. 
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G T P a s e - A c t i v a t i n g  P r o t e i n s  

By GIDEON BOLLAG and FRANK McCORMICK 

Introduction 

Deactivation of Ras. GTP is achieved by catalyzed GTP hydrolysis. L In 
human tissues, at least two proteins are capable of catalyzing this hydrolysis 
on Ras, and they have been termed GAPs for GTPase-activating proteins. 
The first GAP to be identified was a 120-kDa protein, which is denoted 

t D. R. Lowy and B. M. Willumsen.  Anmc Rev. Biochem. 62, 851 (1993). 
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here as pl20-GAP. Subsequently, sequencing of the gene responsible for 
the disease neurofibromatosis type 1 (NF1) revealed a region of homology 
to pl20-GAP. The encoded protein is now called neurofibromin, and its 
Ras GAP activity has been verified in vitro and in vivo. Here we describe 
the purification of these proteins from baculovirus-infected Sf9 (Spodoptera 
frugiperda, fall armyworm ovary) insect cells. 

Comparison of the primary sequences of the two human Ras GAP 
proteins has proved useful in studying their biology (see Fig. 1). The homol- 
ogy between p120-GAP and neurofibromin is localized primarily to a contig- 
uous sequence of about 300 amino acids, which has been referred to as the 
GAP-related domain, or GRD. To distinguish the two GRDs from each 
other, we use the terms GAPette and NF1-GRD. Both of these recombinant 
truncated proteins have been purified from both bacterial and insect cell 
hosts, and here we compare the bacterial proteins with the full-length 
versions from insect cells. 

Many sequence homologies with other signaling proteins have been 
found within the pl20-GAP protein (Fig. 1). Homology with two noncata- 
lytic regions of the Src protooncogene (regions dubbed SH2 and SH3) has 

15-residue NF1/IRA GRD NF1/IRA 
"Glu"-Tag homology homology 

"Tagged" (-is) insertion 
q7 

Neurofibromin [] [ I I~ I 
8-residue 
"KT3"-Tag 

NF1-GRD 1 0 9 5 , ~ - - ~ 0 1 5 6 9  

insertion 

qi~2818 

GAPette 714 [ - - ) , 1 0 4 7  

alternate 
start 

p120-GAP ~ k 1047 
SH2 SH2 PH 

SH3 CalB 

FIG. 1. Schematic representation of the primary structure of full-length pl20-GAP, 
GAPene ,  neurofibromin, and NF1-GRD, highlighting the homologies with other proteins. 
Numbers indicate amino acid residues derived from the full-length untagged proteins. Loca- 
tions of the epitope tags on neurofibromin and NF1-GRD are depicted as open squares, and 
alternative splice sites resulting in insertions within neurofibromin and a novel start sequence 
for p l20-GAP are indicated by triangles. Homologies between the GAPs are shown as a 
white region labeled GRD,  while the extended homology between neurofibromin and the 
yeast IRA1 and IRA2 proteins are indicated as shaded regions. The various similarities 
between p120-GAP and non-GAP proteins include an amino-terminal hydrophobic keratin- 
like region (not shown), Src homology regions 2 and 3 (SH2 and SH3), a pleckstrin homology 
(PH) domain, and a sequence that putatively specifies a calcium-dependent membrane binding 
site (CalB). 
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attracted widespread research interest. 2 Both of these regions interact with 
other signaling proteins: the two SH2 domains are most likely involved in 
binding to autophosphoryla ted tyrosine kinase receptors,  whereas the single 
SH3 domain binds to proline-rich sequences of various other proteins (al- 
though the relevant targets have not been definitively established). The 
coding region between the SH2/SH3 domains and the G R D  contains two 
different stretches of homology. One stretch is homologous to calcium- and 
phospholipid-binding proteins such as the cytosolic phospholipase A2 and 
protein kinase C. -~ This sequence is called the CalB domain and appears  to 
mediate calcium-dependent binding of proteins to phospholipids in cellular 
membranes.  The other stretch is homologous to the protein kinase C sub- 
strate pleckstrin, and is hence called the pleckstrin homology (or PH) 
domain. 4 The function of this sequence is not known, although the ability 
of other PH domains to bind to /3y  subunits of heterotr imeric G proteins 
may provide a clue. At the amino terminus of p l 2 0 - G A P  is a hydrophobic 
keratin-like sequence of unknown function. The human gene for pl20- 
G A P  contains an alternative splice site near  the amino terminus, and the 
variant gene encodes a shorter protein of 100 kDa (p l00-GAP)  lacking the 
hydrophobic sequence but containing all of the other homology domains 
including a functional GRD.  This shorter protein has been found only in 
placental tissue, 5'~' and here we describe only the propert ies of the full- 
length p l20-GAP.  

Aside from the G R D ,  little information has been gleaned from the 
primary sequence of neurofibromin (Fig. 1). Extended sequences outside 
the G R D  have significant homology with the two G A P  proteins of the 
yeast S a c c h a r o m y c e s  cerev i s iae  (IRA1 and IRA2),  but little is known about 
the function of these domains. 7 Two alternative splice sites within the NFI 
gene have been identified, and varying levels of the variant proteins occur 
in different tissues. Both splicing events involve insertions of short coding 
sequences, one stretch of 21 amino acids in the G R D  and one of 18 amino 
acids at the extreme carboxy terminus. The NF1-GRD with the extra se- 
quences yields a protein with G A P  activity similar to that without the 

2 C. A. Koch, D. Anderson, M. F. Moran, C. Ellis, and T. Pawson, Science 252, 668 (199l). 
3 j. D. Clark, L.-L. Lin, R. W. Kriz, C. S. Ramesha, L. A. Sultzman, A. Y. Lin, N. Milona, 

and J. L. Knopf, Cell (Cambridge, Mass.) 65, 1043 (1991). 
4 A. Musacchio, T. Gibson, P. Rice, J. Thompson, and M. Saraste, Trends Biochem. Sci. 18, 

343 (1993). 
5 R. Halenbeck, W. J. Crosier, R. Clark. F. McCormick, and K. Koths, J. Biol. Chem. 265, 

21922 (1990). 
Y. Zhang, G. Zhang, P. Mollat, C. Caries, M. Riva, Y. Frobert, A. Malassine, W. Rost6ne, 
D. C. Thang, B. Beltchev, A. Tavitian, and M. N. Thang, J. Biol. Chem. 268, 18875 (1993). 

7 D. H. Gutmann and F. S. Collins, Neuron 10, 335 (1993). 



24 EXPRESSION, PURIFICATION, AND MODIFICATION [3] 

insertion, s Deletion analysis has identified truncated proteins as short as 
91 amino acids that apparently still display some Ras GAP activity. ~) Here 
we describe purification only of the full-length neurofibromin lacking both 
insertions, as well as the corresponding NF1-GRD. Assays for GAP activity 
are described in [18] of this volume. 

Materials 

Most buffer reagents were purchased from Sigma (St. Louis, MO). 
The protease inhibitors [phenylmethylsulfonyl fluoride (PMSF), leupeptin, 
aprotinin, Pefabloc, and trans-epoxysuccinyl-L-leucylamido(4-guanidino)- 
butane (E-64)], N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 
(HEPES) buffer, and isopropyl-/3-D-thiogalactopyranoside (IPTG) were 
purchased from Boehringer-Mannheim Biochemicals (Indianapolis, IN). 
The resins S-Sepharose Fast Flow, Q-Sepharose Fast Flow, Sephacryl 200, 
and Protein G-Sepharose Fast Flow were purchased from Pharmacia (Pis- 
cataway, NJ). Dulbecco's phosphate-buffered saline was from GIBCO- 
BRL (Gaithersburg, MD). 

Expression of Recombinant  Proteins 

The construction of the baculovirus vectors for both p120-GAP 5 and 
neurofibromin 1° have been described. For protein production, Sf9 insect 
cells are infected at 5 to 10 plaque-forming units (PFU) per cell with 
recombinant virus, and suspension cultures are stirred for an additional 
48-72 hr at 27 °. Details of the insect cell culture have been described. 11 
Harvesting is achieved by centrifugation at 4000 g for 10 min at 4 °, and 
the resulting slurries are stored at - 7 0  °. Slurry volumes are typically 10- 
12 ml/liter of cells. 

The construction of Escherichia coli vectors for GAPette  12 and NF1- 
GRD 13 has also been described. Both vectors express the recombinant 
protein from a Trc (IPTG-inducible) promoter. Expression of these proteins 

s L. B. Andersen ,  R. Ballester, D. A. Marchuk, E. Chang,  D. H. Gutmann ,  A. M. Saulino, 
J. Camonis,  M. Wigler, and F. S. Collins, Mol. Cell. Biol. 13, 487 (1993). 

9 M. S. A. Nur-E-Kamal ,  M. Varga, and H. Maruta,  J. Biol. Chem. 268, 22331 (1993). 
l0 G. Bollag, F. McCormick, and R. Clark, E M B O  J. 12, 1923 (1993). 
i1 B. Maiorella, D. Inlow, A. Shauger, and D. Harano,  Bio/Technology 6, 1406 (1988). 
L2 p. Gideon,  J. John, M. Frech, A. Lautwein,  R. Clark, J. E. Scheffler, and A. Wininghofer ,  

Mol. Cell. Biol. 12, 2050 (1992). 
~3 G. A. Martin, D. Viskochil, G. Bollag, P. C. McCabe,  W. J. Crosier, H. Haubruck,  L. 

Conroy, R. Clark, P. O 'Conne | l ,  R. M. Cawthon, M. A. Innis, and F. McCormick, Cell 
(Cambridge, Mass.) 63, 843 (1990). 
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is achieved by growing cells in Luria broth containing ampicillin to an 
optical density at 600 nm of 0.5, followed by addition of 1 :mM 1PTG 
and further growth for 4 hr. Expression of soluble GAPet te  is better  at 
temperatures of 25-30 °, while high-level expression of NF1-GRD in inclu- 
sion bodies is achieved at 37 ° . Harvesting of the bacterial cells is achieved 
by centrifugation at 10,000 g for 10 min at 4 °, and the bacterial cell pellets 
are stored at - 7 0  ° . 

Pur i f icat ion of p 120-GAP 

Preparation of Extracts 

All procedures should be performed on ice or at 4 ° . The frozen slurry 
is thawed in 3 vol of sodium phosphate buffer [20 mM sodium phosphate 
(pH 6.5), 5 mM EDTA,  1 mM dithiothreitol (DTT),  1 mM PMSF, leupeptin 
(t0/xg/ml)]. Cell lysis is accomplished by nitrogen cavitation on ice at 250 
psi for 30 min. (Other  methods of lysis may result in increased release 
of proteases from insect cell lysosomes.) Cell debris is then removed by 
centrifugation at 10,000 g for 10 min at 4 °, and a cytosolic fraction is then 
obtained by further centrifugation at 100,000 g for 1 hr at 4 °. After the 
supernatant is diluted twofold with the sodium phosphate buffer, this prepa- 
ration is typically at sufficiently low ionic strength for loading onto the 
S-Sepharose column. 

S-Sepharose Chromatography 

The clarified insect cell extract is applied to S-Sepharose Fast Flow resin 
in a column of appropriate dimensions. Typically, a column volume of 12 
ml/liter of cells is adequate. For the following example, a 2.5 × 15 cm 
column is used for extract prepared from a 6-liter insect cell cullure. After 
equilibrating the column with sodium phosphate buffer, the diluted super- 
natant from the 100,000 g spin is applied at 2 ml/min. The column is washed 
with five column volumes of sodium phosphate buffer at 4 ml/min, then 
eluted with a 500-ml linear gradient from 0 to 500 mM NaCI in sodium 
phosphate buffer at 1 ml/min. The peak of GAP activity typically elutes 
at 180 mM NaCI and the peak fractions from about 160-200 mM NaC1 
( - 4 0  ml) are pooled. 

Sephacrvl-200 Chromatography 

The pooled fractions from the S-Sepharose column should be concen- 
trated to - 1 0  ml by ultrafiltration on an Mr 100,000 cutoff filter (e.g., 
YMI00; Amicon, Danvers, MA). This sample is then loaded onto a 5 × 
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90 cm Sephacryl 200 column in 50 mM Tris (pH 8), 100 mM NaCI, 1 mM 
EDTA, 0.5 mM DTT, 1 mM PMSF, leupeptin (10/xg/ml) at 2 ml/min. The 
peak of GAP activity elutes off this column at -770 ml, corresponding to 
the monomeric molecular weight of 120,000. The peak fractions (from -730 
to 820 ml) are pooled and concentrated 5- to 10-fold by ultrafiltration on 
the M,. 100,000 cutoff filter. 

D E A E - H P L C  

After extensive dialysis of the Sephacryl 200 pool into high-performance 
liquid chromatography (HPLC) buffer [30 mM Tris, (pH 8.5), 10% (w/v) 
glycerol, 1 mM EDTA, 1 mM PMSF, leupeptin (10/xg/ml)], the partially 
purified pl20-GAP protein is loaded onto a Bio-Rad (Richmond, CA) 
DEAE-5PW-TSK column (21.5 × 150 mm) at a flow rate of 3 ml/min. 
After a 100-ml wash with HPLC buffer, the protein is eluted with a 60- 
min linear gradient from 0 to 600 mM NaCI. GAP activity elutes as a sharp 
peak at --180 mM NaC1 and the protein can be recovered in a volume of 
- 3  ml at a concentration of 2-3 mg/ml. An equal volume of 100% (w/v) 
glycerol is added to the purified protein, and this preparation is stable >2 
years at -20 ° . Care should be taken to avoid freezing the protein. 

Typically, - 2  mg of purified protein per liter of insect cell culture can 
be obtained using this protocol. A representative purification scheme is 
presented in Table I, based on 11 liters of insect cell culture as starting 
material. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) analysis of a typical purification is presented in Fig. 2. 

Purification of GAPette from E. coli  extracts can be accomplished by 
a procedure similar to that described above. A detailed protocol is presented 
in Gideon et al. 12 

T A B L E  I 
PURIFI('AIION PROFILE FOR PREPARING p I 2 0 - G A P  FROM BACtJLOVIt~.US-INFECTED 

Sf9 INSECT CELI£ a 

Total Specific 
Volume protein Activity ~' activity Recovery Purification 

Fraction (ml) (rag) (mU/ml)  (mU/mg)  (%) (-fold) 

Sf9 cell lysa/e 525 1250 4 1.7 100 1 
S-Sepharose pool 118 170 16 11 90 6 
Sephacryl 200 pool 59 44 16 21 45 12 
D E A E  pool 12.5 22.4 35.5 20 22 12 

" Adapted  from R. Halenbeck et a l )  

t, One  milliunit (mU)  is defined as that amount  of G A P  that catalyzes hydrolysis of I nmol 
of GTP bound to N-Ras  at 18 nM  N-Ras .  GTP at 25 °. 
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FI(;. 2. A 4 20% SDS PAGE analysis of the different steps in the p120-GAF' purification. 
Four micrograms total protein is loaded in each lane of the gel. Proleins are visualized by 
staining with Coomassie blue. The numbers o11 the left-hand side indicate molecular weights 
(×10 ~) of the standard proteins. 

Affinity Pur i f ica t ion  of Neuro f ib romin  

Affinity purification takes advantage of an epitope tag (EYMPME,  
abbreviated as the Olu tag t4) that has been appended at the amino terminus 
to the coding sequence of the recombinant  protein, m A 6-ml slurry of insect 
cells expressing neurofibromin from 500 ml of cell culture is thawed in 5 
vol of lysis buffer [20 mM HEPES (pH 7.3), 1 mM EDTA,  1 mM DTT,  
1 mM Pefabloc, leupeptin (10/~g/ml),  aprotinin (10/zg/ml),  E-64 (2/~g/ 
ml)]. Colchicine (1 raM) and Nonidet  P-40 [NP-40, 1% (v/v)] are added 
and the extract is sonicated for 5 min, using a microtip at 35% output (sonic 
d ismembrator  model 300; Fisher, Pittsburgh, PA). The extract is clarified 
by centrifugation at 100,000 g for 60 min at 4 °. The supernatant  is added 
to I ml of G lu -an t ibody-Pro t e in  G-Sepharose beads (see below) and 
rocked for 1 hr at 4 °. The antibody beads are then recovered in a disposable 
polypropylene column. The beads are washed twice with 10 ml of lysis 
buffer containing 1% (v/v) NP-40, then twice with 10 ml of lysis buffer 
containing 500 mM NaC1, and then again with 10 ml of lysis buffer, Recombi-  

~4 T. G r u s s e n m e y e r ,  K. H. Sche id lmann ,  M. A. Hutch inson ,  W. Eckhar t ,  and  G. Wal ter .  Proc. 
Natl. Acad. Sci. U.S.A. 82, 7952 (1985). 
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nant protein is then eluted from the beads by incubating for 15 min with 
successive increments of 1 ml of lysis buffer containing Glu-peptide (50 
/xg/ml) and collecting the 1-ml fractions separately. The majority of the 
recombinant neurofibromin elutes in fractions 2 through 6. These fractions 
are pooled and concentrated on a Centriprep 100 concentrator (Amicon). 
An equal volume of 100% (w/v) glycerol is added, and the purified neurofi- 
bromin is stored at -20  °. Typical yields are 200-500/xg of neurofibromin 
per liter of Sf9 cell culture. 

Preparation of Glu-antibody-Protein G-Sepharose Beads 

Bead preparation requires dimethyl pimelimidate to link the antibody 
covalently to the Protein G-Sepharose beads. 15 Ten milligrams of Glu-  
antibody is incubated with each milliliter (bed volume) of Protein G-Sepha- 
rose Fast Flow in 0.2 M triethanolamine, pH 8.2, for 60 min at ambient 
temperature with gentle agitation. The resin is then washed five times with 
10 vol of 0.2 M triethanolamine, pH 8.2. The resin is then incubated with 
10 vol of 20 mM dimethyl pimelimidate in 0.2 M triethanolamine, pH 8.2, 
for 45 rain at ambient temperature with gentle agitation. The solution is 
then removed from the resin and 10 vol of 20 mM ethanolamine in 0.2 M 
triethanolamine, pH 8.2, is added for 10 rain. The resin is then washed 
twice with Dulbecco's phosphate-buffered saline and stored at 4 ° as a 
20% (v/v) slurry in Dulbecco's phosphate-buffered saline containing 
0.02% (w/v) sodium azide. 

Purification of NF1-GRD from Inclusion Bodies 

Bacterial cell pellets expressing NFI-GRD are thawed in 5 vol of 10 
mM EDTA (pH 8), 1% (w/v) sodium cholate, 1% (v/v) NP-40 and then 
lysed by sonication for 5 min using a microtip at 35% output (sonic dismem- 
brator model 300; Fisher). Inclusion bodies are recovered by centrifugation 
at 20,000 g for 15 min at 4 °. The solid pellet is washed by resuspending 
again in 5 vol of 10 mM EDTA (pH 8), 1% (w/v) sodium cholate, 1% (v/v) 
NP-40, using brief sonication with a microtip at 35% output. After another 
centrifugation step (20,000 g, 15 min, 4°), the insoluble pellet is resuspended 
in at least 5 vol of 10 mM EDTA, pH 8, by brief sonication, then centrifuged 
again (20,000 g, 15 rain, 4+). The pellet is washed two more times in 10 mM 
EDTA, pH 8, as described above. 

in preparation for solubilization, the pellet is resuspended in 10 mM 
EDTA, 10 mM DTT (10 ml/g pellet) and again sonicated briefly. At this 

b C. Schneider, R. A. Newman, R. D. Sutherland, U. Asser. and M. F. Greaves, .I. Biol .  

C h e m .  257, 10766 (1982). 
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Fie;. 3. A 4-20% SDS-PAGE analysis of typical preparations of p120-GAP, GAPette, 
neurofibromin, and NF1-GRD. One microgram total protein is loaded in each lane of the 
gel. Proteins are visualized by staining with Coomassie blue. The numbers on lhe left-hand 
side indicate molecular weights (× 10 .3) of the standard proteins. Molecular woights of the 
four proteins predicted from the primary sequence are as follows: pl20-GAP, 116,000; 
GAPette, 38,000: ncurofibromin, 319,000: and NF1-GRD, 55,000. 

stage the material is a white suspension. Maintaining a low temperature is 
important. To this suspension, an equal volume of ice-cold 50 mM NaOH 
is added, and the resulting suspension is sonicated briefly at 0 ° in order to 
facilitate solubilization. At this stage, the suspension should be substantially 
clearer and have a pH of about 11. Material should not be left at this high 
pH for long. As soon as the sonication is complete, 4 vol of ice-cold 25 
mM Tricine (pH 8), 10% (w/v) glycerol, 1 mM EDTA, 1 mM DTT, 1 mM 
Pefabloc, leupeptin (10/xg/ml), aprotinin (10/xg/ml), E-64 (2/xg/ml) should 
be added all at once. Reprecipitation of some of the material will start. 
After 30 min on ice, the extract is centrifuged for 30 min (20,000 g at 4 °) 
and the supernatant containing resolubilized NF1-GRD should be filtered 
through a 0.2-/xm pore size filter. This material is typically 80% pure and 
ready to purify further by Q Sepharose chromatography. 

Purification is simplest to achieve by batch chromatography. Ten millili- 
ters of Q Sepharose Fast Flow resin is added and the slurry is gently rotated 
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at 4 ° to allow adsorption. After 30 rain, the resin is collected in a glass 
column containing a sintered glass flit. We have noticed that significant 
GAP activity flows through the column, apparently as smaller proteolytic 
fragments. The resin is washed with five column volumes of 20 mM Tris 
(pH 8), 1 m M  EDTA, 1 mM DTT, 0.1 mM Pefabloc, leupeptin (1/xg/mL), 
aprotinin (1 /xg/ml), E-64 (0.2/xg/ml) and then eluted with a 0-250 mM 
NaCI gradient in the same buffer. The predominant peak of GAP activity 
eluting at about 100 mM NaCI is pooled and concentrated on a Centriprep 
30 concentrator (Amicon). This material is diluted in half with 100% (w/v) 
glycerol and stored at 20 °. Typical yields of NF1-GRD by this method 
are 5-10 mg/liter of bacterial culture. 

Although this purification procedure does not take advantage of affinity 
chromatography, it should be noted that this NF1-GRD encodes an epitope 
tag at its carboxy terminus (TPPPEPET, dubbed the KT3 epitope~6). Alter- 
native or additional purification can be achieved by using KT3-ant ibody-  
protein G-Sepharose beads in a procedure similar to that described above 
for purifying full-length tagged neurofibromin. 1~ 

Compar ison  of Recombinant  GTPase-Activating Proteins 

Preparations of recombinant GAP prepared according to the procedures 
discussed above typically yield proteins that are >90% pure. Examples of 
various preparations are displayed in Fig. 3. These preparations have GAP 
activities that remain stable for >1 year at - 20  °. A comparison of the 
catalytic properties of pl20-GAP, GAPette,  and NF1-GRD is tabulated 
by Wiesmtiller and Wittinghofer. ~7 It appears that the GRD domains of 
both pl20-GAP and neurofibromin are almost as active as the full-length 
proteins. As discussed previously, 12 the differences do suggest that regions 
outside the GRD may interact with the Ras proteins. Although posttransla- 
tional processing may play a role in the regulation of the GAP proteins, no 
consistent difference in GAP activity is noted between proteins expressed in 
insect cells or bacteria. 

Specific routes of Ras regulation that are propagated via the control of 
GAP activity have not yet been elucidated. Nonetheless, it is likely that 
the regulation of GAP activities will play an important signaling role. 
Furthermore, there are indications that the GAPs may perform functions 
in addition to the catalysis of GTP hydrolysis on Ras. With the availability 
of highly pure recombinant proteins, it is hoped that the pathways that 
control and are propagated by the GAPs will be amenable to biochemi- 
cal dissection. 

1(~ H. MacArthur and G. Walter, J. Virol. 52, 483 (1984), 
17 L. Wiesmaller and A. Wininghofer, J. Biol. Chem. 267, 10207 (1992). 
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[4] Purification of Baculovirus-Produced Rap 1 
GTPase-Activating Protein 

B y  BONNEE RUBINFELD and PAUL POLAKIS 

In t roduc t ion  

GTPase-activating proteins (GAPs) are a class of proteins that stimulate 
the hydrolysis of GTP to GDP by members of the Ras superfamily of 
proteins. The purification of a GAP requires a purified preparation of the 
Ras-related protein of interest and a suitable assay for monitoring relatively 
weak increases in GTPase activity on addition of a dilute sample of unpuri- 
fled GAP. A GAP specific for the Ras relative p21 RaN was purified from 
a variety of mammalian sources. I 3 The purified Rapl  GAP, which ulti- 
mately led to the cloning of the cDNA, was extracted from naembrane 
fractions prepared from bovine brain tissue. Rap1 G A P  prepared in this 
way migrated on sodium dodecyl sulfate (SDS)-polyacrylamide gels as a 
diffuse set of bands with an apparent molecular mass range of 85-95 kDa. 4 
The apparent heterogeneity in molecular mass of the full-length Rapl  GAP 
is due to hyperphosphorylat ion:  A chromatographically distinct form of 
Rapl  G A P  was also purified from cytosol, t but this turned out to be a 
truncated form of the Rapl  GAP originally purified from particulate frac- 
tions. Moreover, a G A P  that stimulated the. GTPase activity of the Rap2 
protein was also purified, but again was determined to be a 55-kDa degrada- 
tion product of the 85- to 95-kDa membrane Rapl GAP. 6 This 55-kDa 
form retains activity approximately equivalent to that of the full-length 85- 
to 95-kDa form of Rapl  GAP. 

The molecular cloning of the Rapl  GAP cDNA permitted the large- 
scale production of the expressed protein in a fully active form. 4 Even 
though Rap1 GAP was originally purified from an extract of cell mem- 
branes, the recombinant Rapl  GAP produced in insect Sf9 ( S p o d o p t e r a  

I E. C. Nice, L. Eabri, A. Hammacher, J. Holden, R. J. Simpson. and A. W. Burgess..L Biol. 
Chem. 26"/, 1546 (1992). 

2 p. G. Polakis, B. Rubinfeld, T. Evans, and F. McCormick. Proc. Natl. Acad. St:i. U.S.A. 88, 
239 (1991). 

3 A. Kikuchi, T. Sasaki, S. Araki. Y. Hata, and Y. Takai, J. Biol. Chem. 264, 9133 (1989). 
4 B. Rubinfeld, S. Munemitsu, R. Clark, L. Conroy, K. Watt, W. J. Crosier, F. McCormick, 

and P. Polakis, Cell (Cambridge, Mass.) 65, 1033 (1991). 
5 p. Polakis, B. Rubinfeld, and F. McCormick, J. Biol. Chem. 267, 10780 (1992). 
~ I. Janoueix-Lerosey, P. Polakis, A. Tavitian, and J. de Gunzburg, Bioehem. Biophys. Res. 

Commun. 189, 455 (1992). 
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frugiperda, fall armyworm ovary) cells was easily solubilized in the absence 
of detergents. Characterization of the recombinant protein led to the delin- 
eation of a catalytic core containing amino acids 75-416 of the full-length 
663-amino acid sequence. 7 This core structure retains GAP activity indistin- 
guishable from that of the full-length recombinant rapl GAP, but does 
not exhibit the heterogeneity seen with the full-length protein on SDS-  
polyacrylamide gels. The absence of heterogeneity is due to the lack of 
several phosphorylation sites localized to the carboxy-terminal region of 
the full-length protein. 7 Although these sites are effectively phosphorylated 
both in vivo and in vitro, their phosphorylation does not appear to alter 
the specific activity of the Rap1 GAP protein. Therefore,  for certain uses 
requiring only that Rapl  GAP be catalytically active, the truncated core 
protein may be the desired product, because of its smaller size and lack of 
heterogeneity. In most cases, we have produced recombinant Rap1 GAPs 
that contain engineered epitope tags, making them amendable to affinity 
purification using antibody specific to the tag sequence. However,  in some 
instances nontagged proteins may be preferred, and therefore we have 
herein described the purification of recombinant Rapl  GAP by conven- 
tional as well as by immunoaffinity chromatography. 

Proper t ies  of Rap 1 GAP 

When expressed in the baculovirus Sf9 cell system, full-length Rapl  
GAP is recovered as a 85- to 95-kDa single polypeptide chain with both 
the amino and carboxy termini intact. 4 Purified to homogeneity, this protein 
preparation should exhibit a specific activity approaching 50,000 pmol/ 
min/mg, where 1 pmol refers to the amount of p21Rapl6TP hydrolyzed to 
p2l RaNGDP Rapl GAP works best on the Rap1 protein, but will also 
stimulate the GTPase activity of the related Rap2 protein, albeit with -40 -  
fold reduced efficiency. 5 Rapl  GAP also works marginally on the yeast 
Rapl  relative RSR1.8 p21 aapX binds Rapl  GAP with a dissociation constant 
etstimated at 30 /xM. This affinity is not sufficient to permit isolation of 
Rap1 GAP, using the Rapl  protein itself as a ligand. The purified Rapl  
GAP is relatively stable at concentrations >0.1 mg/ml when stored at 4 ° 
and retains most of its activity for 2-3 weeks under these conditions. Stored 
frozen at - 8 0  °, purified Rap1 GAP is stable for many months, if not years. 
Repeated freezing and thawing will result in a significant loss of activity, 

7 B. Rubinfeld, W. J. Crosier, I. Albert, L. Conroy, R. Clark, F. McCormick, and P. Polakis, 
Mol. Cell. Biol. 12, 4634 (1992). 
P. McCabe, H. Haaubruck, P. Polakis, F. McCormick, and M. Innis, Mol. Cell. Biol. 12, 
4084 (1992). 
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as will heating of the protein. We have noted that storage in Tris buffers 
ultimately results in the precipitation of a fraction of the protein after 
extended periods of time. A trial involving several different storage buffers 
resulted in the following choice: 25 mM sodium phosphate (pH 7.0)-1 
mM dithiothreitol (DTT)- I  mM EDTA-pepsta t in  and leupeptin (1 /~g/ 
ml each). Rapl GAP activity is sensitive to salt, exhibiting half-maximal 
inhibition at approximately 150 mM NaCI. 

Rap I GAP Assay 

GAP activity can be defined as the rate of GTP hydrolysis that occurs 
in addition to the intrinsic rate of hydrolysis of the GTP-binding protein. 
In the case of p21 m,pl(m, there is a slow intrinsic rate of hydrolysis (-0.002/ 
min at 23°), which provides for a good signal-to-background ratio and allows 
the assay to be performed at higher temperatures or for longer periods of 
time if necessary. Here we describe the basic assay; it should be kept in 
mind that this can be modified by adjusting time and temperature to achieve 
higher sensitivity. The assay is performed in a 4-ml polystyrene tube in a 
final volume of 20/M at 23 ° for 10 min. The Rapl-[T-32P]GTP complex is 
first preformed just prior to use by adding 5 /M of purified Rapl protein 
(stock, 0.1 mg/ml) to 44/~1 of 25 mM Tris-HC1 (pH 7.5)-20/~AI MgCI2- 
0.1c} Nonidet P-40 containing 1 /,1 of [T-32P]GTP (6000 Ci/mmol, 10 mCi/ 
ml) followed by a 10-min incubation at 30 °. The assay reaction contains 16 
/,1 of GAP buffer [31.25 mM Tris-HC1 (pH 7.5)-6.25 mM MgCI::-I.2 mM 
dithiothreitol-625 /~M GTP-bovine serum albumin (BSA; 1.25 mg/ml)-  
0.06% (v/v) Nonidet P-40 (NP-40)], 2 /,1 of sample, and 2 /,1 of Rapl-  
[T-~2P]GTP to start the reaction. Immediately following the addition of the 
Rap l-[T-3:p]GTP to the assay mixture, vortex for 1-2 sec and then incubate 
for 10 min at 23 °. The reaction is stopped by adding 4 ml of ice-cold 25 
mM Tris-HC1 (pH 7.5)-5 mM MgCI2-0.1 M NaC1 followed by rapid vacuum 
filtration through nitrocellulose and three subsequent washes of the filters 
with 4 ml each of the same buffer. The filters are dried and subjected to 
scintillation counting. In the absence of GAP activity there should be 
200,000-400,000 cpm retained on the filter, depending on the quality of 
the Rapl  protein and the specific activity of the [T-32p]GTP. GAP activity 
is a function of the decay of the preformed RapI-[T--~?P]GTP complex and 
is expressed as a percentage of the GTP hydrolyzed relative to control. 
This assay is quick and relatively accurate and is recommended for monitor- 
ing GAP activity during purification. For studies requiring greater accuracy, 
such as kinetic analysis, the phosphate release assay is recommended) ) 

~ R. Halenbeck, W. J. Crosier, R. Clark, F. McCormick, and K. Koths, J. Biol. Chem. 265, 
21922 (1990). 
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Purification of Rap 1 GAP 

Conventional Chromatography 

Conventional purification is recommended only when immunoaffinity chro- 
matography is not available, or if the Rapl GAP produced does not contain 
an epitope tag. Clean preparations of recombinant Rapl GAP can be 
obtained by conventional chromatography, but this is largely dependent 
on the specific activity of the starting material. In our hands, the baculovi- 
rus-Sf9 cell system is suitable for Rapl GAP expression. In some prepara- 
tions approximately 50% of the protein content of the crude cell lysate is 
Rapl GAP (Fig. 1B, lane L). With this starting material, only a single step 
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FI(;. 1. Expression and purification of baculovirus-produced Rapl  GAP.  Insect Sf9 cells 
infected with a recombinant  baculovirus expressing Rapl  G A P  codons 75 663 were lysed at 
48 hr postinfection and the lysate chromatographed on S-Sepharosc. (A) Fractions were 
diluted l :300 and 2/xl of each was assayed for Rapl  G A P  activity. Activity is expressed as 
percentage GTP (O) hydrolyzed relative to buffer control. The column was cluted with 0 -  
0.3 M NaC1 ([Z]). (B) One  microliter of lysate (L) or column flowthrough (FT), or 3 /*1 of 
each fi'action, was applied to an 8% SDS-polyacrylamide gel and the gel stained with Coomas-  
sie blue. The relative molecular masses (kDa X 10 3) of standard proteins (S) are shown on 
the left-hand side. 
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of cation-exchange chromatography is required to obtain several milligrams 
of nearly homogeneous Rapl GAP protein (Fig. l). In this example, we 
describe the purification of Rap 1 GAP from a 100-ml suspension of infected 
insect Sf9 cells. The procedure can be scaled for use with up to 5 liters of 
cell suspension. The cells are pelleted from the suspension by centrifugation 
and the cell pellet resuspended in 5 ml of 20 mM Tris-HCl (pH 8.0)-1 
mM dithiothreitol-1 mM EDTA-0.5 mM phenylmethylsulfonyl fluoride 
(PMSF)-pepstatin and leupeptin (1 /xg/ml each). The resuspended cells 
are lysed by freezing in a dry ice-ethanol bath followed by thawing at room 
temperature. Broken cells and debris are removed by ultracentrifugation 
at 100,000 g for 1 hr. The supernatant is removed, adjusted to pH 6.5 with 
NaH2PO4, and then ultracentrifuged again. This supernatant is loaded at 
a flow rate of 10 ml/hr onto a 5-ml column of S-Sepharose (Pharmacia, 
Piscataway, N J) equilibrated in buffer S [50 mM sodium phosphate (pH 
6.5)-1 mM dithiothreitol-1 mM EDTA-pepstatin and leupeptin (1 /xg/ml 
each)]. The column was washed with five column volumes of buffer S and 
then eluted with a 100-ml linear gradient of NaC1 from 0-0.3 M in buffer 
S at a flow rate of 25 ml/hr. Fractions of 3 ml each are collected and every 
other one assayed for Rapl GAP activity. The Rapl GAP should elute as 
a broad peak about halfway through this gradient. The peak fractions 
contain substantial Rapl GAP and must be diluted several hundredfold in 
order to define a peak of activity. Too much Rapl GAP will rapidly hy- 
drolyze all of the substrate, making the assay quantitatively uninformative. 

After generating the first activity profile, we generally assay again, using 
a dilution high enough to keep the activity of the peak fractions on scale. 
This second profile, along with SDS-PAGE analysis, is the basis for pooling 
the 8-10 fractions that will be prepared for use or further purification, 
if needed. If further purification is required, we perform size-exclusion 
chromatography on Sephacryl 8-300 (Pharmacia). The pooled fractions 
from S-Sepharose chromatography are concentrated to 10 ml and applied 
to a 500-ml bed (2.5 × 105 cm) of Sephacryl S-300 equilibrated in 20 
mM Tris-HCl (pH 8.01-1 mM dithiothreitol-1 mM EDTA-pepstatin and 
leupeptin (1 /xg/ml each). The column flow rate is 40 ml/hr and the peak 
of Rapl GAP activity elutes at approximately 240 ml. We collect fractions 
of 7 ml each and usually pool three or four of these, depending on the 
purity as judged by SDS PAGE. This pool is concentrated to give a final 
protein concentration of 0.3-1.0 mg/ml and then dialyzed into the phos- 
phate storage buffer described above. 

If additional purification is required, the concentrate is dialyzed against 
2() mM Tris-HCl (pH 8.0)-I mM dithiothreitol-1 mM EDTA-pepstatin 
and leupeptin (1/xg/ml each) and subjected to fast protein liquid chromatog- 
raphy (FPLC) on a Mono O HR5/5 column (Pharmacia) equilibrated in 
this same buffer. The column is eluted with a 60-ml gradient of 0-0.3 M 
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NaC1 in column buffer at a flow rate of 1 ml/min. The peak of Rapl GAP 
activity elutes at approximately 0.2 M NaC1. The peak fractions from this 
column should already be within a suitable concentration range and can 
be dialyzed directly into storage buffer. Depending on the phosphorylation 
state of the Rapl GAP, the Mono Q step can result in the partial resolution 
of isoelectric forms and even produce multiple peaks of Rap I GAP activity. 

Affini(v Purification of" Epitope-Tagged Rapl GAP 

Although the protocol described above is suitable for purification of 
Rapl GAP, we routinely express Rapl GAP with an epitope engineered 
at the amino terminus of the protein and then use immobilized antibody 
specific to the epitope as an affinity matrix for purification. This protocol 
can be carried out in a few hours and results in highly purified preparations 
with good yield. The following procedure describes the purification of 
baculovirus-expressed Rapl GAP containing the so-called "Glu-Glu" epi- 
tope. This epitope has the amino acid sequence EEEEYMPME, derived 
from polyomavirus medium T antigen, and reacts avidly with a monoclonal 
antibody raised against T antigen sequence. 1° The epitope tag can be short- 
ened to just six amino acids, EYMPME, without affecting the affinity of 
the antibody as measured by immunoblotting and by immunoaffinity purifi- 
cation. We have used the following protocol for purifying a variety of 
amino- and carboxyl-terminal tagged Rapl GAPs produced by baculovirus 
infection of Sf9 cells. For example, several versions of Rapl GAP were 
produced as part of a mutational analysis study designed to localize the 
GAP domain] Despite the differences in size and amino acid composition of 
the various mutants, all were purified to an equivalent degree and exhibited 
identical specific activities (Fig. 2). 

For a typical purification, 100 ml of recombinant Sf9 cells (approximately 
1 ml of packed cells) is pelleted and lysed in 5 ml of detergent lysis buffer 
[20 mM Tris (pH 8,0)-1 mM EDTA-20 mM NaC1-0.1% (v/v) NP-40-1 
mM dithiothreitol-1 mM PMSF-10/xg/ml each of leupeptin and pepstatin]. 
if a detergent-free preparation of purified Rapl GAP is desired, the Sf9 
cells were pelleted, quick-frozen in liquid nitrogen, and then thawed and 
lysed in a hypotonic lysis buffer [20 mM Tris (pH 8.0)-1 mM EDTA-1 
mM DTT-1 mM PMSF-10 p,g/ml each of leupeptin and pepstatin]. The 
lysate is incubated on ice for 15 rain and centrifuged at 12,000 g for 15 rain 
to remove nuclei and insoluble material. The remainder of the purification 
protocol is usually performed at room temperature. The resulting superna- 
tant is either batch loaded or recycled six to seven times onto a 1-ml affinity 

m T. Grussenmyer ,  K. H. Scheidtmann, M. A. Hutchinson, and G. Walter, Proc. Natl. Acad. 

Sci. U.S.A. 82, 7952 (1985). 
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Fl(;. 2. lmmunoaffinity purifcation and activity of Rapl GAPs. Four different forms of 
baculovirus-expressed Rapl GAP containing the Glu-Glu epitope tag were affinily purified 
by a single step of chromatography using anti-Glu-Glu antibody coupled to protein G -  
Sepharose. A Coomassie-blue stained SDS polyacrylamide gel to which 1 ttg of each of the 
purified proteins was applied is shown on the right-hand side. The relative activities of each 
of the proteins assayed at the indicated concentrations is shown on the left-hand side. The 
Rapl GAPs are RG9T ( i ) ,  codons 1-663:RG4 (O), codons 75-663; RG12A (O), codons 
75-442: RG22A (E]), codons 75-416. The relative molecular masses (kDa × 10 3) of standard 
proteins (Std) are shown. 

column containing the Glu-Glu antibody covalently bound to protein G -  
Sepharose by the cross-linking agent dimethyl pimelimidate. ~ We have 
noted that it is important to saturate the column completely with the protein. 
Therefore, the size (i.e., capacity) of the column, relative to the protein 
load, is critical to obtaining good recoveries. Typically, our columns have 
the capacity to bind - 2  mg of full-length Rapl GAP per milliliter of wet 
Sepharose. After loading the Rapl GAP, the column is washed with 10- 
15 ml of lysis buffer, in 1-ml aliquots. The column is eluted with 10-50/xg 
of Glu-Glu peptide (EYMPME) per milliliter in lysis buffer as follows: the 
first elution is performed by adding 1 ml of peptide (50 b~g/ml) to the 
column, which is then capped and allowed to equilibrate for 10 min. The 
eluant displaced by this first elution is collected as fraction 1. Five more 
elutions are performed with 1 ml each of peptide (10/xg/ml), each followed 
by a 10-min incubation. The concentrations of peptide indicated here refer 
to preparations that have been stored frozen since synthesis. We find that 
the Glu-Glu peptide is stable only at 4 ° for no more than 2 weeks and should 
never be subjected to repeated freeze-thawing. Moreover, the stability of 

~l C. Schneider, R. A. Newman, R. D. Sutherland, U. Asser, and M. F. Greaves, .I. Biol .  
Chetn .  257, 10766 (1982). 
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the acylated peptide is greater than that of the nonacylated forms. The six 
1-ml fractions containing the eluted Rapl GAP are analyzed by SDS- 
PAGE. The Rapl GAP bands should be easily visualized by staining the 
gels with Coomassie blue. The bulk of the Rapl GAP usually elutes in 
fractions 2-4 and these peak fractions are pooled and the Glu-Glu peptide 
removed by successive dilution and concentration using the phosphate 
storage buffer and a Centricon-10 concentration cartridge (Amicon). Pro- 
teins are concentrated to approximately 1 mg/ml, aliquoted, and frozen 
at -70  ° . 

[5] A s s a y s  f o r  I n h i b i t o r s  o f  C A A X  F a r n e s y l t r a n s f e r a s e  

in  V i t r o  a n d  i n  I n t a c t  C e l l s  

By G u Y  L.  JAMES,  M I C H A E l .  S. B R O W N ,  a n d  JOSEPH L.  GOLDSTEIN 

C A A X  farnesyltransferase (FTase), the prototype prenyltransferase, is 
a heterodimeric Zn 2'-dependent enzyme consisting of a 49-kDa a subunit 
and a 46-kDa/3 subunit that attaches farnesyl to a cysteine residue located 
four amino acids from the COOH terminus of various proteins] C A A X  
farnesyltransferase was identified with an in vitro filter-binding assay that 
measures the incorporation of [3H]farnesyl pyrophosphate (FPP) into re- 
combinant p21 n ...... that was produced in Escherichia coli. e The enzyme was 
purified from the soluble fraction of rat brain by peptide affinity chromatog- 
raphy, taking advantage of its high affinity for the four COOH-terminal 
amino acids in Ras proteins. ~ These COOH-terminal sequences are com- 
monly referred to as C A A X  boxes (where C is cysteine; A, aliphatic amino 
acid; and X, any amino acid). 

In general, FTase will attach farnesyl to any C A A X  box tetrapeptide 
in which X is methionine, serine, glutamine, or cysteine (with one notable 
exception, CVFM, as discussed below). 2 s All of the proteins known to be 
farnesylated in eukaryotic cells have COOH termini that fit this consensus. 

I M. S. Brown and J. L. Goldstein, Nature (London)  366, 14 (1993). 
2 y .  Reiss, J. L. Goldstein, M. C. Seabra. P. J. Casey, and M. S. Brown, Cell (Cambridge, 

Mass.) 62, 81 (1990). 
3 y .  Reiss, S. J. Stradley, L. M. Gierasch. M. S. Brown, and J. L. Goldslein, Proc. Natl. Acad. 

Sei. U.S.A. 88, 732 (1991). 
4 S. L. Moores, M. D. Schaber. S. D. Mosser, E. Rands, M. B. O 'Hara ,  V. M. Garsky, M. S. 

Marshall, D. L. Pompliano, and J, B. Gibbs, ,1. Biol. Chem. 266, 14603 (1991). 
s j. L. Goldstein, M. S. Brown, S. J. Stradley, Y. Reiss. and L. M. Gierasch, J. Biol. Chem. 

266, 15575 (1991). 
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These include the four Ras proteins (H-Ras, K-RasA, K-RasB, and N- 
Ras), nuclear lamins A and B, transducin 9' subunit, rhodopsin kinase, 
cGMP phosphodiesterase c~ subunit, and yeast mating factor a. ~ s The 
substrates with highest affinity, such as K-RasB, K-RasA, N-Ras, .and lamin 
B, have C A A X  boxes ending in methionine (CVIM, CI1M, CVVM, and 
CALM, respectively). The C A A X  boxes of the transducin ,/ subunit and 
H-Ras end in serine (CVIS and CVLS), and these react with 10- to 20-fold 
lower affinity) C A A X  boxes terminating in leucine are poorly recognized, 
if at all, by the FTase)  '4v but they are recognized by C A A X  geranylgeranyl- 
transferase (GGTase  I1): ) 

CAAXfarnesyltransferase activity requires the intact o~//3 heterodimer t° 
and two divalent cations, Mg > and Zn2". 1~12 Cross-linking studies suggest 
that the C A A X  peptide t3 and FPP la both bind to the /3 subunit. The ce 
subunit is required to stabilize the/3 subunit, and it likely plays a role in 
catalysis, t5 Mutational studies suggest that the catalytic pocket may be 
formed at the interface of the two subunits. ~5 Zn e÷ is tightly bound to the 
enzyme, most likely to the/3 subunit, because its removal abolishes binding 
of Ras to the enzyme. II Mg ~-~ is required for the transfer reaction, which 
produces a thioether bond. It In the absence of an acceptor protein. FTase 
forms a stable, catalytically competent complex with FPP. ~3 It also forms 
a stable, but catalytically unproductive, complex with geranylgeranyl pyro- 
phosphate. The reaction proceeds in vitro via a random Bi-Bi sequential 
mechanismt3l(': however, #l vivo it may be ordered because the enzyme 
may always be loaded with FPP prior to binding to the protein substrate. 

In the cell, farnesylation is the first step in a sequence of posttranslational 
modifications that renders the COOH termini of Ras proteins hydrophobic 
so that the proteins can attach to the inner leaflet of the plasma membrane. 

" W. R. Schafer and J. Rine. A/mu, Rev. Gene:. 30, 209 (1992). 
v S. Clarke, Atom. Rev. Biochem. 61, 355 (1992). 
'~ P. J. Casey..I. LipM Res. 33, 1731 (1992). 
'~ M. ('. Seabra, Y. Reiss, P. J. Cascy, M, S. Brown, and J. L. Goldslein. Cell (('a,lt~ridge, 

Mass. ) 65, 429 ( 1991 ). 
11, W.-J. Chen, D. A. Andres, J. L. Goldstein, D. W. Russell, and M. S. Brown, Cell (Ca,tbrMt,,e, 

Mass. ) 66, 327 ( 1991 ). 
i i V. Reiss, M. S. Brown, and J. L. Goldslcin, .I. letioL (7tern. 267, 6403 (1992). 
i_' W.-J. Chen, J. F. Moomaw, L. Overton, T. A. Kost, and P. J. Casey, J. BioL Chem. 268, 

9675 (1993). 
i~ y. Reiss, M. C. Seabra, S. A. Armstrong. C. A. Slaughler. J. L. Goldslcin. and M. S. Brown, 

,I. Biol, (71e,1. 266, 10672 (1991). 
I~ (,. A. ()met, A. M. Kral, R. E. Diehl, G. C. Prcndergast, S. Powers, C. M. Allen, J. B. 

Gibbs, and N. E. Kohl, Biochemivlrv 32, 5167 (1993). 
i- D. A. Andres, J. L. Goldstcin, Y. K. Ho, and M. S. Brown..L PJiol. (71era. 268, 11383 (1993). 
> D. L. Pompliano. E. Rands, M. D. Schaber, S. D. Mosser, N. ,I. Anlholly, and .1. B. Gibbs, 

IJioehe,li,~'tr~ 31, 3800 (1992). 
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Farnesylation is followed by proteolytic removal of the three terminal 
amino acids and methylation of the newly exposed C O O H  group on the 
newly exposed farnesylated cysteine. (~.7 

The Ras proteins are the best characterized substrates for C A A X  FTase 
in vivo. <7 They are guanine nucleotide-binding proteins that cycle between 
inactive (GDP-bound)  and active (GTP-bound)  conformations under the 
influence of cell surface receptors that respond to growth stimulations such 
as epidermal growth factor and platelet-derived growth factor. At tachment  
of Ras proteins to the inner surface of the plasma membrane  requires the 
farnesyl group. (' Mutant Ras proteins that are locked in the active GTP-  
bound conformation are causally implicated in certain human tumors and 
induce transformation to a malignant phenotype when expressed in cultured 
cells. Their transforming potential is abolished by mutations in the C A A X  
consensus that prevent  farnesylation. 17 

The above-cited findings have led to an intensive search for inhibitors 
of FTase that are effective in intact cells. Two classes have been found: (1) 
competit ive inhibitors at the peptide-binding site ~s :1 and (2) inhibitors 
that act through the FPP site. 2~22 The peptidomimetic  inhibitors block the 
transfer of farnesyl to Ras, nuclear lamins, and several other unidentified 
proteins in intact cells. Furthermore,  the inhibitors restore a normal growth 
pattern to oncogenic H-Ras- t ransformed cells, a finding suggesting their 
possible use as chemotherapeut ic  agents in certain human cancers. The 
most potent  of these inhibitors [ICso (50% inhibitory concentration) < 1 
n M  in vitro and < 50 p~M in intact cells] were designed by replacing the 
two aliphatic residues of the C A A X  sequence with a benzodiazepine, which 
is postulated to mimic a peptide turn. ~ 

In Vitro Assay  of F a r n e s y l t r a n s f e r a s e  Inh ib i to rs  

Principle 

Tetrapeptides that conform to the C A A X  consensus act as alternative 
substrates in vitro, thereby inhibiting competitively the farnesylation of 

wj.  F. Hancock, A. I. Magee, J. E. Childs, and C. J. Marshall, Cell (Cambridge, Mass.) 57, 
1167 (1989). 

~s G. L. James, J. L. Goldstein, M. S. Brown, T. E. Rawson, T. C. Somers, R. S. McDowell, 
C. W. Crowley, B. K. Lucas, A. D. Levinson, and J. C. Marsters,  Jr., Science 260, 1937 (1993). 

~'J N. E. Kohl, S. D. Mosser, S. J. deSolms, E. A. Giuliani, D. L. Pompliano, S. L. Graham, 
R. L. Smith, E. M. Scolnick, A. Oliff. and J. B. Gibbs, Science 260, 1934 (1993). 

2o A. M. Garcia. C. Rowell, K. Ackermann, J. J. Kowalczyk, and M. D. Lewis, J. Biol, Chem. 
268, 18415 (1993). 

21 j. B. Gibbs, A. Oliff, and N. E. Kohl, Cell (Cambridge, Mass.) 77, 175 (1994). 
22 F. Tamanoi, Trends Biochem. Sci. 18, 349 (1993). 
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Ras proteins) -5 Tetrapeptides such as CVFM, which contain an aromatic 
residue in the third position of the C A A X  sequence, inhibit FTase without 
themselves becoming farnesylated. 5 The ability of chemically synthesized 
compounds to inhibit FTase is conveniently tested by measuring the ability 
of the compound to compete with recombinant H-Ras for acceptance of 
[~H]farnesyl from [3H]FPP as catalyzed by purified FTase) "~s This method 
is described in detail below. If recombinant H-Ras is not available as a 
substrate, the competition assay can be performed by measuring the ability 
of compounds to inhibit the transfer of [3H]farnesyl to a biotinylated pep- 
tide, KTSCVIM, which corresponds to the COOH-terminal sequence of 
K-RasB. This latter assay has been described previously in M E T H O D S :  
A Companion to Methods in Enzymology 2~ and is not covered here. 

Reagents 

Purified FTase 
Purified recombinant Hiss-tagged H-Ras (produced in E. coli in an unpre- 

nylated form) 
Inhibitor compound(s): Prepared as 10 mM stock solutions in 100% 

dimethyl sulfoxide (DMSO) 
all-trans-[3H]Farnesyl pyrophosphate ([3H]FPP; ~ 50,000 dpm/pmol; ob- 

tained from American Radiolabeled Chemicals, Inc., St. Louis, MO) 
Sodium dodecyl sulfate (SDS), 4% (w/v) 
Trichloroacetic acid (TCA), 30% (w/v) 
TCA (6%)/SDS (2%) 
TCA, 6% 
Glass fiber filters (2.4 cm; Fisher Scientific, Pittsburgh, PA) 
Vacuum filtration unit containing 10 filter holders (FH225; Hoefer, San 

Francisco, CA) 

Procedure 

A detailed procedure for purification of FTase from rat brain by peptide 
affinity chromatography has been published previously in METI tODS:  A 
Companion to Methods in Enzymology 23 and is not covered here. Recombi- 
nant FTase can be produced in an Sf9 (Spodoptera frugiperda, fall army- 
worm ovary) insect cell-baculovirus expression system 12~s or in E. coli 14 
and purified by procedures described in the indicated reference. Recombi- 
nant His~,-tagged H-Ras protein is produced in BL21 (DE3) E. coli from the 
bacterial expression vector pRSETA (Invitrogen Corporation, San Diego, 
CA). The NH2-terminal His~ tag is added to facilitate affinity purification 

> Y. Reiss, M. C. Scabra, J. L. Goldstein, and M. S. Brown, Methods: A Companion to 
Method.~' Enzymol. 1, 241 (1990). 
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by Ni2--Sepharose chromatography. The purification procedure is similar 
to that described for His(,-tagged Rab proteins. 24 After Ni2+-Sepharose 
chromatography, the His6-tagged H-Ras is dialyzed into buffer containing 
20 mM Tris-HC1 (pH 7.5), 3 mM MgCI2, 1 mM sodium EDTA,  0.1 M 
NaC1, 5 mM dithiothreitol (DTT), and 0.1 mM GDP; concentrated with a 
Centriprep-10 concentrator (Amicon, Danvers, MA) to approximately 5 
mg/ml; and stored in multiple aliquots at - 8 0  °. 

Stock solutions of FTase inhibitor compounds (10 mM in DMSO) are 
serially diluted to 2.5 times the desired final concentration in buffer con- 
taining 2.5% DMSO, 10 mM DTT, 0.5% (v/v) octyl-/3-D-glucoside, and 
added to the FTase reaction in a volume of 20/xl. 

The standard reaction mixture contains the following components in a 
final volume of 50/xl in 12 × 75-ram borosilicate tubes: 50 mM Tris-HC1 
(pH 7.5), 10 /xM ZnCI2, 3 mM MgCI2, 20 mM KCI, 5 mM DTT, 0.2% 
(v/v) octyl-/3-t~-glucoside, 1% (v/v) DMSO, 40 p,M recombinant H-Ras, 10 
ng of purified FTase, and various concentrations of the desired inhibitor 
compound. Reactions are initiated by the addition of 0.6 /xM [3H]FPP 
(-50,000 dpm/pmol),  and the incubation is continued for 30 rain at 37 °. 
The reactions are stopped by the addition of 0.5 ml of 4% (w/v) SDS 
followed by 0.5 ml of 30% (w/v) TCA. The tubes are vortexed and left in 
ice for 45-60 rain, after which 2 ml of a 6% TCA/2% SDS solution is added. 
The mixture is filtered onto glass fiber filters with a Hoefer  filtration unit. 
The tubes are rinsed twice with 2 ml of the same buffer, and the residues 
are passed over the filter. Each filter is then washed five times with 2 ml 
of 6% TCA. The filters are dried, and the amount of radioactivity is deter- 
mined by liquid scintillation counting. 

In tac t  Cell Assay of Fa rnesy l t r ans fe ra se  Inhibi tors  

Principle 

Inhibition of FTase in intact cells is studied by incubating cultured cells 
in medium containing the desired compound and labeling the cells with 
[3H]mevalonate, a precursor of FPPY Compactin or lovastatin, which 
blocks the endogenous synthesis of mevalonate, 26 is included during the 
preincubation to prevent isotopic dilution of the radiolabeled mevalonate. 
After incubation for the desired time, cell extracts are prepared and the 

24 F. M. Cremers,  S. A. Armstrong,  M. C. Seabra, M. S. Brown, and J. L. Goldstein..l .  Biol. 
Chem. 269, 2111 (1994). 

25 j. L. Goldstein and M. S. Brown, Nature (London) 343, 425 (1990). 
26A. Endo, J. Lipid Res. 33, 1569 (1992). 
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labeled proteins are visualized by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis ( S D S - P A G E )  and fluorography, m27 

In most cultured cell types, labeling of farnesylated and geranylgeranyl- 
ated proteins is inefficient owing to poor uptake of [3H]mevalonate. 2~'29 
The method described below uses Metl8b-2 cells, a line of Chinese hamster 
ovary (CHO) cells, 2~ that takes up mevalonate efficiently, owing to a gain- 
of-function mutation in a monocarboxylate transporter. 29-3° With this cell 
line, the time required to visualize most [3H]mevalonate-labeled proteins 
by autoradiography is reduced from 1 to 2 weeks to - 2 4  hr. The cloning 
of a cDNA encoding this mutant transporter, designated MEV, enables 
the use of this method in almost any cultured cell line after transfection 
with an expression vector containing the MEV cDNA. 2') 

Figure 1 illustrates how an FTase inhibitor, such as the benzodiazepine 
peptidomimetic BZA-5B, Is can be used to identify farnesylated proteins 
in intact cells. Metl8b-2 cells were incubated with either an inactive analog 
or BZA-5B and then radiolabeled with [3H]mevalonate. Lysates of the 
[~H]mevalonate-labeled cells were subjected to S D S - P A G E  in either one 
dimension (Fig. 1A) or two dimensions (Fig. 1B and C). The most intensely 
labeled proteins are in the 20- to 30-kDa range. The majority of these 
proteins are modified by a geranylgeranyl group and are thus resistant to 
treatment with BZA-5B (Fig. 1A, compare lanes 1 and 2; compare Fig. lB 
and C). Besides the 69-kDa nuclear lamins and the 21-kDa Ras proteins 
(obscured by the multiple geranylgeranylated proteins), several other meva- 
lonate-labeled proteins can be shown to be farnesylated by their sensitivity 
to BZA-5B. For example, the 37-kDa protein designated PxF in Fig. I was 
originally identified as a farnesylated protein on the basis of its sensitivity 
to BZA-5B after [3H]mevalonate labeling. 27 This method thus allows one 
to determine the selectivity of a given inhibitor for FTase in intact cells. 
Proteins that are modified by the CAAX geranylgeranyltransferase, such 
as Rho and Rac proteins, and by Rab geranylgeranyl transferase, such as 
the Rab proteins, are resistant to inhibition by BZA-5B. 

Reagents 

Metl 8b-2 cells, or a cell line stably transfected with pMEV [77227: Ameri- 
can Type Culture Collection (ATCC), Rockville, MD] 

27 G. L. James, J. L. Goldstein. R. K. Pathak, R. G. W. Anderson, and M. S. t3rc, wn, J. Biol. 
Chem. 269, 14182 (1994). 

2~j. Faust and M. Krieger, J. Biol. Chem. 262, 1996 (1987). 
2~) C. M. Kim, J. L. Goldstein, and M. S. Brown, J. Biol. Chem. 267, 23113 (1992). 
3o C. K. Garcia, J. L. Goldstein, R. K. Pathak, R. G. W. Anderson. and M. S. Brown, Cell 

((ktmbridge, Mass. ) 76, 865 (1994). 
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A, < 
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F-2 ~ - -  
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F-5-~ ~,:~ 
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FI(;. 1. Inhibition of [3H]mevalonate incorporation into farnesylated proteins in hamster 
cells incubated with BZA-5B, an FTase inhibitor. MetlSb-2 cells were incubated for 2 hr with 
a 50 /*M concenlration of either BZA-5B or an inactive analog, as indicated, and then 
radiolabeled for 4 hr with [3H]mevalonolactone as described in text and in James et al.:: (A) 
One- and (B, C) two-dimensional gel electrophoresis and autoradiography were carried out 
as described. -'7 (A) The designations F-NL and SMG refer, respectively, to farnesylated nuclear 
lamins and small (20 27 kDa) GTP-binding proteins, most of which are geranylgeranylated.:: 
F-l.  F-2, and F-3 refer to previously observed farnesylated proteins of unknown function.:: 
Arrows denote three (F-4, F-5, and F-6) newly identilied labeled proleins. The encircled spots 
in B denote proteins whose labeling was inhibited by BZA-SB: solid circles denote proteins 
heavily labeled with [3H]mevalonate: and dashed circles denote proteins that showed only 
trace, but definite, labeling. [Reprinted with permission from J. Biol. Chem.] 

Medium A: Dulbecco's modified Eagle's medium-Ham's  F12 medium 
(1:1) ,  penicillin (100 units/ml), and streptomycin (100/xg/ml) 

Medium B: Medium A containing 0.2 mM mevalonate, 20/xM compactin, 
and 5% (v/v) fetal calf serum 

Medium C: Medium A supplemented with 5% (v/v) fetal calf serum 
Medium D: Medium A supplemented with 1% (v/v) fetal calf serum 

(dialyzed against 0.15 M NaC1) and 100/aM compactin 
Compactin, prepared as a 10 mM stock solution as follows: 8 mg of 

compactin in the lactone form is dissolved in 0.16 ml of warm (55 °) 
ethanol, after which 80 kd of 0.6 N NaOH and 1.6 ml of water are 
added slowly. The solution is incubated at room temperature for about 
30 rain to complete the conversion to the sodium salt. The final solution 
(4 mg/ml; 10 raM) is adjusted to pH 8.0 with 1 N HC1 dropwise, and 
the final volume is brought to 2 ml. The solution is filtered and stored 
in multiple aliquots at - 2 0  ° until use 
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(R,S)-[3H]Mevalonolactone (60 Ci/mmol), purchased from American 
Radiolabeled Chemicals, Inc. 

Nitrogen gas 
Phosphate-buffered saline (Cat. No. 14200-018; GIBCO-BRL,  Gaithers- 

burg, MD) 
Buffer A: 50 mM Tris-HC1 (pH 7.5), 0.15 M NaCI, 1 mM sodium EDTA,  

20 mM MgC12, 0.5% (v/v) Nonidet P-40, leupeptin (10/xg/ml), peps- 
tatin (10/xg/ml), and 0.5 mM phenylmethylsulfonyl fluoride 

BCA protein assay reagent: Purchased from Pierce Chemical Co. (Rock- 
ford, IL), or other suitable reagent for measuring protein concentration 

ENTENSIFY: An autoradiography enhancer, purchased from NEN-Du 
Pont (Boston, MA) 

Procedure 

The desired amount of [3H]mevalonolactone (in ethanol) is evaporated 
to dryness under a stream of nitrogen and resuspended in 0.5 vol of medium 
D. The solution is incubated at 37 ° for - 3 0  rain with occasional vortexing, 
and the amount  of [3H]mevalonolactone recovered (usually -80%)  is deter- 
mined by liquid scintillation counting. Incubation in medium at 37 ° allows 
the slow conversion of [3H]mevalonolactone to [3H]mevalonate, which is 
the preferred form recognized by the MEV transporter. If cells are to be 
radiolabeled for short periods of time (<1 hr), the [3H]mevalonolactone 
should be converted directly to sodium [3H]mevalonate prior to addition 
to the medium. This conversion is done by incubation of the [3H]mevalono- 
lactone with 0.1 N NaOH at 37 ° for 1 hr, followed by neutralization with 
0.5 N HCI. 29 

Compounds to be tested for inhibition of FTase are prepared as 20 
mM stock solutions in 100% (v/v) DMSO. Immediately before use, each 
compound is mixed 1 : 1 with DMSO containing 20 mM DTT, and then 
serially diluted to 100 times the desired final concentration with DMSO 
containing 10 mM DTT. The final concentrations of DMSO and DTT in 
the tissue culture medium are 1% (v/v) and 0.1 mM, respectively. 

Stock cultures of Metl8b-2 cells are maintained in medium B in mono- 
layer culture in a 5% CO2 incubator. For experiments, cells are seeded at 
a density of 2 × 105/60-ram dish in 3 ml of medium C on day 0 and refed 
on day 2. Cultures are refed on day 3 with 1.2 ml per dish of medium D 
containing various concentrations of the compound(s) to be tested. After 
a 2-hr incubation, 100 ttCi of [3H]mevalonolactone (in a volume of 50-100 
ttl) is added to each dish and the incubation is continued for 4 hr. 

The cells are rinsed three times with 3 ml of ice-cold phosphate-buffered 
saline and then lysed by the addition of 0.3 ml of buffer A. After a 5-rain 
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incubation on ice, the lysates are collected and transferred to microcentri- 
fuge tubes. The detergentqnsoluble fraction is pelleted by centrifugation 
for 1 rain at 12,000 g at 4 °, and the supernatants are transferred to fresh 
tubes. The pellets (containing the mevalonate-labeled nuclear lamins) are 
resuspended in 0.1 ml of buffer A, and a 10-/M aliquot of each fraction is 
removed for protein determination. An equivalent amount  of each sample 
(50-100/xg in a volume of <60/zl )  is mixed with 30/~1 of 2× SDS sample 
buffer, heated for 5 rain at 95-100 °, and applied to a 12% (w/v) S D S -  
polyacrylamide gel. Following electrophoresis, the gel is treated with 
E N T E N S I F Y  according to manufacturer  instructions and dried. Prenylated 
proteins labeled according to this protocol can be seen easily after a 24-hr 
exposure of the gel to X-ray film. 

[6] P r e n y l a t i o n  A n a l y s i s  o f  B a c t e r i a l l y  E x p r e s s e d  a n d  

I n s e c t  C e l l - E x p r e s s e d  R a s  a n d  R a s - R e l a t e d  P r o t e i n s  

B y  ROYA KHOSRAVI-FAR and CHANNING J. DER 

In t roduc t ion  

The three human ras genes encode four structurally related proteins 
(H-Ras,  N-Ras, K-Ras4A, and K-Ras4B) that function as GDP/GTP- regu -  
lated molecular switches that control cell growth and differentiation. 1 3 In 
addition to guanine nucleotide binding, a second critical requirement for 
Ras function is its association with the inner surface of the plasma mem- 
brane.4 7 This association is triggered by a series of closely linked posttrans- 
lational modifications that are signaled by the conserved carboxyl-terminal 
C A A X  motif (C, cysteine; A, any aliphatic amino acid; X, terminal amino 
acid) present on all Ras proteins (Fig. 1). The first of these modifications 
is the addition of the C~5 farnesyl isoprenoid via a thioether bond to the 
cysteine residue of the C A A X  motif. This lipid addition is then followed 
by the proteolytic removal  of the A A X  residues, and finally, carboxyl 

i H. R. Bourne, D. A. Sanders, and F. McCormick, Nature (London) 348, 125 (1990). 
2 H. R. Bourne, D. A. Sanders, and F. McCormick, Nature (London) 349, 117 (1990). 
-~ R. Khosravi-Far and C. J. Der, Cancer Metastasis Rev. 13, 67 (1994). 
4 R. Khosravi-Far, A. D. Cox. K. Kato, and C. J. Der, Cell Growth Diffi, r. 3, 461 (1992). 
5 A. I. Magee, C. M. H. Newman, T. Giannakouros, J. F. Hancock, E. Fawell, and J. Armstrong, 

Biochem. Soc. Trans. 20, 497 (1992). 
6 j. F. Hancock, Curr. Biol. 3, 770 (1993). 
7j. B. Gibbs, A. 0lift, and N. E. Kohl. Cell (Cambridge, Mass.) 77, 1 (1994). 
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FI(;. 1. Posttranslational processing of Ras and Ras-relatcd proteins. (A) The four Ras 
proteins undergo three CAA X-signaled modifications that are catalyzed by farnesyltransferasc, 
an endoprotease, and methyltransferase. H-Ras, N-Ras, and K-Ras4A undergo further modi- 
lication by pahnitoylation. (B) The majority of Ras-relatcd proteins undergo geranylgeranyla- 
lion signaled by C-terminal C A A X  sequences, where X is Icucine (e.g.. Rap and Rho proteins: 
thc RhoB protein undergoes both farncsylation and geranylgeranylalion), or by C-terminal 
CC, CXC, or C C X X  sequences (Rab proteins). 
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methylation of the now terminal farnesylcysteine residue. The H-, N-, and 
K-Ras4A proteins then undergo a second lipid modification: addition of 
the fatty acid palmitate to cysteine residues upstream of the C A A X  motif. 
Among these modifications, it is the addition of the farnesyl isoprenoid 
that is critical for Ras membrane association and transforming activity, s 

In addition to Ras proteins, other members of the Ras superfamily (the 
Ras, Rho, and Rab family members) are also modified by isoprenyl 
groups) v However, whereas farnesyltransferase (FTase) catalyzes the ad- 
dition of the C~5 farnesyl isoprenoid to Ras, two distinct geranylgeranyl 
transferases (GGTases 1 and II) are responsible for the addition of C20 
geranylgeranyl isoprenoid groups to the majority of Ras-related proteins. 
The specific modification of a CAAX-terminat ing  protein is determined by 
the terminal amino acid. Proteins where X is M, S, Q, C, or A are substrates 
for FTase whereas proteins where X is L are recognized by GGTase I. 
Rab proteins terminate with CC, CXC, or C C X X  motifs, which signal for 
geranylgeranyl modification by GGTase II. Members of the Arf family do 
not undergo isoprenoid modification and, instead, are modified by the fatty 
acid myristate. Members of the nuclear Ran family do not undergo any 
known lipid modifications. Presently it is not known whether several new 
members of the Ras superfamily (Rad and Gem), which possess unusual 
C-terminal motifs (single cysteine residue located seven residues from the 
C terminus), are targets for lipid modifications/~l° 

In Vitro Prenylat ion Analysis of Ras and  Ras-Related Proteins 

The isoprenoid modification of Ras and other prenylated proteins can 
be analyzed by both in vivo and in vitro methods. Ideally, it is best to 
analyze the prenylafion status of a particular protein when it is expressed 
in its natural cellular environment. ~ However, this is not always possible. 
For example, the protein may not be expressed at sufficient levels to be 
analyzed, or there may be no antibody available to isolate specifically the 
protein of interest. In this chapter, we describe procedures that we have 
employed to analyze recombinant Ras and Ras-related proteins: in vitro 
prenylation assays of bacterially expressed proteins s'1213 or in vivo analysis 

s K. Kato, A. D. Cox, M. M. Hisaka, S. M. Graham, J. E. Buss, and C. J, Der, Proe. Nat[. 
Acad. Sci. U.S.A. 89, 6403 (1992). 

~ C. Reynet and C. R. Kahn, Seiem'e 262, 1441 (1993). 
m j. Maguire, T. Santoro, P. Jensen, U. Siebenlisl, J. Yewdell, and K. Kelly. Science 265, 

24 l (1994). 
i i p. j. Casey. P. A. Solski, C. 3. Der, and J. E. Buss, Proc. Natl. Acad. Sci. U.S.A. 86, 8323 (1989). 
~2 R. Khosravi-Far, G. J. Clark, K. Abe. A. D. Cox, 1'. McLain, R. d. Lmz, M. Sinensky, and 

C. J. Der, J. Biol. Chem. 267, 24363 (1992). 
13 A. D. Cox, M. M. Hisaka, J. E. Buss, and C. J. Der, Mol. Cell. Biol. 12, 2606 (1992). 
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of insect cell-expressed proteins. 14"15 Procedures for in vivo analysis of the 
prenyl modification of proteins in mammalian systems are discussed in [7] 
in this volume. Some applications for these assays include the evaluation 
of the inhibitory action of FTase inhibitors, ~<Lv the determination of the 
prenylation status of a novel protein, or the evaluation of the structural 
requirements for prenylation, s,12,L~ 

Prenylat ion Analysis  of Bacterially Expressed Ras and  
Ras-Related Proteins 

Because Escherichia coli lacks prenyltransferases, bacterially expressed 
Ras and Ras-related proteins are completely unprocessed. Thus, bacterially 
expressed proteins provide an excellent source of unprocessed substrate 
that can be used for in vitro prenylation assays. We have used bacterially 
expressed proteins for two types of in vitro prenylation assays. The rabbit 
reticulocyte lysate system has been used as a source for the three known 
prenyltransferases and we have employed assays that utilize partially puri- 
fied prenyltransferases. These assays may be used to determine the prenyla- 
tion status of a particular protein and to define the specific isoprenoid by 
which that protein is modified. 

In addition to the three prenyltransferases, rabbit reticulocyte lysate also 
contains the necessary enzymes for converting RS-[5-3H]mevalonolactone 
(MVA: 15-30 Ci/mmol) into [-~H]mevalonate, which in turn is converted 
into radiolabeled farnesyl pyrophosphate (FPP) or geranylgeranyl pyro- 
phosphate (GGPP). ts,l') Thus, the addition of [3H]MVA in this assay, cou- 
pled with chemical analysis of the prenylated substrate, may be used for 
determining the specific isoprenoid modification of a particular protein. 
Alternatively, the use of radiolabeled FPP or GGPP may be used in the 
assay to identify whether a protein is modified by C~5 or C20 isoprenoid 
groups. Finally, the reticulocyte lysate system can also be adapted to analyze 
all C A A X  signal modifications. 2°,2~ This can be achieved by the addition 

~4 j. E. Buss, L. A. Quilliam, K. Kato, P. J. Casey, P. A. Solski, G. Wong, P,. Clark, F. 
McCormick, G. M. Bokoch. and C. J. Der, Mol. Cell. Biol. 11, 1523 (1991). 

15 R. Khosravi-Far, R. J. Lutz, A. D. Cox, L. Conroy, J. R. Bourne, M. Sinensky, W. E. Balch, 
J. E. Buss, and C. J. Der, Proc. Natl. Aead. Sci. U.S.A. 88, 6264 (1991). 

i~, N. E. Kohl, S. D. Mosser, S. J. deSolms, E. A. Giuliani, D. L. Pompliano, S. L. Graham. 
R. l,. Smith, E. M. Scolnick, A. Oliff, and J. B. Gibbs, Science 260, 1934 (1993). 

17 G. 1~. James, J. L. Goldstein. M. S. Brown, T. E. Rawson, T. C. Somers, R. S. Mcl)owell, 
C. W. Crowley, B. K. Lucas, A. D. Levinson, and J. C. Marsters, Jr., Seience 260, 1937 (1993). 

is W. A. Maltese, F A S E B  J. 4, 3319 (1990). 

~ J. Glomset, M. Gelb, and (~. Farnsworth, Curr. Opin. Lipidol. 2, 118 (1991). 
"~J. F. Hancock. K. Cadwallader. and C. J. Marshall, E M B O  J. 10, 641 (1991). 
~l R. A. Kahn, (-7. J. Der, and G. M. Bokoch, FASEB J. 6, 2512 (1992). 
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TABLE I 
BA("IERIAL EXPRESSION VECFORS 

[61 

Expression vector C terminus" F/GG:' Description 

pAT-rasH (WT) CVLS F 
pAT-rasH (61 L) CVLS F 
pAT-rasH (WT) CVLL CVLL GG 
pAT-rasH (61L) CVLL CVLL GG 
pAT-rasH (61L, 186S) SVLS - -  
pAR-rab 1 a CC GG 
pAR-rab 1 b CC GG 
pAR-rab lb (ACC) 
pA R-rab 2 CC G G 
pA R-rab3a CA(? GG 
pAR-rab3a (ACAC) - -  - -  
pAR-rab4 CGC GG 
pAR-rab5 CCSN GG 
pAR-rab6 CSC GG 
pGEX-TC21 CVIF GG/F 

Normal human H-Ras protein 
Oncogenic mutant of human H-Ras 
GG-modified mutant of H-Ras (WT) 
GG-modified mutant of H-Ras (61L) 
Nonprenylated mutant of H-Ras (61L) 
Normal canine Rabla protein 
Normal rat Rablb protein 
Nonprenylated mutant of Rablb 
Normal human Rab2 protein 
Normal human Rab3a protein 
Nonprenylated mutant of Rab3a 
Normal human Rab4 protein 
Normal human Rab5 protein 
Normal human Rab6 protein 
Normal human R-Ras2/TC21 protein 

" Prenylation signal sequence. 
l, Isoprenoid modification. 

of  mic rosoma l  m e m b r a n e s  (P romega ,  Madison ,  WI) ,  which p rov ide  the 
necessa ry  enzymes  for  the  r ema in ing  CAAX-signaled modif ica t ions  ( A A X  

pro teo lys i s  and  ca rboxyl  me thy la t ion ) .  

Expression Vectors 

O u r  bac te r i a l  express ion  vec tors  for  express ion  of  ful l - length Ras pro-  
te ins  (des igna ted  pAT-ras; A m p  r) conta in  h u m a n  ras c D N A  sequences  that  
have been  p laced  d o w n s t r e a m  of  the  i sopropy l - /3 -D- th ioga lac topyranos ide  
( I P T G ) - i n d u c i b l e  tac p r o m o t e r  (Tab le  ]). 22"23 Express ion  of  r e c o m b i n a n t  

p ro t e in  is ach ieved  in iQ strains of  E. coli (e.g., PR13-Q,  JMI01 ,  JM105, 
etc.).  W e  have found  the bes t  express ion  in PR13-Q (Kant) ,  which conta ins  
an ep i some  con ta in ing  the iQ al le le  of  the i gene  and the kanamyc in -  
res is tance  m a r k e r  of  Tn5. 22 On induc t ion  with I P T G ,  a p p r o x i m a t e l y  30% 
of  to ta l  ce l lu lar  p ro t e in  is Ras.  

O u r  R a b  p ro te in  express ion  vec tors  were  g e n e r a t e d  by in t roduc t ion  of  
m a m m a l i a n  rab c D N A  sequences  d o w n s t r e a m  of  the  s t rong T7 bac te r io -  
p h a g e  p r o m o t e r  in p E T  p lasmid  (e.g., p E T - 3 a  or  pET-11a )  vec tors  ( A m p  r) 

22 L. A. Feig, B. T. Pan, T. M. Roberts, and G. M. Cooper, Proc. Natl. Acad. Sci. U.S.A. 83, 
46117 (1986). 

2.~ C. J. Der, B.-T. Pan, and G. M. Cooper, Mol. Cell. Biol. 6, 3291 (1986). 
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(Tab le  l). 24 Expression of recombinant Rab proteins is achieved in the E. 
coli strain BL21 (DE3) or BL21 (DE3)pLysS. These hosts contain a chromo- 
somal copy of the T7 RNA polymerase gene under lacUV5 control, and 
expression is induced by addition of IPTG. We typically observe that the 
expressed Rab proteins constitute 5 to 20% of the total cellular protein. 12 
A wide variety of pET vectors (for epitope tagging the expressed protein) 
and E. coli host strains are commercially available from Novagen (Madison, 
Wl). Using the pGEX-2T expression vector, we have also expressed other 
Ras-related proteins as glutathione S-transferase (GST) fusion proteins 
(e.g., R-Ras2/TC21), and these fusion proteins also provide excellent sub- 
strates for in vitro prenylation assays. 

Protein Purification 

Procedures for the large-scale expression and purification of Ras pro- 
teins are described in [1] in this volume. We describe here our' standard 
purification protocol for the isolation of sufficient amounts of partially 
purified (>95%) protein for use as substrate in in vitro prenylation analyses. 

The following stock solutions are needed: 100 mM IPTG; lysis buffer 
[10 mM MgC12, 5 mM EDTA, 25% (w/v) sucrose, 1% (v/v) Triton X- 
100], DNase I (10 mg/ml), guanidine hydrochloride buffer [6 M guanidine 
hydrochloride, 1 mM EDTA, 50 mM N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid (HEPES; pH 7.5), 1 mM dithiothreitol (DTT), 1 mM 
phenylmethylsulfonyl fluoride (PMSF)], dialysis buffer [25 mM HEPES 
(pH 7.5), 200 mM NaCI, 5 mM MgCI2, 0.1 mM GDP, 1 mM DTT]. 

Day 1. Transform pAT-ras or pET-rab plasmid DNA into competent 
PR13-Q (Kan ~) or BL21(DE3), respectively. Spread the transformation 
reaction mix onto LB agar plates containing ampicillin alone (BE21) or 
ampicillin and kanamycin (PR13-Q). 

Day 2. Pick an individual bacterial colony to start a 2-ml overnight 
culture in LB medium containing the appropriate antibiotics. Incubate the 
culture at 37 ° with agitation. 

Day 3. Transfer 1 ml of the overnight culture into 100 ml of LB medium 
that is supplemented with the appropriate antibiotics. Continue the incuba- 
tion at 37 ° with agitation until an OD~00 of approximately 0.3 is achieved; 
this usually takes about 3-4 hr. Recombinant protein expression is then 
induced by the addition of IPTG to a final concentration of 0.2 raM, and 
the cultures are incubated at 37 ° with agitation for an additional 4 hr. 

After induction, the cells are then collected by centrifugation at 10,000 
rpm for 10 min (GSA rotor; Sorvall, Newtown, CT). The pellet is then 

24 F. W. Studier, A. H. Rosenberg,  J. J. Dunn,  and J. W. Dubendorf ,  lhis series, Vol. 185, p. 60. 



52 EXPRESSION, PURIFICATION, AND MODIFICATION [6] 

resuspended in 10 ml of lysis buffer that contains 1 mg of freshly added 
lysozyme per milliliter and incubated at room temperature for 10 min. The 
cells are then lysed by a series of freeze-thaw steps: freeze the cells in a 
dry ice-ethanol bath, then thaw in a 37 ° water bath. Repeat the freeze- 
thaw steps two more times. 

To decrease the viscosity of the lysed cell extract, the chromosomal 
DNA is degraded by addition of 10/zl of DNase 1 (10 mg/ml) and incubation 
at room temperature for 10 min. Centrifuge to pellet the insoluble fraction; 
this contains the majority of the expressed Ras protein that is present in the 
inclusion bodies. Resuspend the pellet in 50 ml of guanidine hydrochloride 
buffer to solubilize the Ras protein. The mixture is incubated on ice for 
30 min. The remaining insoluble material is then removed by centrifugation 
at 10,000 rpm (Sorvall SA600 rotor) for 10 min. GDP is added to a final 
concentration of 1 mM (to allow proper refolding). The protein mix is 
then transferred into dialysis tubing for renaturation of the denatured Ras 
protein, and overnight dialysis is carried out in 1 liter of dialysis buffer. 

Day 4. Change the dialysis buffer and dialyze for an additional 4 hr. The 
isoluble, precipitated protein is removed by centrifugation. The recovered 
protein in the supernatant is then concentrated using a Centriprep-10 (Ami- 
con, Danvers, MA) spin column, using procedures recommended by the 
manufacturer. We normally concentrate the purified protein to a concentra- 
tion of 0.5-1.0 mg/ml. This protein can then be stored at 80 °. 

In Vitro Prenylation Analyses 

The reagents required are nuclease-treated rabbit reticulocyte lysate 
(Promega), [~H]MVA [NEN (Boston, MA) or American Radiolabeled 
Chemicals, Inc. (ARC, St. Louis, MO)], trans,trans-[1-3H]farnesyl pyro- 
phosphate, triammonium salt (FPP; 10-30 Ci/mmol) (ARC), and (all-trans)- 
[1-3H]geranylgeranyl pyrophosphate, triammonium salt (GGPP; 15 to 30 
Ci/mmol) (ARC). 

The bacterially expressed proteins can be used in a reaction mixture 
containing rabbit reticulocyte lysate that is supplemented with [3HIMVA. 
For each prenylation reaction a 1.2/xM concentration of purified protein 
is incubated in a final volume of 50/M with 35/M of nuclease-treated rabbit 
reticulocyte lysate, in the presence of 1 mM MgC12, 1 mM DTT, and 40 
/~M [3H]MVA. The incubation is carried out for 1 hr at 30 °. The reaction 
is then stopped by the addition of 10/~1 of 5× sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. Twenty 
percent of the reaction mix can be subjected to SDS-PAGE separation 
and fluorographic analysis to determine the amount of 3H incorporation 
into each substrate. 
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FI(i. 2. In vitro prenylati{}n analysis of bacterially expressed Ras protein. (A) Bacterially 
expressed H-Ras(CVLS) (lanes 1 3) or H-Ras(CLVL) (lanes 4-6)  was incubated with 
nuclease-treated rabbi! reticulocyte lysate containing [3H]MVA (lanes 1 and 4). [3H]FPP 
(lanes 2 and 5), or [3H]GGPP (lanes 3 and 6). (B) Bacterially expressed R a b l b  (CC) or 
H-Ras(CVLS) was incubated with (+)  or without ( - )  partially purilied farnesyltransferasc 
and [3H]FPP to measure incorporation of [3H]farnesyl into H-Ras (lanes 3 and 4), but not 
geranylgeranyl-modified R a b l b  (lanes I and 2). Arrow indicates the position of prenylated 
substralcs. 

The radiolabeled protein can then be excised from the gel and chemical 
analysis (described below) can be performed to determine the identity of 
the isoprenoid modification. Alternatively, we have used two different in 
vitro prenylation assays, as convenient alternatives to the chemical analyses, 
to determine the specific isoprenoid modification. First, 5/xM [3H]FPP (2.5 
Ci/mmol) or 5/xM [3H]GGPP (2.5 Ci/mmol) can be added to the reticulo- 
cyte lysate prenylation assay instead of [3H]MVA. In such an assay, 
H-Ras(WT) will be labeled using [3H]MVA or [~H]FPP, but not [3H]GGPP. 
In contrast, the C A A X  mutant, H-Ras(WT)CLVL, will be labeled using 
[3H]MVA and [3H]GGPP, but not [3H]FPP (Fig. 2A). 

A second in vitro approach to determine specific isoprenoid modification 
involves reactions that are done in the presence of partially purified prenyl- 
transferases instead of the rabbit reticulocyte lysate. The recombinant pro- 
teins are added to reaction mixtures that contain partially purified FTase, 
GGTase l, or GGTase II and are supplemented with either [3H]FPP or 
[3H]GGPP. The reactions for FTase are carried out in a final volume of 
25 /xl containing 50 mM Tris-HC1 (pH 7.5), 50 /zM ZnCI2, 20 mM KCI, 
1 mM DTT, 40/xM substrate protein, 5/xM [3H]FPP, and 1.8 to 4.8 p~g of 
purified FTase. Similar assay conditions, with slight modifications, are also 
used for assays with purified GGTase I and II. 25-2~ Using these assay condi- 

~5 M. C. Seabra. Y. Reiss, P. J. Casey, M. S. Brown, and J. L. Goldslein, Cell (Camhridge, 
Mass. ) 65, 429 ( 1991 ). 

~' M. C. Seabra, J. L. Goldstein. T. C. Sudhof, and M. S. Brown, J. Biol. Chem. 267, 14497 (1992). 
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tions, Ras(WT) will incorporate label only when incubated with FTase and 
[3H]FPP, whereas Rablb will incorporate label only when incubated with 
GGTase II and [3H]GGPP. The incorporated [3H]prenyl group can then 
be determined by SDS-PAGE followed by fluorography (Fig. 2B). 

Presently, there are no commercial sources for the three protein prenyl- 
transferases. However, well-characterized procedures for their purification 
have been described in the literaturey '2~ or recombinant sources from 
different investigators may be available. 27> 

Prenylation Analysis of Insect Cell Expressed Ras and 
Ras-Related Proteins 

The baculovirus expression system is a widely used method by which 
to express recombinant protein from foreign genes. In contrast to E. coli 
expression, insect cell-expressed protein will undergo a variety of posttrans- 
lational modifications including prenylation, methylation, as well as palmi- 
toylation. > As a result, Ras and other proteins that are expressed in insect 
cells will contain the authentic posttranslational modifications that accu- 
rately reflect the modifications that occur in mammalian cells. Recombinant 
baculovirus expression in insect cells results in the expression of large 
quantities (1 to 5% of total protein in infected cells) of the appropriately 
processed proteins. Thus, baculovirus expression can be used whenever 
large quantities of authentic proteins are required for biochemical or pro- 
tein-protein interaction assays (see [2] in this volume). 

One potential limitation with the use of insect cell expression for the 
isolation of prenylated Ras and Ras-related proteins is that only a fraction 
(10 to 50%) of the expressed recombinant protein is fully processed. How- 
ever, several fractionation procedures have been developed to exploit this 
incomplete processing to isolate processed (membrane-associated fraction) 
and unprocessed (soluble fraction) proteins from the same source) ° For 
example, one protocol utilizes Triton X-114 partitioning to separate pro- 
cessed and unprocessed Ras and Rap proteins (see [2] in this volume). 
Thus, the baculovirus expression system provides a valuable approach with 
which to isolate useful quantities of Ras and Ras-related proteins for further 

27 F. L. Zhang. R. E. Diehl. N. E. Kohl, J. B. Gibbs, B. Giros, P. J. Casey, and C. A. Omer, 
J. Biol. Chem. 269, 3175 (1994). 

2,~ C. A. Omer. A. M. Kral, R. E. Diehl. G. C. Prendergasl, S. Powers, C. M. Allen, J. B. 
Gibbs, and N. E. Kohl, Biochemistry 32, 5167 (1993). 

2,) M. D. Summers and G. E. Smith, Tex., Agric. Erp. Stn. [Bull.] B-1555 (1989). 
.~4, S. Ando, K. Kaibuchi, T. Sasaki, K. Hiraoka, T. Nishiyama, T. Mizuno, M. Asada, H. Nunoi. 

I. Matsuda, Y. Matsuura, P. Polakis, F. McCormick, and Y. Takai, J. BioL Chem. 267, 
25709 (1992}. 
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biochemical and mechanistic studies to address the role of protein prenyla- 
tion in protein function. 

Generation of  Recombinant Baculovirus 

The first requirement for insect cell expression is to generate a recombi- 
nant baculovirus. Recombinant baculoviruses are typically generated by 
substituting the cDNA sequence of interest in place of a nonessential viral 
gene. 2'~ This is carried out by homologous recombination between the en- 
dogenous polyhedrin gene from the genome of the baculovirus A utographa 
californica nuclear polyhedrosis virus (AcNPV) and the cDNA sequence 
of the gene of interest that has been subcloned in a baculovirus transfer 
vector (e.g., pAcCl2;  provided by F. McCormick and R. Clark, Onyx Phar- 
maceuticals, Richmond, CA). This process will place the gene of interest 
downstream of the strong polyhedrin promoter.  To generate recombinant 
baculovirus 1 /~g of linearized AcNPV and 2 /~g of pAcCl2  carrying the 
gene of interest (e.g., pAcC12-rasH) are cotransfected into Spodoptera 
fi'ugiperda (sfg. fall armyworm ovary) insect cells, x~ The recombinant vi- 
ruses can then be isolated from occlusion-negative ( o c c )  plaques and 
used to generate large quantities of authentically expressed proteins by 
transfection into Sf9 cells. Detailed methods for the generation and isolation 
of recombinant baculoviruses have been described previously, z'~ 

Infection and Radiolabeling of  Recombinant Proteins in Sf9 Cells 

Sf9 cells may be obtained from the American Type Culture Collection 
(ATCC, Rockville, MD). Detailed protocols for the culturing of Sf9 ceils 
are described by Summers and Smith. 29 Briefly, although Sf9 cells will grow 
reasonably well at temperatures from 25 to 30 ° , it is best to maintain the 
cultures in a 27 ° incubator. Humidity, but not CO2, is required. The cells 
are subcultured in Grace's insect medium (GIBCO-BRL,  Gaithersburg, 
MD) supplemented with 10% (v/v) fetal calf serum (heat inactivated for 
30 rain at 55°). Alternatively, we have also used defined medium (Ex-Cell; 
JRH Bioscience) for serum-free growth of Sf9 cells. Sf9 cells attach, but 
do not spread, on plastic cell culture dishes. A healthy culture wJill contain 
>90% attached cells. Sf9 cells have a doubling time of 18 to 24 hr and 
should be subcultured three times a week. 

To harvest cells for plating, the cells are detached by pipetting medium 
across the monolayer,  then transferred to a sterile centrifuge tube and 
centrifuged for 10 min at 1000 g at room temperature.  For infection, Sf9 
cells are plated at 2.4 × 10 ~ cells per 35-mm dish in serum-free Grace's 
medium to allow attachment of the cells. Following a 1-hr incubation at 
27 °, the cells are infected by addition of 107 plaque-forming units (PFU)/ 
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ml of the recombinant  virus in 1.5 ml of Grace 's  medium containing 10% 
(v/v) heat-inactivated fetal calf serum and 3.5% (w/v) Yeastolate (Sigma). 
The cells are incubated for 30 to 36 hr at 27 °. Viral infection results in 
essentially a complete shutdown of endogenous insect cell protein synthesis. 
Consequently, the majority of newly expressed protein 24 hr postinfection 
is derived from the introduced recombinant  virus. Metabolic radiolabeling 
of the virus-encoded protein is then carried out by incubation of the infected 
cells (24 hr after virus addition) in methionine-free Grace 's  medium that 
is supplemented with 50 p~Ci of Tran3SS-label (I~-[3SS]methionine plus 
L-pSS]cysteine: Met/Cys) per milliliter [ICN (Costa Mesa, CA); >1000 Ci/ 
mmol] (Fig. 3A). The radiolabeled cells are harvested after 12 to 16 hr 
for analysis. 

A 

T A D 

F~¢;. 3. Prenylation analysis of insect cell-expressed Ras protein. (A) Sf9 cells infccted 
with recombinant baculovirus expressing H-Ras were labeled with [35S]Met/Cys or [3H]MVA. 
Arrow indicates location of H-Ras. (B) The [3H]MVA-labeled Sf9 cells expressing H-Ras 
were lysed in Triton X-1 14, partitioned into detergent-depleted (A) and detergent-enriched 
(D) phases, and analyzed by SDS-PAGE. T, Total infected insect cell lysate. 
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To analyze for the prenylation of Ras, the infected cells are incubated 
with growth medium supplemented with [3H]MVA at a concentration of 200 
p~Ci/ml. This labeling can be done in the presence or absence of compactin or 
mevinolin (25/,M). These drugs reduce the cellular pool size of mevalonate 
by inhibiting 3-hydroxy-3-methylglutaryl-CoA, which is the enzyme that 
catalyzes the synthesis of mevalonate. Consequently, compactin treatment 
may enhance the incorporation of the exogenously added [3H]MVA into 
FPP and GGPP during biosynthesis. Some proteins such as Ras and Rapl a 
require the presence of 25 / ,M compactin to increase their sensitivity for 
mevalonate labeling. ~4 However, other proteins such as Rabs do not require 
addition of compactin, t5 Following the addition of the appropriate labeling 
mixes, the cells are incubated at 27 ° for 12-16 hr. Finally, to evaluate the 
modification of Ras by palmitoylation, the infected cells are incubated with 
growth medium that is supplemented with 200 /,Ci of [9,10-3H]palmitic 
acid (60 Ci/mmol; NEN) per milliliter. 

After incubation of the infected cultures with the desired radioactive 
medium, the cells are then harvested and transferred into an Eppendorf 
tube. Because the recombinant baculovirus-encoded Ras protein is 1-5% 
of total Sf9 cell protein, it can be detected easily in the total cell lysate 
following SDS-PAGE and fluorography. In the case of Ras and other Ras- 
related proteins, where good immunoprecipitating antibodies are available, 
immunoprecipitation of the protein from the labeled cell lysate is recom- 
mended prior to SDS-PAGE analysis. The detected radiolabeled band can 
then be excised from the gel and used for chemical analysis and identifica- 
tion of the attached isoprenoid (see below). 

Compactin is not commercially distributed. However, it is available for 
research from A. Endo (Tokyo Noko University, Tokyo, Japan). Proto- 
cols for the preparation of compactin stocks have been described pre- 
viously. 31 

Analysis ()f Hydrophobicity and Membrane Association 

The reagents required are 1 × Tris-buffered saline (TBS), Triton X-114, 
TBS* buffer [1× TBS containing 1% (v/v) Trasylol, 1 mM PMSF, and 20 
>g/ml each of the protease inhibitors leupeptin, N'~-p-tosyl-L-lysine chlo- 
romethyl ketone (TLCK), N-tosyl-t.-phenylalanine chloromethyl ketone 
(TPCK), and soybean trypsin inhibitor (SBTI)], 2% (v/v) Triton X-114 (in 
TBS* buffer), hypotonic buffer [10 mM Tris (pH 7.5), 1 mM MgCI:, 1% 
(v/v) Trasylol, 1 mM PMSF. and 20/,g/ml each of leupeptin, TLCK, TPCK, 

31S. M. Mumby and J. E. Buss. Methods 1, 216 (1990). 
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and SBTI], 1 M DTT, and 10× detergents [10% (w/v) deoxycholic acid 
sodium salt (DOC), 10% (v/v) Nonidet P-40 (NP-40), 5% (w/v) SDS]. Note 
that all the protease inhibitors need to be added to TBS* and hypotonic 
buffers immediately before use. 

Increased hydrophobicity and membrane localization of posttransla- 
tionally modified Ras and Ras-related proteins can also be assayed by using 
recombinant proteins expressed in Sf9 insect cells or bacterially expressed 
proteins analyzed in the in vitro assays, s't-s For analysis of hydrophobicity 
[3H]MVA-labeled Sf9 cells are washed twice with 1 × TBS. A volume of 
0.5 ml of 2× Triton X-lI4 is then added to the 30-mm dish, and the cells 
are taken off by gently pepetting up and down several times. The cells can 
then be transferred to an Eppendorf tube and incubated on ice for 10 min. 
The cytoskeletal and nuclear fractions are removed by microcentrifugation 
for 10 rain at 4 °. The supernatant containing the membrane and cytosolic 
proteins is then transferred to another Eppendorf tube and incubated at 
37 ° for 2 min. The protein mix will turn turbid at this point. Centrifuge the 
mix for 2 min at room temperature to partition the detergent-depleted 
aqueous phase (upper) from the hydrophobic detergent phase (lower). The 
volume and the concentration of Triton X-114 in the two phases are then 
equilibrated by adding the same concentration of Triton X-114 as detergent 
phase to the tube containing the aqueous phase, and by adding the same 
volume of TBS* buffer for the detergent phase. The samples are then 
centrifuged for 30 min in 4 ° at 12,000 g to pellet and discard the insoluble 
material. Ras protein can then be immunoprecipitated and analyzed by 
SDS-PAGE and fluorography. Alternatively, unlabeled cells can be used 
for the partitioning experiment followed by analysis of the two phases by 
Western blotting. The isoprenylated hydrophobic Ras protein should be 
present in the detergent phase (Fig. 3B). This increased hydrophobicity is 
consistent with a role for isoprenoid modification in facilitating mem- 
brane association. 

Membrane association of Ras and Ras-related proteins in Sf9 cells can 
be assessed directly by separating the membrane-bound (particulate; P100) 
and cytosolic (soluble; $100) fractions. [35S]Met/Cys-labeled Sf9 cells can 
be used to allow characterization of both processed and unprocessed frac- 
tions of Ras protein. The cells are first rinsed in 1 × TBS, dislodged in 1 
ml of TBS, transferred to a microfuge tube, and spun at high speed in room 
temperature for 1 min. The cell pellet is then swelled by the addition of 
1225 /zl of hypotonic buffer containing 1 mM fresh DTT, and incubated 
on ice for 10 rain. The cells are then disrupted by homogenization in a 
Dounce (Wheaton, Millville, NJ) tissue homogenizer. NaCI is then added 
to the homogenized sample to a final concentration of 184 raM. The soluble 
and particulate fractions can then be separated by micro-centrifugation at 
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12,000 g for 5 min at room temperature.  It is advisable to take one-third 
of the sample prior to ultracentrifugation. This fraction will provide a 
control that contains both soluble and particulate fractions (total; T). The 
supernatant from the ultracentrifugation step contains the S100 fraction. 
The P100 fraction is then resuspended in an equal volume (i.e., equal to 
the S100 fraction) of the hypotonic buffer (containing 1 mM DTT and 184 
mM NaC1). The membranes are then disrupted by adding detergents to a 
final concentration of 0.5% (v/v) NP-40, 0.5% (w/v) DOC, and 0.125% (w/v) 
SDS. The samples are incubated on ice for 10 min and the insoluble material 
is removed by centrifugation. Ras can then be immunoprecipitated from 
total, S100, and P100 fractions and analyzed by S D S - P A G E  followed by 
fluorography. 

Chemical  Analysis  of I soprenoid  Moiety 

We have employed several approaches to determine the specific isopren- 
old that is added onto insect cell-expressed proteins. The [~H]MVA-labeled 
cells can be used for analysis of the prenyl group by gas chromatography 
(GC). 15 The cell pellet is resuspended in 100/zl of 1 × S D S - P A G E  sample 
buffer and resolved by S D S - P A G E .  The gel is then stained with Coomassie 
blue, and the band corresponding to Ras is cut out and recovered by 
electroelution. The protein is then treated with Raney nickel and extracted 
with pentane according to the procedures described by Kawata and col- 
leagues. 32 The extract is then used for GC analysis on a Perkin-Elmer 
(Norwalk, CT) gas chromatograph with a flowthrough gas-proportional 
radiodetector. 15 A Dexsil 300 packed column with a temperature program 
starting at 100 ° and increasing at 16°/min to 340 ° is then used. The peaks 
for Ras are identified by comparison of retention time (tR) wllues with 
the ones generated from synthetic farnesyl- and geranylgeranyl-cysteine 
methyl esters. 

We have also used high-performance liquid chromatography (HPLC) 
analysis to determine specific isoprenoid addition to Ras and Rapla.  Immu- 
noprecipitated Ras protein is washed twice through sucrose, and proteins 
are precipitated from the resulting preparation (50/xl) by the actdition of 
(i).5 ml of 15% (w/v) trichloroacetic acid. Similar results can also be obtained 
from Ras proteins that are purified by S D S - P A G E ,  transferred to an 
Immobilon PVDF membrane (Millipore, Bedford, MA), and hydrolyzed 
directly on the membrane. The precipitated protein is then delipidated by 
washing three times (>6  hr each) with acetone and twice (>12 hr each) 
with 1:2 (v/v) CHCl)-methanol  at 0 to 2 ° . The protein pellet is then air 

~-" M. Kawata, C. C. Farnsworth, Y. Yoshida, M. H. Gelb, ,1. A. Glomsct, and Y. ]Takai. Proc. 
Natl. Acad. Sci. U.S.A. 87, 8960 (1990). 
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dried and suspended in 0.6 ml of 0.5% (v/v) formic acid. The cleavage 
reaction is initiated by the addition of 100 /xl of methyl iodide, and the 
mixture is then stirred in the dark for 48 hr. The reaction is quenched by 
the addition of 30/xl of 35% (w/v) NazCO3, and the preparat ion is then 
incubated in the dark for an additional 12 hr. The resulting mixture is 
extracted three times with 400/xl of 9 : 1 (v/v) CHC13-methanol,  and the 
organic phases are combined and dried under a s tream of N2. The dried 
sample is dissolved in 200 btl of 50% (v/v) CH3CH-25 mM H3PO 4 (solvent 
A), and an aliquot is then injected onto a 0.5 × 25 cm ODS reversed-phase 
H P L C  column. The column is developed with a 40-ml linear gradient of 
solvent A to 100% CH3CN-25 mM H3PO4 (solvent B), followed by l0 ml 
of solvent B at a flow rate of 1 ml/min. Fractions of 1 ml are collected 
and suspended in Liquiscint (Fisher), and radioactivity is determined by 
scintillation counting. 
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[7] R e t i c u l o c y t e  L y s a t e  A s s a y  f o r  in Vitro T r a n s l a t i o n  a n d  

P o s t t r a n s l a t i o n a l  M o d i f i c a t i o n  o f  R a s  P r o t e i n s  

By J O H N  F .  H A N C O C K  

In t roduc t ion  

Ras, Rho, and Rab proteins are prenylated within C-terminal cysteine- 
containing motifs. The prenoid group is attached as a thioether to the 
cysteine side chain by prenyltransferases that use C15 farnesyl pyrophos- 
phate (FPP) or C20 geranylgeranyl pyrophosphate  (GGPP)  as substrate. 
The modification that a Ras-related protein undergoes can usually be pre- 
dicted from the C-terminal motif: CAAX motifs (where A is any aliphatic 
amino acid and X is not leucine or phenylalanine) are farnesylated by 
farnesyltransferase (FTase) and CAAX motifs (where X is leucine or phe- 
nylalanine) are geranylgeranylated by geranylgeranyl transferase I 

Copyright (() 1995 by Academic Press, lnc 
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(GGTase I). ] However, there are exceptions]- Following prenylation, 
C A A X  motifs undergo two further processing events. The A A X  amino 
acids are removed by an endopeptidase and the now C-terminal cysteine 
residue is ee-carboxylmethylated by a methyltransferase. Certain Ras and 
Rho subfamily proteins are subsequently palmitoylated on cysteine residues 
located one to six amino acids upstream of the fully processed C A A X  
motif) Rab proteins terminate in CXC or XCC motifs, which are geranyl- 
geranylated by the enzyme Rab geranylgeranyl transferase [RabGGTase, 
also called geranylgeranyl transferase II (GGTase II)]. 4-~ The CXC motif 
is geranylgeranylated on both cysteines by RabGGTase and then methyles- 
terified on the C-terminal geranylgeranylated cysteine. Rab proteins with 
XCC motifs are not methylesterified. 7s 

All of these posttranslational processing events with the exception of 
palmitoylation can be carried out in vitro. Farnesyltransferase, GGTase 1, 
and RabGGTase are ubiquitously expressed soluble enzymes; the A A X  
protease and the methyltransferase are associated with intracellular micro- 
somal membranes. Therefore, K-Ras protein translated in vitro in a rabbit 
reticulocyte lysate that is supplemented with mevalonic acid, the precursor 
of FPP and GGPP, and canine pancreas microsomal membranes, undergoes 
all three CAAXproces s i ng  events. 9 The system also processes Rho proteins 
and mutant K-Ras proteins with C A A X  (where X is leucine) motifs that 
are geranylgeranylated, A A X  proteolyzed, and methylesterified. >)]° Gera- 
nylgeranylation of in vitro-translated Rab proteins also occurs but efficient 
double geranylgeranylation of C X C  motifs requires either supplementation 
of the lysate with COS cell cytosol, or prolonged incubations. 7"Z~ Methyla- 
tion of Rab proteins with CXC motifs can be achieved in vitro in the 
presence of microsomal membranes.11 There are several options for labeling 

] S. L. Moores,  M. D. Schaber, S. D. Mosser, E. Rands,  M. B. O 'Hara ,  V. M. Garsky, M. S. 
Marshall, D. L. Pompliano, and J. B. Gibbs, .I. Biol. Chem. 266, 14603 (1991). 
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~ J. F. Hancock, A. 1. Magee, J. E. Childs, and C. J. Marshall, Cell (Cambridge, Mas.v) 57, 
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4 R. Khosravi-Far, R. J. Lutz, A. D. Cox, L. Conroy. J. R. Bourne, M. Sinensky. W. E. Balch, 

J. E. Buss, and C. J. Def, Proc. Natl. Acad. Sci. U.S.A. 88, 6264 (I991). 
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in vitro-translated and processed Ras-related proteins: the protein backbone 
can be labeled with [~~S]methionine; the prenoid moiety can be labeled 
with [3H]mevalonic acid, [3H]GGPP, or [3H]FPP; and the methyl group 
can be labeled with S-adenosyl[methyl-3H]methionine. 

The reticulocyte lysate system has been used to identify the posttransla- 
tional modifications that occur on different Ras-related proteins. The system 
can also be manipulated to produce partially processed proteins; for exam- 
ple, if microsomal membranes are not included then prenylation but no 
A A X  proteolysis or methylation will occur. Or, if microsomal membranes 
are included together with a methyltransferase inhibitor such as methylthio- 
adenosine, then A A X  proteolysis but no methylation will occur. These 
techniques have been used to determine which modifications are important 
for the binding of Ras, Rho, and Rab proteins to membranes and which 
modifications are required for the interaction of Rho proteins with 
RhoGDI.9 11 

Methods 

In Vitro Translation 

Clone the cDNA into a vector with a T7 or SP6 promoter (e.g., pGEM 
vectors: Promega, Madison, WI) and in vitro transcribe uncapped mRNA 
from linearized plasmid template using T7 or SP6 RNA polymerase. All our 
experiments have been conducted with nuclease-treated rabbit reticulocyte 
lysate purchased from Promega. Translations are performed essentially 
according to manufacturer instructions, using 3 ~g of RNA in a 50-/~1 lysate 
reaction. There are various labeling options. 

1. For 35S-labeled protein use translation-grade [35S]methionine (e.g., 
SJ204: Amersham, Arlington Heights, IL) at 1.2 mCi/ml in a methionine- 
free amino acid mix and supplement the reaction with 5 mM mevalonic 
acid (final concentration) to ensure maximum prenylation. After a 2-hr 
incubation at 30 °, 60-70% of translated K-Ras and RhoA are prenylated; 
if the lysate is not supplemented with mevalonic acid < 10% of the translated 
protein is prenylated. 9'~° The extent of processing can be determined by 
analyzing 5/zl of the reaction in a Triton X-I 14 partitioning assay (described 
in [24] in this volume). The rate of prenylation of different Ras and Rho 
proteins varies considerably and longer incubations of up to 8 hr, or supple- 
mentation of the lysate with cytosol (see the next section), may be required 
to achieve >50% processing. 

[Note: To prepare mevalonic acid dissolve 100 mg of mevalonic acid 
lactone (Sigma, St. Louis, MO) in 2.5 ml of 0.1 M NaOH. Incubate at 50 ° 
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for 60 min, then adjust to pH 7 with 1 M HCl and dilute to I00 raM. Filter 
sterilize and store at -20°.] 

2, Farnesyl and geranylgeranyl groups can be labeled with [3H]meva- 
Ionic acid. Lyophilize 50/,Ci of R-[5--~H]mevalonic acid (TEA :salt) (e.g., 
NET-716; NEN, Boston, MA) and add the reticulocyte lysate mix directly 
to the tube containing the dried label. Use a 1 mM mix of all 20 amino 
acids and do not supplement the reaction with cold mevalonic acid. Incubate 
for 2-8 hr at 30 °. 

Prenoid analysis can be performed on in vitro-translated, [3H]mevalonic 
acid-labeled protein. To concentrate the processed protein take up the 
whole reaction in 1 ml of 1% (v/v) Triton X-114 lysis buffer. Incubate at 
37 ° for 2 min, then separate the aqueous and detergent phases as described 
in [24]. Discard the aqueous phase, add 0.9 ml of TBS [50 mM Tris-HC1 
(pH 7.5), 150 mM NaC1] to the detergent phase (which contains all of the 
prenylated protein), vortex, add 110/~1 of 100% (v/v) trichloroacetic acid 
(TCA), vortex, and incubate on ice for 30 min. Collect the precipitated 
proteins by centrifugation, and wash three times with 100% (v/v) acetone 
to remove the TCA. Air dry and boil the pellet in 50/zl of Laemmli sample 
buffer for 4 min with vortexing to ensure complete dissolution. By using 
Triton X-I14 to extract hydrophobic proteins from the lysate the total 
protein content of the TCA precipitate is sufficiently low to allow loading 
of the whole sample in a single lane of an analytical sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS PAGE) gel. lmmunoprecipita- 
tion is therefore not required. This technique is especially useful if im- 
munoprecipitating antibodies are not available. Prenoid analysis can be 
performed as described in [24]. 

3. In place of R-[5-~H]mevalonic acid, 2-5 /zCi of [-~H]farnesyl pyro- 
phosphate (FPP) or [-~H]geranylgeranyl pyrophospbate (GGPP) can be 
used to radiolabel prenylated proteins. Note that in the reticulocyte lysate 
some [3H]FPP will be converted to [3H]GGPP, and therefore the incorpora- 
tion of label from [~H]FPP does not necessarily mean that the protein is 
farnesylated unless no label is incorporated into the protein from 
[~H]GGPP. If in doubt, analyze the labeled prenoid group by high-perfor- 
mance liquid chromatography (HPLC) after methyl iodide cleavage. 

Cytosol Supplementation 

Giannakouros et al. have reported that addition of concentrated COS 
cell cytosol to the reticulocyte translation reaction significantly reduced 
the incubation times required to achieve efficient prenylation of in vitro- 
translated Rab proteins. 11 Although the study was confined to Rab proteins 
this protocol may also be worth trying for other Ras-related proteins if 
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prolonged incubations alone do not yield an adequate amount of prenylated 
protein. Cytosol was prepared by hypotonic lysis and ultracentrifugation 
of subconfluent COS cells 7 and concentrated to 10 mg/ml in a Centricon 
10 (Amicon, Danvers, MA) microconcentrator. 

1. Translate the Rab protein in a 25-p~1 reticulocyte lysate [~SS]methio- 
nine-labeled reaction for 2 hr at 30 °. Add 180 mg of COS cell cytosol, 
mevalonic acid to 5 mM, and MgC12 to 2.5 mM. Continue the incubation 
for a further 3 hr. Determine the extent of prenylation using Triton 
X-114 partitioning. 

2. Alternatively, translate the Rab protein in a 25-/xl reticulocyte lysate 
unlabeled reaction for 2 hr at 30 °. Add 180 mg of COS cell cytosol, MgCl2 
to 2.5 mM, and 25/xCi of R-[5-3H]mevalonic acid. Continue the incubation 
for a further 3 hr. 

Use o f  Microsomal Membranes for in Vitro A A X  Proteolysis 
and Methylation 

In all of our studies we have used canine microsomal membranes pur- 
chased from Promega as a source of A A X  endopeptidase and methyltrans- 
ferase. Giannakouros et aL 11 use a Pl00 membrane fraction from COS 
cells as a source of methyltransferase. The membranes were prepared by 
hypotonic lysis and Dounce (Wheaton, Millville, N J) homogenization and 
adjusted to a protein concentration of 5 mg/ml in 50 mM Tris-HC1, 50 mM 
NaC1, 2 mM MgCI~.I~ Such a membrane preparation would also be expected 
to have A A X  protease activity, although this was not tested in their study. 

A A X  proteolysis and methylation of C A A X  motifs and methylation of 
CXC motifs occur only when the C-terminal cysteine has undergone prenyla- 
tion. Therefore the incubation time to achieve reasonable prenylation of the 
in vitro-translated protein needs to be determined before looking for methyl- 
ation. If the protein is >60% prenylated during a 2-hr translation in a reticulo- 
cyte lysate supplemented with mevalonic acid there are two options: 

1. Include 7.2 EQ of canine pancreatic microsomal membranes (Pro- 
mega) or 30/~g of COS cell membranes in a 50-/~1 reticulocyte translation 
reaction supplemented with 5 mM mevalonic acid. Incubate for 2 hr at 30 °. 
Monitor the methylation reaction using 25-50/~Ci of S-adenosyl[methyl- 
3H]methionine (5-15 Ci/mmol) (e.g., 24051H; ICN, Costa Mesa, CA) after 
removing the solvent under vacuum. 

2. If the presence of microsomal membranes significantly inhibits the 
in vitro translation, the translation/prenylation reaction can be carried out 
before addition of the membranes. Set up a 50-/M reticulocyte translation 
reaction supplemented with 5 mM mevalonic acid and incubate for 2 hr at 
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30 °. Then add the S-adenosyl[methyl-3H]methionine label and the mem- 
branes and continue the incubation for a further 2-4  hr. 

Similarly, if prenylation of the m vitro-translated protein required ex- 
tended incubations, either with or without added cytosol, then prolong the 
initial translation/prenylation reaction for 6-8 hr before adding membranes. 
Thus, set up a 50-/xl reticulocyte translation reaction supplemented with 
5 mM mevalonic acid and incubate for 6-8 hr at 30 ° . Add the dried 
S-adenosyl[methyl?H]methionine label and the membranes and continue 
tile incubation for a further 2-4  hr. 

(Note: Giannakorous et ell. ~ found that for in vitro-translated Rab pro- 
teins, no incremental methylation was achieved by including cytosol at any 
time during these methylation reactions.) 

If the role of methylation (and/or A A X  proteolysis) in membrane and 
GDI interactions is to be investigated then the label can be changed from 
S-adenosyl[methyl-~H]methionine to [35S]methionine once methylation 
conditions have been determined. Methylation inhibitors that work well in 
vitro include 3 mM methylthioadenosine, 0.5 mM S-adenosylhomocysteine, 
or 10/~M farnesylthioacetic acid. These inhibitors do not affect the A A X  
protease, and therefore Ras proteins with C A A X  motifs that are processed 
with microsomal membranes in the presence of a methylation inhibitor 
will be prenylated and A A X  proteolyzed only. This C A A X  processing 
intermediate cannot be generated in vivo. 

Acknowledgment  

J. F. H. is supported by The Royal Children's Hospilal Foundation, Qld, Australia. 

[8] C a r b o x y l  M e t h y l a t i o n  o f  R a s - R e l a t e d  P r o t e i n s  
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In t roduc t ion  

It is well established that reversible phosphorylation of proteins plays 
a central role in the regulation of growth and development. In contrast, 
relatively little is understood of the role of the reversible methyl esterifica- 
tion of proteins. Chemoreceptors  in bacteria such as Escherichia coli are 
methylated and demethylated at the side-chain carboxyls of specific gluta- 
mate residues. E 4 This reversible carboxyl methylation is critical to the 

M. S. Springer, M. F. Goy, and J. Adler, Nature (London) 280, 279 (1979). 

Copyright ~c? 1995 by Academic Press, hlc 
METHODS IN ENZYMOLOGY. VOL. 255 All rights of repwduction in any h~rm le~,mved. 



66 EXPRESSION, PURIFICATION, AND MODIFICA'FION [8] 

t r ansduc t ion  of  an ex t race l lu la r  s t imulus  into a chemotac t i c  response .  Me th -  
y la t ion  at g l u t a m a t e  res idues  has not  been  o b s e r v e d  in euka ryo tes ,  how- 
ever.  

The  d iscovery  of  methyl  es te r  modi f ica t ions  in signal t r ansduc t ion  pro-  
teins such as Ras,  5 and m o r e  recen t ly  the f inding tha t  the  ca ta ly t ic  subuni t  
of  p ro te in  p h o s p h a t a s e  2 A  (PP2A~) is me thy l  ester i f ied,  ~ s suggest  an im- 
p o r t a n t  r egu la to ry  funct ion for  carboxyl  m e t h y l a t i o n  in euka ryo t i c  cells as 
well  as bac ter ia .  Resul t s  with genera l  inhib i tors  of  me thy l a t i on  also are  
cons is ten t  with the idea  that  p ro te in  ca rboxyl  me thy l a t i on  serves  as a gen- 
eral  m o d u l a t o r  of  signal t r ansduc t ion  and growth  in m a m m a l i a n  cells,/J 12 

P r o t e i n  C a r b o x y l  M e t h y l a t i o n  in  I n t a c t  E u k a r y o t i c  Ce l l s  

Unl ike  p ro t e in  p h o s p h o r y l a t i o n ,  in which an ex tens ive  a r ray  of  k inases  
p rov ides  a comp lex  ne twork  of  input  signals, the re  are  only two known  
r egu la to ry  carboxyl  me thy l t r ans fe ra se  enzymes  in eukaryo tes .  O n e  cata-  
lyzes the  methyl  es ter i f ica t ion  of  p reny lcys t e ine  res idues  at the  C te rmin i  
of  low mo lecu l a r  weight  G T P - b i n d i n g  p ro te ins  such as Ras,  and  a n u m b e r  
of  o the r  " C X X X - t a i l ' "  pro te ins  that  inc ludes  the  7 subuni ts  of  h e t e r o t r i m e r i c  
G pro te ins ,  the  a a n d / 3  subuni ts  of  c G M P  p h o s p h o d i e s t e r a s e ,  the  a and  
/3 subuni ts  of  p h o s p h o r y l a s e  kinase,  r hodops in  k inase ,  nuc lear  lamins  A 
and B, and specific fungal ma t ing  p h e r o m o n e s .  13 

The  second  euka ryo t i c  p ro t e in  ca rboxyl  me thy l t r ans fe ra se  funct ions  
specif ical ly to mod i fy  PP2A~ at a C- t e rmina l  leucine  residue/~ ~ The  act ivi ty  
that  me thy la t e s  PP2A~ is cytosol ic  and  dis t inct  f rom the p reny lcys te ine  
ca rboxy l  me thy l t r ans fe rase ,  which is membrane-assoc ia ted / ' -14  

2 j. B. Stock, in "Protein Methylation" (W. K. Paik and S. Kim, cds.), p. 275. CRC Press, 
Boca Raton, FL, 1990. 

3 E. G. Ninfa, A. Stock, S. Mowbray. and J. Stock, J. Biol. Chem. 266, 9764 (199l). 
4 j. B. Stock, M. Surene, W. R. McCleary, and A. M. Stock, J. Biol. Chem. 267, 19753 (1992). 
5 S. Clarke. J. P. Vogel, R. J. Deschencs, and J. Stock, Proc. Natl. Acad. Sci. U.S.A. 85, 

4643 (1988). 
~'J. Lee and J. Stock, J. Biol. Chem. 268, 19192 (1993). 
7 H. Xie and S. Clarke, .l. Biol. Chem. 269, 1981 (1994). 

B. Favre, S. Zolnierowicz, P. Turowski, and B. A. Hemmings, .l. Biol. Chem. 269, 16311 
(1994). 

~) M. C. Pike, N. M. Krcdich, and R. Snyderman, Proc  Natl. Acad. Sci. U.S.A. 75, 3928 (1978). 
t~ A. W. Li, R. A. Singer, and G. C. Johnston, F E M S  Microbiol. Lett. 23, 243 (1984). 
ii R. T. Borchardt, .l. Med. Chem. 23, 347 (1980). 
12 D. Chelsky, C. Sobotka, and C. L. O'Neill, J. Biol. Chem. 264, 7637 (1989). 
1:~ S. Clarke, Annu.  Rev. Biochem. 61, 355 (1992). 
14 C. Volker, R. A. Miller, W. R. McCleary, A. Rao, M. Poenie. J. M. Backer, and J. B. Stock, 

J. Biol. Chem. 266, 21515 (1991). 



[8] CARBOXYL METHYLATION OF RaS-RELATED PROTEINS 67 

In Saccharomyces cerevisiae, the prenylcysteine carboxyl me, thyltrans- 
ferase activity is encoded by the STE14 gene. ~4 ~8 Thus, proteins that are 
carboxyl methylated in strains that lack the STE14 gene are substrates of 
other carboxyl methyltransferase activities. Two additional carboxyl meth- 
ylated proteins with apparent molecular masses of 49 and 35 kDa have 
been detected in S. cerevisiae, but their identities and sites of methylation 
have not been determined, iv Methylation of a 42- to 43-kDa species (the 
molecular weight of the PP2A~ homologs PPH21, PPH22, and PPG in S. 
cerevisiae) has not been detected in intact cells, but is observed in in vitro 
experiments with cytosolic extracts. > 

The enzyme that catalyzes the carboxyl methylation of (?-terminal 
prenylcysteine residues also methylates small molecule prenylcysteine ana- 
logs, such as N-acetyl-S-trans,trans-farnesyl-l~-cysteine (AFC). > Com- 
pounds such as AFC also inhibit carboxyl methylation of Ras and related 
proteins both in vitro and in vivo. ~l Whereas carboxyl methylation of protein 
prenylcysteine substrates is inhibited by AFC, carboxyl methylation of 
PP2A~ is not affected. Thus, AFC provides a useful means by which to 
distinguish between these two classes of protein carboxyl methylation reac- 
tions. 

In addition to carboxyl methylation of Ras-related and other CXXX-  
tail proteins and PP2A~, many proteins are carboxyl methylated by activities 
that methylate the free carboxyl group of altered aspartyl residues that 
arise spontaneously with age. 22 This type of protein carboxyl methylation 
is lost when extracts are subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) with standard Laemmli gels, > in which 
the pH of the gel buffer is high enough to cleave the relatively labile 
aspartyl carboxyl methyl esters. 24'2~ Glutamyl and C-terminal leacine and 
prenylcysteine carboxyl methyl esters are stable under these condi- 
tions.22,2< 27 

~5 C. A. Hrycyna and S. Clarke, Mol. (,;ell. Biol. 10, 5071 (1990). 
i(, C. A. Hrycyna, S. K. Sapperstein, S. Clarke, and S. Michaelis, E M B O  .L 10, 1699 (1991). 
iv R. S. Marr, L. C. Blair, and J. Thorncr ,  J~ Biol. Chem. 265, 20057 (1991). 
is C. Volker, P. Lane, C. Kwce, M. Johnson.  and J. B. Stock, FEBS Lett. 295, 117,9 (1991). 
i~* C. A. Hrycyna, M. C. Yang, and S. Clarke, Biochernistrv 33, 9806 (19941. 
> C .  Volker. R. A. Miller, and J. B. Stock, Methods 1, 283 (1990). 
~l C. Volker. M. H. Pillinger. M. R. Philips, and J. B. Stock, this series. Vol. 250, p. 216. 
2~ S. Clarke, Anna. Rev. Biochem. 54, 479 (1985). 
~ U. K. Laemmli ,  Nature (London)  227, 680 (197(/). 
~4 S. Kim and W. K. Paik, Experientia 32, 9482 (1976). 
-~s T. C. Terwilliger and S. Clarke, .L Biol. CTtem. 256, 3067 (1981). 
> S. J. Kleene. M. L. Toews, and J. Adler. J. BioL Chem. 252, 3214 (i977). 
_'7 p. Galletti, W. K. Paik. and S. Kim. Bio(hemistrv 17, 4272 (1978). 
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S-Adenosyl-L-methionine (AdoMet)  is the methyl donor for most cellu- 
lar methylation reactions, including the carboxyl methylation of proteins. 
If the donor methyl group of AdoMet  is radiolabeled, then methylation of 
the substrate of interest can be detected by various radioassay techniques. 2s 
Most cells are impermeable to AdoMet,  however. Methionine is readily 
incorporated into cells, where it enters the cellular AdoMet pool, which 
rapidly turns over. In a mouse lymphoma cell line, for example, exogenously 
added methionine reaches equilibrium with the cellular AdoMet  pool in 
about 30 min. > Thus, to label substrates of interest in intact cells, the 
cells are generally incubated with methionine that has a radiolabeled 
S-methyl group. 

After metabolic labeling with [3H]methionine, the ratio of prenylcys- 
teine carboxyl [3H]methyl ester to [3H]methionine in a given protein may 
allow estimates of stoichiometry. For example, mature Ha-Ras contains 
four methionine residues, 3° so that under steady state labeling conditions 
with [3H]methionine the incorporation of one methyl ester per Ha-Ras 
monomer  would give a 1-to-4 ratio of [3H]methyl esters to [3H]methionine. 
We find that a ratio of 1 to 6 is obtained in Ha-Ras-transformed fibroblast 
cells starved for methionine, and then grown for 3 hr in the presence of 
[-~H]methionine] 4 indicative of a stoichiometry of 0.7 methyl groups per 
molecule. Because it presumably takes approximately 30 min for the labeled 
methionine to equilibrate with the AdoMet pool, one might anticipate that 
the apparent stoichiometry might be somewhat less than 1 if Ha-Ras is 
fully methylated and its methyl group does not turn over. 

Turnover of the methyl group on the substrate is an important factor 
in metabolic labeling. In Ha-Ras protein that is present prior to addition 
of [3H]methionine, the methyl group could turn over more rapidly than 
the protein to give an apparent stoichiometry much greater than 1. In cells 
in which there is little protein synthesis, as in human neutrophils, one would 
expect to see little or no labeling of carboxyl methylated proteins unless 
the methyl group is hydrolyzed and resynthesized. 

Turnover  rates may be estimated by a pulse-chase analysis in which 
the loss of radiolabel in a particular protein is examined as a function of 
time after replacement of labeled methionine in the medium with excess 
unlabeled methionine. Using this method with a mouse lymphoma cell line, 
Chelsky et  al. > determined that the average half-life of methyl groups is 
about 8 hr for proteins with molecular weights similar to Ras. This provides 
a lower limit on the average turnover rate, as general protein degradation 

2sj. B. Stock, S. Clarke, and D. E. Koshland,  Jr., this series, Vol. 106, p. 310. 
>~ D. Chelsky, B. Ruskin,  and D. E. Koshland,  Jr., Biochemistry 24, 6651 (1985). 
~0 M. Barbacid, Annu. Rev. Biochem. S6, 779 (1987). 
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will also result in reduced label. Total protein half-life was approximately 
10 hr. These results suggest that a substantial portion of the methyl groups 
on Ras-related proteins is not being continuously hydrolyzed and resynthe- 
sized. 

Another measure of turnover is provided by analysis of the incorpora- 
tion of label in the presence of inhibitors that block protein synthesis. Some 
proteins, such as PP2Ac, are readily methylated in the absence of protein 
synthesis, whereas others a r e  n o t .  ~''7"29 Using this method it is apparent that 
methyl groups on Ras-related proteins turn over at dramatically different 
rates. Some appear to be continually hydrolyzed and resynthesized, but 
others appear to turnover very little. > 

We find that when human neutrophils are exposed to the chemoattrac- 
tant N-formylmethionylleucylphenylalanine (FMLP), Ras-related proteins 
rapidly (within 1 min) incorporate methyl esters) l On continued exposure 
to FMLP, these groups are rapidly lost. The observed decrease in labeled 
protein methyl ester over time is likely due to a methylesterase activity. 
Venkatasubramanian et al) 2 have previously reported that a methylesterase 
activity in rabbit neutrophils is stimulated on exposure to chemoattractant. 
One would expect a balance between methylation and demethylation if 
methylation serves a regulatory function and, in fact, these results suggest 
that in myeloid cells methylation of Ras-related proteins is regulated by 
signal transduction pathways. 

Methods  to Label Protein Methyl Esters  Metabolically in Intact  Cells 

Metabolic Labeling of  Adherent Fibroblast Cells 

Adherent fibroblast cells are grown nearly to confluence on 10-cm D 
plates in 10 ml of Dulbecco's modified Eagle's medium (DMEM) with 10% 
(v/v) fetal bovine serum (FBS) at 37 ° in a humidified atmosphere, enriched 
to 5% CO2. The growth medium is then removed by aspiration and replaced 
with 10 ml of prewarmed methionine-free DMEM with 2% (v/v) FBS. The 
plates are then incubated at 37 ° in a humidified atmosphere, enriched to 
5% CO2 for 2 hr. Labeling medium is prepared by the addition of 1.0 mCi 
of [3H]methionine to a 10-ml test tube, removal of the solvent under reduced 
pressure in a vacuum centrifuge (SVC-100H: Savant, Hicksville, NY), then 
resuspension of the residual material in 5 ml of methionine-free D M E M -  

.~l M. R. Philips, M. H. Pillinger, R. Staud, C. Volker, M. G. Rosenfeld, G. Weissmann.  and 
J. B. Stock, Science 259, 977 (1993). 

.;2 K. Venkatasubramanian ,  F. Hirata, C. Gagnon,  B. A. Corcoran, R. F. O 'Dea .  J. Axehod .  
and E. Schiffmann. Mol. hnmunol. 17, 201 (1980). 
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2% (v/v) FBS at 37 °. The unlabeled medium is removed by aspiration, and 
the adherent fibroblasts are gently washed with 10 ml of 37 ° phosphate- 
buffered saline solution (PBS). After removal of the PBS from the plates 
by aspiration, 5 ml of labeling medium is added, and the cells are incubated 
for 3 hr at 37 ° in a humidified atmosphere, enriched to 5% CO2. After 
incubation, the labeling medium is removed by pipette, the cells are gently 
washed with 10 ml of ice-cold PBS that is also removed by pipette, then 
the cells are removed from the plate into a 15-ml centrifuge tube with 10 
ml of ice-cold PBS using a rubber policeman. The tube is centrifuged at 
850 g for 5 rain at 4 °, then the supernatant is removed by pipette. The cells 
are washed twice more with 10 ml of ice-cold PBS, then lysed. Proteins in 
the lysate are separated by SDS-PAGE.  The resultant gels are then sub- 
jected to fluorography or examined for protein carboxyl methylation, as 
described under Assay for Protein Carboxyl Methyl Esters (below). 

Metabolic Labeling of Human Neutrophils 

Labeling medium is prepared by the addition of [3H]methionine (typi- 
cally 0.3-1.0 mCi) to a 1.5-ml Eppendorf tube, removal of the solvent 
under reduced pressure in a vacuum centrifuge (SVC-100H; Savant), then 
resuspension of the residual material with vortexing in 50 pJ of HEPES-  
saline solution or HEPES-buffered DMEM. Immediately after resuspen- 
sion, neutrophils (1.5 × 10 v cells) in 50 t~l of HEPES-saline solution or 
HEPES-buffered DMEM are added, the tube is capped, and the cells are 
then incubated for the desired time at 37 °. Ice-cold 20% (w/v) trichloroacetic 
acid (500 t~l) is then added and the tubes placed on ice to quench the 
reaction. After 10 rain, the tubes are centrifuged at 12,000 g for 3 rain at 
4 °. The pellets are washed once with ice-cold 20% (w/v) trichloroacetic acid 
(1 ml), three times with ice-cold acetone (1 ml), and dried in a vacuum 
centrifuge. Proteins in the pellets are separated by SDS-PAGE,  and the 
resultant gels are then subjected to fluorography or examined for protein 
carboxyl methylation as described under Assay for Protein Carboxyl Methyl 
Esters (Fig. 1). 

Metabolic Labeling of Saccharomyces cerevisiae 

Saccharomyces cerevisiae are grown in 10 ml of complete medium to 
the desired density (generally 2 × 10 7 cells/ml) at 30 °, harvested by centrifu- 
gation, washed with methionine-free minimal medium, resuspended at the 
original density in methionine-free minimal medium, and incubated at 30 ° 
for 1 hr. The cells are again harvested by centrifugation, then resuspended 
at 10 times the original density in methionine-free minimal medium than 
contains [3H]AdoMet (typically 0.5 mCi). Unlike most eukaryotic cells, S. 
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FI(;. 1. Protein carboxyl methylation in intact human ncutrophils. Human neutrophils 
(1.5 x 1117 cells) were labeled with [3HIrnethioniue (50 #Ci; 9.3 × 111 ~ cpm/pmol) in the 
presence of cycloheximide (5/xg/ml; 0) ,  N-acetyl-S-trans-geranyI-L-cysteine (AGC, 100 ,aM: 
~), AFC (100 ,aM: II), or no added compound (O) in HEPES-saline buffer in a lotal volume 
of 1(10/xl at 37 °. After 1 hr, the reactions were quenched with trichloroacetic acid, subjected 
to SDS-PAGE, and examined for protein carboxyl methylation, as described trader Assay 
for Protein Carboxyl Methyl Esters. 

c e r e v i s i a e  are  p e r m e a b l e  to A d o M e t ,  -~334 and hence  [ 3 H ] A d o M e t  is used 
direct ly .  A f t e r  incuba t ion  for  the des i r ed  t ime  at 30 ° , cells are  ha rves ted ,  
washed ,  and  lysed with glass beads .  Pro te ins  in the lysate  are  s e p a r a t e d  by 
S D S - P A G E ,  and  the resu l t an t  gels a re  then  sub jec ted  to f l uo rog raphy  or  
e x a m i n e d  for  p ro t e in  ca rboxy l  m e t h y l a t i o n  as desc r ibed  unde r  A s s a y  for  
Pro te in  Carboxy l  Methy l  Esters .  

A s s a y  for  P r o t e i n  C a r b o x y l  M e t h y l  E s t e r s  

Fo l lowing  S D S - P A G E ,  m e t h y l a t i o n  at ca rboxyl  g roups  may  be dist in-  
gu ished  f rom di rec t  me th ion ine  inco rpora t ion ,  as well  as N- l inked  p ro t e in  
me thy la t ions ,  by  the i r  re la t ive  a lka l ine  labil i ty.  To examine  ca rboxyl  me th -  
y la t ion  of  R a s - r e l a t e d  pro te ins ,  l abe l ed  p ro t e ins  a re  gene ra l ly  s e p a r a t e d  by 
S D S - P A G E  over  0.125-cm thick,  8-cm long,  13% (w/v) gels in 1-cm wide 
lanes.  The  gels a re  d r i ed  and  ind iv idua l  lanes  are  cut into 2-ram slices 
(gene ra l ly  40 slices for  a c o m p l e t e  lane)  that  a re  each p laced  into 1.5-ml 

33 j. T. Murphy and K. D. Spence, J. Bacteriol. 109, 499 (1972). 
a4 H. Cheresl, Y. Surdin-Kerjan, J. Antoniewski. and R. H. Derobichon-Szulmajster. J. Bacte- 

riol. 115, 1084 (1973). 
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FIG. 2. Protein carboxyl methylalion in a mouse brain extract. A whole-cell mouse brain 
extract (2.8 mg/ml, protein) was incubated at 37 ° with [3H]AdoMeI (l/)/xM; 8000 cpm/pmol) 
with (Q) and without (©) 100/xM AFC in 100 mM Tris-HCl, 1 mM EDTA, 1 mM DTT, pH 
7.9, in a total volumc of 50/xl. After 25 rain, the reaction was quenched with 16.7 /xl of 4× 
protein gel loading buffer and heated to 90 ° for 5 min. Two 3[)-/xl aliquots were removed, 
subjected to SDS-PAGE, and examined for protein carboxyl methylation, as described under 
Assay for Protein Carboxyl Methyl Esters. 

o p e n - t o p p e d ,  po lye thy l ene  mic rocen t r i fuge  tubes  to which 50 t*1 of  1 M 
Na2CO3 is a d d e d  to hydro lyze  3H- labe led  p ro te in  carboxyl  me thy l  es ters  
to p H ] m e t h a n o l .  28 A n  equa l - s ized  slice of  un l abe l ed  gel t o g e t h e r  with 50 
t*l of  1 M Na2CO.~ and a known  a m o u n t  of  [HC]methano l  a re  used  to 
d e t e r m i n e  the yield,  which gene ra l ly  ranges  f rom 50 to 90%, d e p e n d i n g  on 
the t ime a l lo t t ed  for  equ i l ib ra t ion .  T r e a t m e n t  with bases  s t ronge r  than  
NaeCO3 may  resul t  in the  re lease  of  vola t i le  [~H]methylamine  f rom p ro te ins  
that  a re  m e t h y l a t e d  at the guan id ino  group  of a rg in ine  res idues.  3s 

P r e n y l c y s t e i n e  C a r b o x y l  M e t h y l t r a n s f e r a s e  E n z y m o l o g y  

Preny lcys te ine  ca rboxyl  m e t h y l a t i o n  on e n d o g e n o u s  subs t ra tes  may  be  
s tud ied  in vitro using A d o M e t  d i rec t ly  14 (Fig. 2), A s  with in vivo label ing,  
one  needs  to be  cognizant  of o the r  p ro te in  m e t h y l a t i o n  react ions ,  bu t  label  
f rom direct  me th ion ine  inco rpo ra t ion  is not  a concern.  

In add i t ion  to e n d o g e n o u s  p ro te in  subs t ra tes ,  o t h e r  subs t ra tes  m a y  be 
read i ly  e x a m i n e d  in vitro. F o r  example ,  p reny lcys te ine  ca rboxyl  methyl -  
t rans fe rase  act ivi ty  has been  s tud ied  on R a s - r e l a t e d  p ro te ins  in in vitro 

3~ j. Najbauer, B. A. Johnson, and D. W. Aswad, Anal. Biochem. 197, 412 (1991). 



[8] CARBOXYL METHYLATION OF RaS-RELATED PROTEINS 73 

translat ion systems in X e n o p u s  egg and rabbit  ret iculocyte lysates 3~'37 and on 
bacterial ly expressed proteins that  have been  farnesylated and cleaved.~4'3~ 
Prenylcysteine carboxyl  methyl t ransferase  activities also modify  small pep- 
tides that contain a C-terminal  prenylcysteine,  39-41 as well as small molecule  
analogs of  a single C-terminal  prenylcysteine residue such as AFC,  N-acetyl-  
S - a l l - t r a n s - g e r a n y l g e r a n y l - L - c y s t e i n e  ( A G G C ) ,  S - t r a n s , t r a n s - f a r n e s y l - 3 -  

th iopropionic  acid (FTP),  and S - a l l - t r a n s - g e r a n y l g e r a n y l - 3 - t h i o p r o p i o n i c  

acid (GGTP) .  Is'e°'42'43 Small molecules  greatly facilitate analysis of  the activ- 
ity, because their methyla t ion  may  be readily assayed by our  previously 
repor ted  heptane-ext rac t ion  method.  2° These c o m p o u n d s  also function as 
specific inhibitors of  endogenous  prenylcysteine carboxyl  methylat ion:  they 
do not  inhibit methyla t ion  of  proteins such as PP2Ac.  ~42° 

Prenylcysteine carboxyl  methyl t ransferase  activity has been  found in 
all eukaryot ic  cells examined.  Mammal ian  brain is a source of  part icularly 
high activity, t4 A l though  present  in all brain regions, the activity is primarily 
associated with the cerebellum. 44 All prenylcysteine carboxyl  methyl t rans-  
ferase activities are m e m b r a n e  associated. The  brain and liver enzymes  are 
found p redominan t ly  in the nuclear  endoplasmic  ret iculum (ER)  frac- 
tionH'ls'45; the neutrophi l  activity, however ,  is localized to the plasrna mem-  
brane. 4~, 

The  p H  opt ima for  all prenylcysteine cysteine methyl t ransferase  activi- 
ties examined,  including bovine brain and rod outer  segment  (ROS)  activi- 
ties, as well as the human  neutrophi l  activity, have been found to be approxi-  
mate ly  8. 20A2'46 The bovine  brain activity exhibits Michae l i s -Men ten  kinetics 
with an apparen t  Km of ~ 2  /xM for  A d o M e t  and a Km of ~20  /*M for 
AFC.  2° Similar values are found  for the bovine R O S  activity, 42 but slightly 
lower  apparen t  Km values of  1.4/xM for A d o M e t  and 12 /xM for A F C  are 

36 y. Yoo, S. Watts~ and M. Rechsteiner, Biochem. J. 285 (Pt. 1), 55 (1992). 
37 C. M. Newman, T. Giannakouras, J. F. Hancock. E. H. Fawell, J. Armstrong;. and A. I. 

Magee, J. Biol. Chem. 267, 11329 (1992). 
~ST. Musha, M. Kawata. and Y. TakaL J. Biol. Chem. 267, 9821 (19921. 
3~ R. C. Stephenson and S. Clarke. J. Biol. (Twm. 265, 16248 (199(/). 
4o M. Kalayama. M. Kawala, Y. Yoshido, H. Horiuchi. T. Yamamoto. Y. Matsuura, and Y. 

Takai, J. Biol. Chem. 266, 12639 (1991). 
41 C. Sobotka-Briner and D. Chelsky, J. Biol. Chem. 267, 12116 (1992). 
42E. W. Tan, D. Perez-Sala, F. J. Canada. and R. R. Rando, J. Biol. Chem. 266, 10719 (1991). 
41 D. Perez-Sala, B. A. Gilbert, E. W. Tan, and R. R. Rando, Biochem. J. 284, 835 (1992). 
~4 G. Ben Baruch, A. Paz, D. Marciano, Y. Egozi. R. Haklai. and Y. Kloog. Biochem. Biophys. 

Res. Commun. 195, 282 (1993). 
4' G. Ben Baruch, A. Paz, D. Marciano. Y. Egozi, R. Haklai, and Y. Kloog, Biochem. Biophys. 

Res. Commun. 195, 282 (1993). 
4, M. R. Philips and M. H. Pillinger, this series, Vol. 256 [7] (in press). 
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found for the human neutrophil activity. 47 Although we find that both rat 
brain and human neutrophil activities show a greater apparent affinity for 
AGGC than A F C ,  14'47 the affinities for AGGC and AFC have been reported 
to be virtually identical in bovine R O S .  43 

In mammalian tissues, as well as in yeast, a single type of prenylcysteine 
methyltransferase modifies both farnesyl and geranylgeranyl substrates.1~'43 
In S. cerevisiae, disruption of the STE14 gene precludes methylation of 
both farnesyl and geranylgeranyl substrates. ~s In a given mammalian tissue, 
farnesylcysteine and geranylgeranylcysteine carboxyl methyltransferase ac- 
tivities share similar subcellular distributions] s Furthermore, farnesylcys- 
teine and geranylgeranylcysteine analogs mutually compete with one an- 
other for methylation, and inhibit the methylation of physiological protein 
substrates with either prenyl modification. ~8'48 Farnesylated tetrapeptides 
that correspond to the C termini of Ki-Ras, lamin B, and uncleaved lamin 
A all serve as substrates for a partially purified lamin B methyltransferase. 4~ 
Moreover, addition of G¢~ to human neutrophil extracts dramatically inhib- 
its the carboxyl methylation of Ras-related proteins, 49 supporting the hy- 
pothesis that many different classes of prenylated proteins may be processed 
by the same methylating enzyme. 

Structure of Prenylcysteine Carboxyl Methyltransferase 

The sequence of the S. cerevisiae STE14 gene has been reported (Gen- 
Bank Accession No. L07952). 5°'51 A Kyte-Doolittle hydrophilicity plot of 
the predicted amino acid sequence of STE14 reveals five regions with 
sufficient length and hydrophobicity to span the membrane 5°'51 (Fig. 3). It 
has also been reported that the MAM4 gene from Schizosaccharomyces 
pombe encodes a homologous, membrane-associated protein, s2 The pre- 
dicted STE14 and MAM4 gene products are 42% identical and share similar 
hydrophilicity profiles, sl Of the five potential membrane-spanning regions 
of the STE14 protein, however, only those labeled as regions 1 and 5 do 
not contain charged residues (Fig. 3). 

X-Ray crystal structures have been determined for two methyltransfer- 

47 M. H. Pillinger, C. Volker, J. B. Stock, G. Weissmann, and M. R. Philips, J. Biol. Chem. 

269, 1486 (1994). 
48 Huzoor-Akbar,  D. A. Winegar, and E. G. Lapetina, J. Biol. Chem. 266, 4387 (1991). 
49 M. R. Philips, personal communication (1994). 
5o M. N. Ashby, P. R. Errada, V. L. Boyartchuk, and J. Rine, Yeast 9, 907 (1993). 
Sl S. Sapperstein, C. Berkower, and S. Michaelis, Mol. Cell. Biol. 14, 1438 (1994). 
~2 y .  Imai and M. Yamamoto, in "Cold Spring Harbor Abstracts of Meeting on Yeast Cell 

Biology, Aug. 17 22, 1993," p. 54. Cold Spring Harbor Lab., Cold Spring Harbor, NY, 
1993. 
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FJ~;. 3. Kyte-Dool in le  hydrophilicity plot of the predicted amino acid sequence of the 
STE14 gene product. The hydrophilicity plot was generated by averaging the Kyte Doolittle 
hydrophilicity (negative hydropathy) for each amino acid over a window that included itself 
and four amino acids on each side. Negative values constitute hydrophobic regions. Regions 
of sufficient length and hydrophobicity to span the membrane are indicated with numbers 1 
through 5. The symbols " '+"  and . . . . .  indicate positively charged (arginine or lysine) and 
negatively charged (aspartate or glutamate) residues within the potential membrane-span- 
ning regions. 

ases, a rat liver catechol O-methyltransferase 53 and the HhaI DNA (cyto- 
sine-5)-methyltransferase from Haemophilis haemolyticus. 54"s5 Although 
the sequences of these enzymes are highly divergent, the ral catechol 
O-methyltransferase and the AdoMet-binding domain of the HhaI DNA 
methyltransferase have somewhat similar Rossmann fold topologies. In the 
HhaI DNA methyltransferase, DNA binds in a cleft between the AdoMet- 
binding domain and a second smaller domain. The rat catechol O-methyl- 
transferase activity requires Mg 2+, but the HhaI DNA methyltransferase 
does not. 

The sequences of the D-/isoaspartyl, glutamyl, and STE14 carboxyl 
methyltransferases are all highly divergent from one another and from the 
two methyltransferases whose structures have been determined. There is 
no evidence that any of the carboxyl methyltransferases bind metal, and 
we have observed no loss of activity in prenylcysteine methylation assays 
done in the presence of EDTA. 

5~ j. Vidgren, L. A. Svensson, and A. Liljas, Nature (London) 368, 354 (1994). 
s4 X. Cheng, S. Kumar, J. Posfai, J. W. Pflugrath, and R. F. Roberts, Cell (Cambridge, Mass.) 

74, 299 (1993). 
55 S. Klimasauskas, S. Kumar, R. J. Roberts, and X. Cheng, Cell (Cambridge, Mass,) 76, 

357 (1994). 
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The active site of the HhaI ,  HaeIII ,  and E c o R I I  D N A  (cytosine-5)- 
methyltransferases has been shown to contain an essential cysteine. 56-5~ 
Furthermore,  N-ethylmaleimide inactivates the rat liver microsomal prenyl- 
cysteine carboxyl methyltransferase activity and this inactivation can be 
blocked by either AdoMet  or S-adenosyl-k-homocysteine (AdoHcy).  45 This 
suggests that a cysteine may be at the active site of the prenylcysteine 
methyltransferase activity, as well. There  is also a conserved cysteine residue 
among the y-glutamyl methyltransferases of chemotactic bacteria (Salmo-  
nella t yph imur ium Cys-229), but conversion of this cysteine to a serine in 
the S. t yph imur ium protein does not inactivate the enzyme. 5~ 

Specificity of Inhibi t ion by  Smal l  Molecule Prenylcys te ine  Analogs  

Prenylcysteine compounds,  such as AFC, have a negatively charged 
carboxyl group linked to a long-chain hydrophobic moiety. In addition to 
interaction with specific prenylcysteine-binding sites, these compounds also 
exhibit "detergent- l ike" qualities that affect enzyme function. Although 
the prenylcysteine carboxyl methyltransferase activity appears to exhibit 
normal Michael is-Menten kinetics at low concentrations of AFC or A G G C ,  
at higher concentrations there is an anomalous decrease in activity with 
increasing substrate concentration (Fig. 4). Moreover,  many related com- 
pounds, such as S-trans, trans-farnesyl thioacet ic  acid (FTA) (an analog that 
resembles FTP but has one less methylene group between the sulfur and 
carboxyl group) as well as other structurally dissimilar compounds (such 
as fatty acids and detergents), are not substrates but give kinetics consistent 
with apparent  competit ive inhibition. These results can be explained by 
either of two models. 

In one model, molecules such as AFC are true high-affinity substrates. 
This model implies that the prenylcysteine-binding site in the transferase 
allows many disparate molecules to bind and act as competit ive inhibitors, 
but only modifies compounds with the appropriate  recognition unit. Fur- 
thermore,  the result that FTA appears to be a competit ive inhibitor with 
respect to AFC and an uncompetit ive inhibitor with respect to AdoMet  ~'° 
implies an ordered sequential mechanism in which AdoMet  adds first. 

An alternative model also is consistent with the data, but provides 

5¢~j. C. Wu and D. V. Santi, J. Biol. Chem. 262, 4778 (1987). 
~7 L. Chen, A. M. MacMillan, W. Chang, K. Ezaz-Nikpay, W. S. Lane, and G. L. Verdine. 

Biochemistrv 30, 11018 ( 1991 ). 
5,~ S. Fricdman and N. Ansari, Nucleic Acids Res. 20, 3241 (1992). 
5~ K. Subbaramaiah. H. Charles, and S. Simms, .l. Biol. Chem. 266, 19023 (1991). 
6o y. Q. Shi and R. R. Rando, J. Biol. Chem. 267, 9547 (I992). 
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FI(;. 4. Initial rate of formation of AFC methyl ester (AFCME)  as a function of AFC 
concentration. Indicated concentrations of AFC were incubated with l// /xM [3HlAdoMet 
(specitic activity, 4000 cpm/pmol) and a bovine brain extract (25 /*g of protein) in 50/*1 of 
100 mM Tris-HCI, I mM EDTA,  1 mM DTT. pH 7.9. After 25 min, reaction mixtures 
were quenched and assayed for [3H]AFCME by the heptane extraction assay, as described 
previously, e° Triplicate reaction mixtures were prepared and analyzed at each concentrat ion 
of AFC. Curve A was generated from the Michael is -Menten equation with an apparent  K,,, 
of 17/xM and an apparcnt  V ...... of 1.0 pmol/mg/min. Experimental  results, presented as the 
mean + the standard deviation, are indicated by curve B. 

an entirely different picture of the enzyme) ~ In the second model, the 
prenylcysteine-binding site is much less promiscuous and may require up- 
stream recognition elements in addition to a C-terminal prenylcysteine to 

< A low-aflinity substrate thai is also a good noncompctit ivc inhibitor of an enzyme can give 
the appearance of a high-affinity substrate that shows normal Michaclis Menten kinetics. 
For example, for a simple noncompetit ive inhibition model, 

Vm~,~[Sl 
v,, 

(Kin + lSl}(l +lSl~ 
Ksi/ 

where [S] is the concentration of the substrate/noncompeti t ive inhibitor. V0 is the initial 
velocity, V ...... is the maximal velocity, Km is the Michaelis Menten constant, and Ks~ is the 
equilibrium constant for the binding of S as a noncompetit ive inhibitor. 

V. 

If IS] ~ Kin, then 

Ksi Vm,x 

K m ( l  + [ S ] ~  Ksi +[S]  
Ksi/ 

Thus, if [S] <~ Kin. then Michael is -Menten behavior  will be observed, cxcept that tlhe apparent  
maximal velocity will be ( K s i V m a x ) / K  m and the apparent  Michaclis constant will not be the 
true K,n. but rather  Ksi. 
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bind efficiently to the substrate. Although compounds such as AFC, AGGC, 
FTP, and GGTP are substrates, they are poor ones; their apparent micromo- 
lar Km values result from their ability to serve as noncompetitive inhibitors. 
The apparent kinetics of compounds such as FTA, fatty acids, and deter- 
gents also result from their roles as noncompetitive inhibitors. If this non- 
competitive inhibitor/low-affinity substrate model of prenylcysteine analogs 
is correct, kinetic studies with compounds such as AFC and FTA provide 
no information about the prenylcysteine-binding site or the order of bind- 
ing. The fact that FTA appears to be an uncompetitive inhibitor with respect 
to AdoMet can be explained if the AdoMet-bound form is more susceptible 
to noncompetitive inhibition. 

Many drugs are small amphiphilic molecules, because this allows them 
to pass through cell membranes. Antiinflammatory agents, including sa- 
licylates, ibuprofen, and indomethacin were examined and found not to 
be prenylcysteine carboxyl methyltransferase inhibitors; however, tetra- 
hydrocannabinol derivatives, and a compound generally used as a cyclic 
nucleotide phosphodiesterase inhibitor [2,6-bis(diethanolamino)-4-piper- 
idinopyrimido[5,4-d]pyrimidine] do have inhibitory effects. These obser- 
vations suggest that in addition to their putative mode of action, such 
compounds may function by inhibiting prenylcysteine carboxyl methyla- 
tion. 

Demethylating Activities 

A prenylcysteine-demethylating activity has been identified in bovine 
ROS membranes. 62 The activity removes the methyl group from small 
molecule analogs of methylated prenylcysteine residues, including the 
a-carboxyl esters of both AFC and AGGC, although the apparent Km 
values are somewhat high (186 and 435 /~M, respectively), and the 
D-stereoisomer of AFC methyl ester has a lower apparent Km than the 
L-stereoisomer (157/~M). 

Despite the apparent lack of specificity of this activity for the small 
molecule analogs, both AFC methyl ester and AGGC methyl ester were 
found to inhibit the loss of label from 20- to 30-kDa ROS proteins that 
had been labeled with [3H]AdoMet. At relatively high concentrations of 
0.5 raM, AFC methyl ester was reported to inhibit loss of label by 30% 
and AGGC methyl ester by 20%. The authors also showed that ebelactone 
B, a serine esterase inhibitor, blocked loss of label from the 20- to 30-kDa 
proteins by 70-90% at levels of 0.5 mM. 

62 E. W. Tan and R. R. Rando, Biochemistry 31, 5572 (1992). 
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Most proteases have some cross-specificity toward a-carboxyl methyl 
esters. For example, although wild-type yeast have activities that demeth- 
ylate AFC methyl ester, no prenylcysteine-demethylating activity is found 
in strains genetically delected of protease activities. 63 It is therefore essential 
to couple the identification of any demethylating activity with evidence of 
specificity and physiological relevance. 

Assay for Prote in  Methyl Es t e ra se  Activity by  Methanol  P roduc t ion  

In general there are two methods that can be used to study demethylat- 
ing activities. One can either monitor the decrease in methylation of a 
methylated substrate or one can monitor the production of methanol. ('4 To 
monitor protein demethylating activity, we often use an adaptation of the 
methanol vapor-phase diffusion procedure of Stock et al. 2s In this method, 
the methanol that is assayed is generated through esterase action on the 
protein substrate, rather than by chemical base hydrolysis. [3H]Methanol 
produced by demethylation of 3H-labeled protein carboxyl methyl esters 
is monitored as follows. Aliquots of the incubation mixture are spotted at 
desired time points onto filter paper strips that have been fastened to the 
inside of scintillation vial caps. The caps are then immediately screwed 
onto scintillation vials that have been partially filled with scintillation cock- 
tail. The filter paper strips are of sufficient size to readily absorb the entire 
aliquot, but small enough so they do not contact the scintillation cocktail 
when the cap is in place. Methanol readily diffuses from the filter paper 
and equilibrates between the filter paper and the scintillation cocktail, 
where it can be counted. In typical experiments, 20-/xl aliquots are spotted 
onto 1 × 2 cm filter paper strips fixed in 2 × 4.5 cm vials that contain 2.5 
ml of scintillation cocktail. After  2 hr the level of methanol in the cocktail 
is approximately 90% that of the value at equilibrium. This method allows 
for rapid, convenient, and accurate measurement of demethylation rates. 
Because the method measures methanol formation rather than decrease 
in 3H-labeled protein levels, it is more sensitive to small changes and hence 
is especially useful for short time courses and rate determinations. The 
method is applicable both in v ivo  and in vitro. If whole cells or whole-cell 
extracts are used, the observed demethylating activity may reflect of a 
number of cellular activities. If the particular activity of interest is the major 
activity then whole cells or whole-cell extracts may prove useful, otherwise 
overexpression or purification of a desired protein of interest may be re- 
quired to monitor a particular activity. 

~'~ C. A. Hrycyna and S. Clarke, J. Biol. Chem. 267, 10457 (1992). 
64 j. B. Stock and D. E. Koshland,  Jr., Proc. Natl. Acad. Sci. U.S.A. 75, 3659 (lO78). 
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Func t ions  of Prenylcys te ine  Carboxyl  Methyla t ion in 
Signal T r a n s d u c t i o n  

In S. cerevisiae, aside from an inability to synthesize and secrete the 
mature CXXX-ta i led  mating pheromone,  a factor, ~5 ~7,5t the only pheno- 
types that have been discerned in stel4 mutants that are completely defi- 
cient in prenylcysteine carboxyl methylation are that ligand-induced activi- 
ties of G protein-mediated signal transduction pathways are somewhat 
reduced, and steady state activities are dramatically reducedY M A  Ta s t e l 4  
strains are mating competent.  15 17 Therefore,  methylation of the y subunit 
of heterotrimeric G proteins is not required to achieve a mating response. 

Ras proteins also function in the absence of methylation in S. cerevisiae, 
although the subcellular distribution is altered with more protein found in 
the cytosol and less associated with the plasma membrane. ~ Other measures 
of viability, including cell growth and cell division, are unaffected by the 
absence of prenylcysteine methylation. This latter observation does not 
relate to the function of lamin methylation, as S. cerevisiae do not have 
CXXX-ta i led  lamins. Prenylcysteine carboxyl methylation in S. cerevisiae 
appears to differ from the corresponding reaction in mammalian cell types in 
that there does not appear to be a demethylating activity, lt~ The methylation 
reaction may therefore provide an irreversible capping function that acts 
to facilitate interactions between signal transduction proteins and their 
membrane targets and may help to prevent degradation by carboxypepti- 
dase activities. 

Prenylcysteine carboxyl methylation seems to play a more important 
regulatory role in vertebrate tissues, especially in myeloid cells where the 
level of methylation changes dramatically in response to chemotactic fac- 
tors, such as FMLP. 31 Ras-related proteins make use of their C-terminal 
modifications to shuttle between membrane and soluble compartments. Ras 
proteins are generally farnesylated, which provides a less avid membrane 
attachment than a geranylgeranyl modification. 66 Some Ras proteins, such 
as Ki-Ras, have a series of basic amino acids immediately upstream of the 
farnesylcysteine tail that promotes membrane a t tachment)  7 Membrane 
attachment of other Ras proteins, such as Ha-Ras, is enhanced through the 
covalent thioester linkage of the 1 6-carbon saturated fatty acid, palmitate, to 
cysteine residues that are proximal to the C-terminal farnesylcysteine. Both 
palmitoylation and carboxyl methylation may be reversed by esterase activi- 
ties that can thereby alter the subcellular localization of the protein. Other 
Ras-related proteins that have the more hydrophobic geranylgeranyl modi- 

~,5 G. M. Zeimetz, Ph.D. Thesis, Princeton University, Princeton, NJ (1994). 
~'~' S. D. Black, Biochem. Biophys. Res. Commun. 186, 1437 (1992). 
(,7 j. F. Hancock, H. Paterson, and C. J. Marshall, Cell (Cambridge, Mass.) 63, 133 (1990). 
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fication may shuttle between soluble and membrane compartments through 
associaton with accessory proteins ,  such as GDP dissociation inhibitors 
(GDIs). 

GDIs bind various Ras-related proteins)  sx's-73 Their  association with 
Ras-related partners requires a prenylated tail and is facilitated by bound 
GDP. 3s'71'72 When bound to GDIs, Ras-related proteins are found in the 
cytosol, but otherwise they are membrane associated. 7274 This provides a 
mechanism for the regulation of the amount of Ras-related protein at a 
membrane target site. Human neutrophils contain a cytosolic pool of pren- 
ylated but not methylated Ras-related proteins that are bound to GDIs. 3~ 
GTPyS induces the dissociation of Ras-related proteins, such as Rac2, from 
associated GDIs and their subsequent translocation from the cytosol to the 
plasma membrane )  l GTPyS also stimulates the carboxyl methylation of 
Ras-related proteins, but does not stimulate the methylation of AFC nor 
of short peptides that mimic the C terminus of Ras-related proteins)  ~,45,74~7~ 
These results are consistent with the hypothesis that the increase in methyla- 
tion of Ras-related proteins is not due to an overall activation of the 
prenylcysteine methyltransferase activity. Rather, their release from GDIs 
and translocation to the plasma membrane would be expected to make 
their C termini more accessible to the methyltransferase and could thereby 
account for the observed increase in methylation. GTPTS also induces 
dissociation of the c~ subunit from the/3 and y subunits of heterotrimeric 
G proteins, as well as an increase in the level of y-subunit carboxyl methyla- 
tion. 76 Several]  7-s° but not all, s~ reports indicate that the y subunit of 

~,,s S. Araki,  A. Kikuchi, Y. Hata,  M. lsomura,  and Y. Takai, J. Biol. Chem. 265, 13007 (199(/). 
~" Y. Matsui, Mol. Cell. Biol. 10, 4116 (199(I). 
7~, C. C. Farnsworth,  M. Kawata,  Y. Yoshida, Y. Takai, M. Gelb, and J. A. Glosmet ,  Proc. 

Natl. Acad. Sci. U.S.A. 88, 6196 (1991). 
7~ y .  Hori, A. Kikuchi, M. Isomura,  M. Katayama,  Y. Miura, H. Fujioka, and K. Kaibuchi. 

Oncogene 6, 515 (1991). 
72 T. Soldati, M. A. Riederer,  and S. R. Pfcffer, Mol. Biol. Cell 4, 425 (1993). 
73 p. S. Backlund, Jr., Biochem. Biophys. Res. Cornnmn. 196, 534 (1993). 
74 p. S. Backlund, Jr., J. Biol. Chem. 267, 18432 (1992). 
75 p. S. Backlund, Jr. and R. R. Aksamit ,  J. Biol. Chem. 263, 15864 (1988). 
7t, M. R. Philips, R. Staud, M. H. Pillinger, C. Volker, J. B. Stock, and G. Weissmann,  Proc. 

Natl. Acad. Sci. U.S.A. 92, 2283 (1995). 
77 H. Ohguro.  Y. Fukada.  T, Takao,  Y. Shimonishi, T. Yoshizawa, and T. Akino,  EMBO J. 

10, 3669 (1991). 
7,~ j. A. lniguez-Lluhi. M. I. Simon, J. D. Robishaw, and A. G. Gihnan,  J. Biol. Chem. 267, 

23409 (1992). 
:~J. B. Higgins and P. J. Casey, J. Biol. Chem. 269, 9067 (1994). 
so M. Rahmatul lah  and J. D, Robishaw, J. Biol. Chem. 269, 3574 (1994). 
sl D. E. Wildman, H. Tamir, E. Leberer,  J. K. Northup,  and M. Dennis,  Proc. Natl. Acad. 

Sci. U.S.A. 90, 794 (1993). 
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heterotrimeric G proteins must be prenylated for G~v complexes to associate 
with a subunits. In neutrophils there seems to be a specialized form of the 
prenylcysteine methylating enzyme that is localized to the plasma mem- 
brane rather than the nuclear/ER as in most other mammalian tissues. 47 
We have shown that stimulation of human neutrophils with the chemotactic 
peptide FMLP causes a rapid and transient increase in levels of methylation 
of Ras-related proteins 31 as well as Gy, 76 and compounds that block the 
methylation reaction also block signal transduction in these cell 
types. 14'3~76's2 The time course of this burst of methylation correlates with 
physiological responses induced by FMLP, including homotypic aggregation 
and the respiratory burst. We have estimated that activation of heterotrim- 
eric G proteins in neutrophils causes an increase in Gy methylation that 
corresponds to over 6% of the total cellular pool. 76 These results establish 
that neutrophils contain a substantial amount of unmethylated prenylcyst- 
eine groups in Ras-related and G proteins, and that levels of methylation 
can be modulated in response to regulatory inputs. 

s2 Huzoor-Akbar, W. Wang, R. Kornhauser, C. Volker, and J. B. Stock, Proc. Natl. Acad. 
Sci. U.S.A. 90, 868 (1993). 

[9] U s e  o f  Y e a s t  fo r  I d e n t i f i c a t i o n  o f  F a r n e s y l t r a n s f e r a s e  

I n h i b i t o r s  a n d  fo r  G e n e r a t i o n  o f  

M u t a n t  F a r n e s y l t r a n s f e r a s e s  

By FUYUHIKO TAMANOI a n d  HIROSHI  MITSUZAWA 

Introduction 

Membrane association plays an important role in the function of Ras 
proteins.a 3 Results suggest that it is this membrane association of Ras that 
enables Raf kinase to associate with the plasma membrane and triggers 
activation of the subsequent mitogen-activated protein (MAP) kinase 
cascade. 4"5 The membrane association of Ras is facilitated by C-terminal 

I A. D. COX and C. J. Der, Curt. Opin. Cell Biol. 4, 1008 (1992). 
2 W. R. Schafer and J. Rine, Annu. Rev. Gener 30, 209 (1992). 
3 S. Clarke, Annu. Rev. Biochem. 61, 355 (1992). 
4 D. Stokoe, S. G. Macdonald, K. Cadwallader, M. Symons, and J. F. Hancock, Science 264, 

1463 (1994). 
5 S. J. Leevers, H. F. Paterson, and C. J. Marshall, Nature (London) 369, 411 (1994). 
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modification events that include farnesylation, proteolytic removal of three 
C-terminal amino acids, and carboxymethylation of the C-terminal cyste- 
ine.~ 3 Palmitoylation of Ras or a stretch of basic residues found in K-Ras 
plays an additional role in the membrane association. 1 3 

An enzyme that plays a crucial role in the Ras C-terminal modification is 
protein farnesyltransferase (FTase) which catalyzes farnesylation of Ras. t 3 
The enzyme has been pur i fed  from rat and bovine brains. 6'7 The mammalian 
enzyme is a zinc metalloenzyme, has a native molecular mass of approxi- 
mately 100 kDa, and consists of two subunits termed c~ and/3. The enzyme 
catalyzes the transfer of a farnesyl group from farnesyl pyrophosphate 
(FPP) to protein s ending with the C-terminal C A A X  sequence (C is cyste- 
ine, A is usually an aliphatic amino acid, and X is the C-terminal amino 
acid). Farnesyltransferase is a member  of the protein prenyltransferase 
family, which includes GGTase  I and GGTase  II.~-3 GGTase  I transfers a 
geranylgeranyl group to proteins ending with C A A L  or C A A F  (C is cyste- 
ine, L is leucine, and F is phenylalanine), whereas GGTase  II transfers 
a geranylgeranyl group to a different set of proteins ending with CC or 
CXC. 

Yeast FTase consists of DPR1/RAM1 and RAM2 subunits, and struc- 
tural as well as functional similarity with the mammalian enzyme have been 
noted. 8'9 Yeast GGTase  I is also a heterodimer consisting of CDC43/CAL1 
and RAM2 subunits. 1°,~ There is approximately 40% sequence similarity 
between D P R 1 / R A M I  and CDC43/CAL1 gene products. ~2 GGTase  II of 
yeast is a heterotrimer. The two subunits corresponding to the c~ and /~ 
subunits of FTase are BET4 and BET2/ORF2,  respectively. ~3'~4 The third 
subunit, MRS6/MSI4, which stimulates GGTase  II activity, has been iden- 
tified.L~,l~ ~ 

" Y. Reiss, J. L. Goldstcin, M. Seabra, P. J. Casey, and M. S. Brown Cell (Cambridge, Mass.) 
62, 81 (1990). 

7 D. L. Pompliano, E. Rands,  M. D. Schaber. S. D. Mosser,  N. J. Anthony,  and J. B. Gibbs, 
Biochemistry 31, 3800 (1992). 
R. Gomez,  L. E. Goodman,  S. K. Tripathy, E. O 'Rourke ,  V. Manne.  and F. Tamanoi ,  
Biochem. J. 289, 25 (1993). 

') B. He, P. Chert, S.-Y. Chen,  K. L. Vancura,  S. Michaelis, and S. Powers, Proc. Natl. Acad. 
Sci. U.S.A. 88, 11373 (1991). 

H~ A. A. Finegold, D. I. Johnson,  C. C. Farnsworth,  M. H. Gelb, S. R. Judd, J. A. Glomset,  
and F. Tamanoi ,  Proc. Natl. Acad. Sci. U.S.A. 88, 4448 (199l). 

~1M. L. Mayer, B. E. Caplin, and M. S. Marshall, J. Biol. Chem. 267, 20589 (1992). 
~2 y .  Ohya, M. Goebl, L. E. Goodman,  S. Petcrsen-Bjorn,  J. D. Friesen, F. Tamanoi ,  and Y. 

Anraku ,  J. Biol. Chem. 226, 12356 (1991). 
i) y .  Jiang, G. Rossi, and S. Ferro-Novick, Nature (London) 366, 84 (1993). 
14 R. Li, C. Havel, J. A. Watson,  and A. W. Murray, Nature (London) 366, 82 ,(1993). 
15 K. Fujimurm K. Tanaka,  A. Nakano,  and A. Toh-e,  J. Biol. Chem. 269, 9205 (1994). 
in y .  Jiang and S. Ferro-Novick, Proc. Natl. Acad. Sci. U.S.A. 91, 4377 (1994). 
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The purpose of this chapter is to describe approaches, utilizing yeast, 
that provide valuable tools for the study of FTase and Ras prenylation. 
We focus on two different approaches. One approach is to utilize the yeast 
system for the identification of FTase inhibitors. A simple microbial assay 
based on the Saccharomyces cerevisiae mating pheromone signal transduc- 
tion system has enabled the screening of culture media from a variety of 
microbial cells. The inhibitors obtained could prove to be valuable for 
investigating protein prenylation and the function of Ras. The other ap- 
proach described here is to use yeast to generate various FTase mutants. 
These could provide insight into the structure and function of FTase. The 
screen for the mutants makes use of previously isolated yeast mutants 
defective in protein prenyltransferases. 

Yeast  Growth  Media 

Rich media used to grow yeast are YPD [1% (w/v) Bacto Yeast extract, 
2% (w/v) Bacto Peptone (Difco, Detroit,  Ml), 2% (w/v) dextrose] and 
YPGal [1% (w/v) Bacto Yeast extract, 2% (w/v) Bacto Peptone, 2% (w/ 
v) galactose]. Synthetic media contained 2% (w/v) dextrose, 0.5% (w/v) 
ammonium sulfate, 0.17% (w/v) yeast nitrogen base without amino acids 
and ammonium sulfate (Difco), 0.02 mg of adenine sulfate per milliliter, 
0.02 mg of uracil per milliliter, and amino acids. General  procedures for 
handling yeast cells are described by Sherman. 17 

Use of Yeast  to Identify Fa rnesy l t r ans fe ra se  Inhibi tors  

Yeast provides a system for a microbial screen with which to identify 
FTase inhibitors, ls'19 The principle of the method is based on the mating 
factor signal transduction system in S. cerevisiae, which is used by haploid 
yeast ceils to cause cell cycle arrest at G1 phase. A heterotrimeric G protein 
involved in the process has two important features: (1) the 3; subunit (STE18 

gene product) is farnesylated and (2) the/3~ subunit propagates a growth 
inhibitory signal. In the absence of the a subunit, the ~7 subunit is free to 
send a growth inhibitory signal. Thus, an a-disruption strain is lethal. This 
lethality, however, can be suppressed by blocking the farnesylation of the 
3' subunit. 

17 F. Sherman, this series, Vol. 194, p. 3. 
~s M. Hara, K. Akasaka, S. Akinaga, M. Okabe, H. Nakano, R. Gomez, D. Wood, M. Uh. 

and F. Tamanoi, Proc. Natl. Acad. Sci. U.S.A. 90, 2281 (1993). 
~) A. A. Finegold. W. R. Schafer, J. Rine, M. Whiteway. and F. Tamanoi, Science 249, 165 

(199o). 
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El(;. I. A tilter assay showing the eflect of an FTase inhibitor. Strain KMG4-8C cells 
carrying pGl501 were grown in YPGal medium and plated onto a glucose-containing plate. 
Filter disks containing 10 /xg (left) and 50 p,g (right) of manumycin  A were pilaced on the 
plate, which was incubated for 3 days at 30 ° and photographed.  

A basic protocol for the assay is as follows. 

Step 1. KMG4-8C cells (/VIA Ta gpal::HIS3 leu2 ura3 his3) carrying 
pG1501 (a low-copy centromeric plasmid containing a GPA1 gene under 
the control of the GALl  promoter  and a URA3 marker) ts are grown in 
medium containing galactose (YPGal). 

Step 2. The cells are spread onto a plate containing glucose. Thirty 
microliters of the overnight culture is added to 100 ml of 0.8% (w/v) YPD 
agar. Seven milliliters of the agar is poured onto a YPD plate. Because the 
GPA1 gene is not expressed under this condition, the cells will not grow 
on this plate. (However,  the cells can grow when farnesylation is inhibited.) 
The plate is left for 1 hr at room temperature. 

Step 3. Filters soaked in inhibitors are placed on the plate. We,' use thick 
6-ram paper disks obtained from Toyo Roshi Kaisha, Ltd. (Tokyo, Japan) 
(antibiotic examination disk). Two different concentrations of drug may 
be used, because an excess amount of the inhibitor could result in the 
inhibition of cell growth. A halo of cell growth surrounding the filters 
containing FTase inhibitors can be observed after 2 to 3 days (Fig. 1). 

This method is especially well suited for identifying FTase inhibitors from 
a large number of samples. The assay was instrumental in our identification 
of manumycin as an FTase inhibitor from the culture medium of a Strepto- 
myces strain] s Thus, the method can be applied to carry out a large- 
scale screen for FTase inhibitors derived from various microbial sources. 
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FFase mutant gene library I 

Suppression of FTase inhibitor 
yeast GGTase mutant 

I 
FTase with altered [ Drug-resistant I 
substrate specificity FFase 

FIG. 2. A scheme for the generation of FTase mutants using yeast. Two different approaches 
for the generation of FTasc mutants are shown. Both start with the construction of an FTase 
mutant library. In (A), yeast GGTase mutants are used to screen for FTases with altered 
substrate specificity. In (B), FTase inhibitors are used to screen for drug-resistant FTase mu- 
tants. 

A c c o r d i n g  to  our  exper i ence ,  1 posi t ive  inh ib i to r  can be  o b t a i n e d  af ter  
screening  a p p r o x i m a t e l y  10,000 r a n d o m l y  p icked  samples ,  a l though  the 
f r equency  of de t ec t ion  d e p e n d s  on the  source  of  the  mater ia l s .  

The  yeas t  assay desc r ibed  above  may  have  an advan t age  over  o t h e r  
screening  methods .  In the case of  in vitro assays, such as sc reening  for  
c o m p o u n d s  that  inhibi t  F T a s e  act ivi ty  in test  tubes ,  the re  is no gua ran t ee  
that  the  inhib i tors  o b t a i n e d  actual ly  will be cell p e r m e a b l e .  In cont ras t  to  
this, the mic rob ia l  assay desc r ibed  here  is an in vivo assay and re la t ive ly  
smal l  molecu les  tha t  a re  cell p e r m e a b l e  can be ob ta ined .  This  is the  case 
with manumyc in .  In  add i t i on  to its effects on yeas t  cells, effects on m a m m a -  
l ian cells and  on Caenorhabditis elegans have  been  observed .  ~s'2° It is, 
however ,  adv isab le  to examine  the cell  p e r m e a b i l i t y  each  t ime any new 
inhib i tors  a re  ob ta ined .  

U s e  of  Y e a s t  to  G e n e r a t e  F a r n e s y l t r a n s f e r a s e  M u t a n t s  

Hav ing  var ious  m u t a n t  forms of F F a s e  should  grea t ly  faci l i ta te  the  
unde r s t and ing  of  the  s t r u c t u r e - f u n c t i o n  re la t ionsh ip  of  FTase .  Yeas t  pro-  
vides a sui table  sys tem with which to gene ra t e  such m u t a n t  FTases .  F igure  
2 p resen t s  an out l ine  of  the  approach .  Two types  of  F T a s e  mutan t s  are  

20 M. Hara, personal communication (1994). 
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shown: mutant FTases with altered substrate specificity and mutant 
FTases resistant to FTase inhibitors. The idea is to construct a mu- 
tant DPR1/RAM12~ (FTase subunit gene) library; then the mutants of 
interest will be screened using yeast genetic methods. For identifying 
mutant FTases with altered substrate specificity, various GGTase  mu- 
tants of yeast can be utilized. For obtaining drug-resistant mutant 
FTases, FTase inhibitors can be used. The method for isolating FTase 
mutants with altered substrate specificity is discussed in more detail 
below. 

Construction of  Mutant DPR1 Library 

A mutant DPR1 library can be constructed by using various mutagenesis 
methods. The method used in our laboratory utilizing PCR (polymerase 
chain reaction) amplification is described here. 

Because no suitable restriction sites are present in the DPR1 gene, it 
is necessary to create restriction sites to facilitate insertion of PCR frag- 
ments. This can be accomplished by in vitro mutagenesis. The resulting 
gene should be examined to determine if the introduction of the restriction 
sites affected its function. A simple method by which to assess this point 
is by testing the ability of the modified DPR1 gene to suppress the tempera- 
ture-sensitive growth defect of dprl/rarnl mutants. =,23 In our experience, 
new restriction sites can be created immediately upstream of the gene as 
well as at the C-terminal region of the coding sequence, provided that the 
latter change does not alter the amino acids coded. 

The following conditions are used to change amino acid residues with 
the frequency of 1 per 400 bases. The PCR reaction mixture (100 /xl) 
contains 5 ng of template plasmid DNA, 1/xM each of the primer oligonucle- 
otides; 200/xM each of the four dNTPs, 2.5 units of Taq DNA polymerase, 
l0 mM Tris-HCl (pH 8.3), 50 mM KC1, 2.5 mM MgCI2, gelatin (100/xg/ 
ml). The PCR cycle program is as follows: 30 cycles of 95 °, 1 rain (denatur- 
ation); 55% 1 min (annealing); 72 °, 2 rain (polymerization). This reaction 
should be carried out in multiple tubes to avoid the predominance of a 
particular mutation occurring early in the PCR cycle. 

The PCR fragments are cloned into a yeast vector. To obtain a library 
that contains a wide variety of mutants, a large number of Escherichia coli 
transformants needs to be collected. (In our experiments, we collected 
45,000 transformants.) The choice of multicopy vector or a single-copy 

21 L. E. Goodman,  C. M. Perou, A. Fujiyama, and F. Tamanoi ,  Yeast 4, 271 (1988). 
22 A. Fujiyama. K. Matsumoto,  and F. Tamanoi ,  E M B O  J. 6, 223 (1987). 
23 S. Powers, S. Michaelis, D. Broek, S. Santa Anna ,  J. Field, I. Herskowitz, and M. Wigler, 

Cell (Cambridge, Mass.) 47, 413 (1986). 
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vector depends on the experiments. Selection can be carried out first with 
the multicopy vector and then examined using a single-copy vector. A set 
of pRS vectors 24'25 provides suitable vectors for this purpose. 

Selection of  Farnesyltransferase with Altered Substrate Specificity 

The mutant  DPR1 library is used to screen for mutant  FTases with 
altered substrate specificity. We have successfully employed this strategy 
to identify FTase mutants by using the call mutant,  ~2 which is defective in 
GGTase  I activity. The strategy is to isolate DPR1 mutants that are capable 
of suppressing temperature-sensit ive growth of a call mutant  strain. 

The temperature-sensit ive call mutant  strain YOT559-3C (MA Ta ade2 
trpl leu2 ura3 call) t2 is t ransformed with the mutant  DPR1 library. [Other 
strains such as CJ198-2B (MAToe cdc43-2 ura3 trpl gal2) 2~ can also be used 
for this purpose.] Transformants  are grown at 25 ° on plates containing a 
suitable selection medium. Transformants  obtained are then replica plated 
onto new plates, which are then incubated at 37 ° . Cells that grew at the 
nonpermissive temperature  are isolated. These transformants are retested 
for their growth at 37 °. In our screen, 10 transformants capable of growing 
at the nonpermissive temperature  were obtained out of 10,000 total trans- 
formants. It is advisable to examine a large number  of transformants at 
this point. 

To confirm that the complementat ion is due to the presence of the 
plasmid, the plasmid DNAs  are recovered and retransformed into the call 
mutant  strain to test their ability to suppress the temperature-sensit ive 
growth. To recover the plasmid DNA,  5-ml cultures of yeast transformants 
are grown. A minipreparation procedure 17 is carried out to obtain DNA,  
which is then transfected into E. coli. 

As an alternative to the retransformation,  plasmid loss experiments 
could be carried out. This is done by growing transformants under nonselec- 
tive conditions for more than 10 generations. Cells that lost the plasmids, 
as identified by the inability to grow on a medium lacking tryptophan, are 
examined for their growth at the high temperature.  

Mutations in the plasmid DNAs  are characterized by first narrowing 
down the region that contains the mutation responsible for the suppression 
of call. This is accomplished by using restriction enzymes and making 
chimeras between the wild-type and mutant  DNAs.  The exact changes are 
then identified by D N A  sequencing. 

24 T. W. Christianson, R. S. Sikorski, M. Dante, J. H. Shero, and P. Hieter, Gene 110, 119 (1992). 
25 R. S. Sikorski and P. Hieter, Genetics 122, 19 (1989). 
2(, D. I. Johnson, J. M. O'Brien, and C. W. Jacobs, Gene 90, 93 (1990). 
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DPR1 Product CALl Product 
(FTase) (GGTase I) 

Mutant DPR1 Products 

FI(;. 3. Possible models for mutan t  DPRI  products that could suppress the call mutation.  
DPR 1 preferentially recognizes FPP and CAAX-ending proteins, whereas CALl  preferentially 
recognizes G G P P  and CAAL-ending  proteins. The mutant  DPR1 protein could have alter- 
ations in the recognition of FPP or CAAX-cnding proteins or in both. 

Characterization of Mutant Enzymes 

Suppression of the call mutation by mutant DPR1 could occur when 
its substrate specificity is altered. Figure 3 shows three different possibilities. 
DPR1 protein, a subunit of FTase, preferentially modifies CAAX-ending 
substrates utilizing FPP. On the other hand, CAL1/CDC43 protein prefer- 
entially modifies CAAL-ending substrates using GGPP.  The mutant DPR1 
protein could be altered so that it can utilize CAAL as a substrate instead 
of CAAX-ending proteins. Alternatively, the mutant protein could acquire 
the ability to recognize CAAX and CAAL substrates. In both of these 
cases, the GGTase  I substrates will be modified by a farnesyl group instead 
of a geranylgeranyl group. Results demonstrate that GGTase  I substrates 
that are crucial for viability can function when modified by a farnesyl 
group. 27~s A third possibility is that the mutant DPR1 protein has two 
changes; it can now recognize CAAL as well as utilize GGPP substrates. 

The investigation of these possibilities can be carried out by characteriz- 
ing altered farnesyltransferase activity using yeast extracts. For this purpose, 
dprl deletion 2~ or disruption strains 29 should be used, because the presence 
of any endogenous farnesyltransferase might complicate the interpretation 

:7 y .  Ohya,  H. Qadota,  Y. Anraku.  J. R. Pringle, and D. Botstein, Mol. Biol. Cell 4, 1017 (1993). 
2,s C. E. Trueblood,  Y. Ohya, and J. Rine, Mol. Cell. Biol. 13, 4260 (1993). 
2,~ N. Nakayama,  K. Arai, and K. Matsumoto,  Mol. Cell. Biol. 8, 5410 (1988). 
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of the results. Mutant DPR1 genes are transformed into a dprl mutant 
strain and transformants obtained. Extracts are made from a 100-ml culture 
and prenyltransferase assays are performed as described by Finegold et 
al. 1° More detailed analyses require purified enzyme. Purification of yeast 
FTase to near homogeneity has been described. 8 Alternatively, expression 
in E. coil can be used to obtain FTase free of other protein prenyltrans- 
ferases. 9 

Other Uses o f  Mutant DPR1 Library 

The mutant DPR1 library constructed as described above can also be 
used to obtain FTase mutants that are resistant to FTase inhibitors. For 
this experiment, the DPR1 mutant library is transformed into wild-type 
yeast cells. The transformants are grown on plates containing FTase inhibi- 
tors. Preliminary experiments are needed to determine the optimum con- 
centrations for FTase inhibitors. We have carried out tests with manumycin, 
which showed that the growth of cells is significantly affected by the addition 
of 5 /zM manumycin. Appropriate concentrations of manumycin can be 
used to identify DPR1 mutant clones that enable yeast to grow with a 
normal growth rate in the presence of manumycin. Farnesyltransferase 
mutants resistant to manumycin are likely to be included in the collection 
of positive clones. 

Two types of FTase inhibitors are available3°'3t: one type acts as a 
competitive inhibitor with respect to FPP and the other type acts as a 
competitive inhibitor with respect to Ras. Thus, FTase mutants resistant 
to various FTase inhibitors may provide information regarding binding sites 
for the two substrates. 

Concluding  Remarks  

Farnesyltransferase inhibitors provide valuable tools with which to study 
the function of Ras and other proteins in cellular transformation. 3°'31 Pepti- 
domimetic inhibitors are capable of causing morphological reversion of 
Ras-transformed cells. In addition, inhibition of the growth of Ras-activated 
tumors has been observed with other inhibitors. These results point to the 
usefulness of the FTase inhibitors for the study of Ras transformation and 
for the identification of proteins responsible for the transformation. The 
yeast system described in this chapter provides a simple assay for screening 
large numbers of samples. Further screens may identify new types of inhibi- 
tors that could contribute to the study. 

3o F. Tamanoi ,  Trends Biochem. Sci. 18, 349 (1993). 
31 j.  B. Gibbs, A. 0lift ,  and N. E. Kohl, Cell (Cambridge, Mass.) 7% 175 (1994). 
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Yeast  also provides a system with which to screen for FTase mutants. 
In this chapter, we have described a method for the identification of FTase 
mutants  with altered substrate specificity. Characterization of these mutants 
may provide hints about  sites on the enzyme where the substrates bind. 
This information, combined with structural knowledge of the enzyme, may 
lead to the generation of novel FTase inhibitors based on structural informa- 
tion of the active sites. 
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By CHRISTIAN LENZEN, ROBBERT H. COOL, and ALFRED WITTINGHOFER 

Introduction 

The guanine nucleotide binding of Ras and Ras-related proteins is 
characterized by a slow intrinsic dissociation rate. Because the :biological 
activity of these proteins depends on the nature of the bound guanine 
nucleotide, it was not surprising that guanine nucleotide exchange factors 
(GEFs) were found that increase this dissociation rate up to three orders 
of magnitude. 1 Several GEFs have been isolated from mammalian cells 
that are specific for p21 ras, two of which have been characterized in more 
detail: SOS, which is ubiquitously expressed in all mammalian tissues, and 
CDC25 (also named rasGRF), which is predominantly if not exclusively 
expressed in brain cells. Both factors contain a region that exhibits a high 
degree of homology to a C-terminally located region in the yeast RAS 
exchange factors: CDC25 sc and SDC25 so. Truncated proteins retaining the 
conserved region still have catalytic activity in vivo and in vitro, z 

Different techniques have been used to study the guanine nucleotide 
exchange on p2P ~s. In filter-binding assays, the binding of radioactively 
labeled nucleotides to protein is determined by filtrating aliquots through 
nitrocellulose and measuring the protein-bound radioactivity that remains 
on the filter. 3 This assay is simple and effective, provided the protein- 
nucleotide complex is stable when bound to the filter, and the', reaction 
does not proceed too fast. One example showing that protein-nucleotide 
complexes are not always stable is presented by p21r~tS(l-166), which is 
missing 23 residues at the C terminus. 4 Although this protein binds guanine 
nucleotides stoichiometrically, its complex does not quantitatively bind to 
the nitrocellulose filter. 3'4 Furthermore, in filter-binding assays, the lower 
limit for taking aliquots is about 5 sec between time points. With this 

E. Jacquet. M. Vanoni, C. Ferrari, L. Alberghina, E. Martegani, and A. Parmeggiani..I. 
Biol. Chem. 267, 24181 (1992). 

~- M. S. Boguski and F. McCormick, Nature (London)  366, 643 (1993). 
3 M. Y. Mistou, E. Jacquet, P. Poullet, H. Rensland, P. Gideon, I. Schlichting, A. Wittinghofer, 

and A. Parmeggiani, E M B O  J. 11, 2391 (1992). 
4 j. John, 1. Schlichting, E. Schiltz, P. R6sch, and A. Wittinghofer, J. Biol. Chem. 264, 

130s6 (1989). 
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technique, GEF-stimulated nucleotide exchange on p21'~'~ can therefore be 
measured only with low amounts of GEF. A more detailed study of the 
interaction between p2Y a~ and GEF  requires higher amounts of GEF,  and 
the resulting fast reaction would exceed the manual limitations of this assay. 

An alternative approach for measuring nucleotide binding is fluores- 
cence spectroscopy, which utilizes a fluorescence signal that is dependent  
on the nucleotide-bound state of the protein. In short, fluorescence is a 
phenomenon caused by the absorption of light at a specific wavelength by an 
organic molecule that results in the emission of light at a higher wavelength. 
Fluorescence emission of tryptophan and tyrosine residues is sensitive to 
their environment and the signal may change along with substrate binding 
and/or  conformational changes. For example, the nuclear Ras-related pro- 
tein p24 ran shows a tryptophan emission signal with a maximum at 335 nm, 
and the amplitude of the GDP-bound complex is higher than that of the 
GTP-bound complex. ~ p21 'aS does not contain tryptophan residues, but 
contains nine tyrosines that show a weak emission signal that changes only 
slightly on guanine nucleotide exchange. ~ Therefore,  many laboratories use 
analogs of GDP and GTP, carrying an N-methylanthraniloyl (or mant) 
group on the ribose. The fluorescent mant group can be excited at a wave- 
length far from where proteins or nucleotides absorb and its signal depends 
on the bound or unbound state of the nucleotide. 7'8 Most importantly, the 
mant group is small and the guanine nucleotide analogs are bound by p21 r~ 
with similar affinity and on and off rates as compared to the nonmodified 
nucleotides. 3'7'9'1° Using these analogs, Klebe e t  al. 5 could demonstrate a 
fluorescence resonance energy transfer between tryptophan and the mant 
group in p24 . . . .  mGDP,  and used this energy transfer to monitor the dissoci- 
ation rate of the protein-nucleot ide complex. 

Fluorescence measurements in general and those with mant-guanine 
nucleotides in particular have proved their value in many studies. For 
guanine nucleotide-binding proteins, the analogs have been used frequently 
to study intrinsic and stimulated GTPase activities, ~'9"~ but have rarely been 
used to study intrinsic and stimulated dissociation rates. Here,  we describe 

5 C. Klebe, T. Nishimoto,  and A. Wininghofer ,  Biochemistry 32, 11923 (1993). 
6 B. Antonny,  P. Chardin, M. Roux, and M. Chabre, Biochemistry 30, 8287 (1991). 
7 j. John, R. Sohmen, J. Feuerstein,  R. Linke, A. Wittinghofer, and R. S. Goody, Biochemistry 

29, 6058 (1990). 
'~ S. E. Neal, J. F. Eccleston, and M. R. Webb, Proc. Natl. Acad. Sci. U.S.A. 87, 3562 (1990). 

J. F. Eccleston, K. J. M. Moore,  L. Morgan, R. H. Skinner, and P. N. L. Lowe, J. Biol. 
Chem. 268, 27012 (1993). 

m H. Rensland,  J. John,  R. Linke, I. Simon, I. Schlichting, A.Wittinghofer,  and R. S. Goody, 
Biochemistry 34, 593 (1995). 

~ H. Rensland, A. Lautweim A. Wittinghofer, and R. S. Goody, Biochemistry 30, 11181 (1991 ). 
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the synthesis of the different components needed for the measurement of 
intrinsic and GEF-stimulated guanine nucleotide exchange rates of p21 ~~'s 
using fluorescence, and demonstrate the usefulness of this technique with 
some examples. 

G e n e r a l  Mater ia l .  Nucleotides GDP, GTP, GMPPCP (guanosine 5'-(/3- 
methylenetriphosphate), dGDP, and dGTP are purchased from Sigma (St. 
Louis, MO). Chromatography columns (Superdex 75 26/60, PD-10 G25M, 
NAP-5 G25M, Mono Q, and Resource Q) and column material (Sephadex 
G-50, and DEAE-Sepharose Fast Flow) are from Pharmacia LKB Biotech- 
nology, Inc. (Piscataway, N J). Chemicals are obtained from J. T. Baker 
(Phillipsburg, NJ) Riedel de Hahn (Seeize, Germany), Merck (Rahway, 
N J), or Serva (Heidelberg, Germany) unless otherwise indicated. 

Synthesis of Ribose-Modified Fluorescent Analogs 
of Guanine Nucleotides 

The synthesis of guanine nucleotides carrying a mant group on the ribose 
is based on a method originally described by Hiratsuka]: and includes 
modifications developed by John et al. 7 First, a 2 M TBK (triethylammonium 
hydrogen carbonate) stock solution is made by passing CO2 gas (produced 
by the evaporation of dry ice) through 2 M triethylamine for sew~ral hours 
until the pH value reaches 7.5. One millimole (~500 rag) of guanine nueleo- 
tide (GDP, GTP, dGDP, dGTP, or other derivates) is dissolved in 15 ml 
of water in a small beaker on a magnetic stirrer, mixing slowly. The solution 
is adjusted to a temperature of 38 ° and a pH of 9.6 with 1 N NaOH. The 
reaction is started by careful addition of 3 mmol (530 mg) of methylisatoic 
anhydride (Aldrich, Milwaukee, WI), which must be a fine powder in order 
to ensure rapid dissolving. During the reaction, the pH and temperature 
are kept at the preset values. The product formation is monitored by high- 
performance liquid chromatography (HPLC) analysis as described below. 
If after 2 hr less than 20-30% product yield is obtained, 150 mg of methylisa- 
toic anhydride is added to increase the amount of product. After the reac- 
tion is completed, the solution is centrifuged in a 50-ml Falcon (Oxnard, 
CA) tube for 10 min at 5000 g to remove insoluble particles and extracted 
twice with 1 vol of chloroform. The aqueous phase is transferred to a new 
tube, adjusted to pH 7.5 with 1 M acetic acid, and filtrated through a 0.45- 
~m (pore size) filter before loading on a 150-ml Q Sepharose Fast Flow 
column, equilibrated with 0.2 M TBK, pH 7.5. The column is eluted with 
a 3-liter 0.2-0.8 M TBK gradient at 4 ° and the different components elute 
in the following order: mant-ethyl ester, guanine nucleotide, and mant- 

w_ T. Hiratsuka, Biochim. Biophys. Acta 742, 496 (1983), 
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FIG. 1. Extinction profile as measured from 230 to 450 nm of the three components present 
at the end of the synthesis of Y-mdGTP. The components are separated from cach other by 
chromatography on a DEAE-Sepharose Fast Flow column, and elute from the column in the 
following order: (+) mant-ethyl ester, (O) dGTP, and (1) Y-mdGTP. 

guan ine  nuc leo t ide .  The  f rac t ions  are  ana lyzed  by  r eve r sed -phase  H P L C  
as desc r ibed  below.  M o r e o v e r ,  ex t inc t ion  spec t ra  (230-450 nm)  of  these  
f ract ions  are  m e a s u r e d  with a P h a r m a c i a  L K B  B i o c h r o m  4060 U V  spec t ro -  
p h o t o m e t e r .  In  Fig. 1, we p re sen t  the  spec t ra  o b t a i n e d  f rom three  ma jo r  
c o m p o n e n t s  i so la ted  f rom the Q Sepha rose  column.  Peak  f rac t ions  con- 
ta ining the m a n t - g u a n i n e  nuc leo t ide  are  poo led ,  d r i ed  in a ro t a t ion  e v a p o r a -  
tor,  washed  twice with me thano l ,  and  d isso lved  in wa te r  at  a concen t r a t i on  
of  10-25 m M  and s to r ed  at  - 2 0  °. The  s t ruc ture  of  3 ' - m d G D P  [3 ' - (N-  
m e t h y l a n t h r a n i l o y l ) - 2 ' - d e o x y - G D P ]  is shown in Fig. 2. 

P u r i f i c a t i o n  of  p21  . . . .  N u c l e o t i d e  C o m p l e x e s  

p21 r a s  is expres sed  in Escherichia coli CK600K f rom the vec to r  p t ac ras  
and pur i f ied  as a G D P  complex  as descr ibed .  L~ A cul ture  is g rown at 37 ° 
in s t anda rd  I m e d i u m  (Merck) ,  i nduced  at A600 0.4-0.6  with 0.1 m M  isopro-  
py l - f l -D- th ioga lac topyranos ide  ( I P T G ) ,  and  fur ther  grown overnight .  Ceils  

13 j. Tucker, G. Sczakiel, J. Feuerstein, J. John, R. S. Goody, and A. Wittinghofer, EMBO 
J. 5, 1351 (1986). 
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Fic~. 2. Schematic presentation of 3'-(N-methylanthraniloyl)-2'-deoxy-GDP or 3'-mdGDP. 

are harvested by centrifugation and stored at - 2 0  °. A cell pellet of 100 g 
is resuspended in 300 ml of 32 mM Tris-HC1, 5 m M  dithioerythritol (DTE),  
0.5 m M  NaN3 (pH 7.6), 0.5 m M  Pefablock (Merck), and 1 mM EDTA.  
After  a 30-min incubation at 4 ° with 300 mg of lysozyme, 7 ml of 4% 
(w/v) sodium deoxycholate,  20 mg of DNase I, and 2 ml of I M MgC12 are 
added, followed by further incubation for 30 rain. Cell debris is removed 
by centrifugation for 1 hr at 25,000 g and 4 °. The supernatant  is loaded on 
a 600-ml DEAE-Sepha rose  Fast Flow column, which has been equilibrated 
with 32 mM Tris-HC1, 5 m M  MgCI2, 5 mM DTE,  0.5 m M  NaN3 (pH 7.6) 
and eluted at 4 ml/min with a 4-liter gradient of 0-300 mM NaC1 at 4 °. 
Peak fractions with p21 '~'~, which elute at approximately 140 mM NaC1, are 
identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
( S D S - P A G E )  and the protein is precipitated with 2.4 M (NH4)2SO 4 (60% 
saturation). After  centrifugation for 30 rain at 20,000 g and 4 °, the pellet 
is resuspended in 20 ml of 64 mM Tris-HC1, 10 mM MgC12, 5 rnM DTE,  
1 m M  NaN3 (pH 7.6), 400 m M  NaC1, 0.1 m M  GDP,  and centrifugated for 
15 min at 25,000 rpm and 4 °. The protein solution is loaded on a 2000-ml 
Sephadex G-50 gel-filtration column, equilibrated with 64 mM Tris-HC1, 
10 mM MgC12, 5 mM DTE,  1 mM NaN3 (pH 7.6), 400 mM NaC1, 0.1 mM 
GDP,  and eluted with the same buffer at 4 ° and at 4 ml/min. The fractions 
containing p21 r~ are collected and the protein is precipitated with 3 M 
(NH4)2SO4 followed by centrifugation. The pellet containing more than 
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95% pure p21 ...... GDP is finally dissolved at a concentration of 10 mg/ml 
in 64 mM Tris-HCl, 10 mM MgCI2, 5 mM DTE,  1 mM NaN3 (pH 7.6), 
dialyzed against the same buffer, and shock frozen in small aliquots in 
liquid nitrogen and stored at - 8 0  ° . The final protein concentration is deter- 
mined using the Coomassie Plus protein assay reagent (Pierce, Rockford, 
IL), based on the method of Bradford. H The amount of GDP bound to 
p21 '~'~ as measured by HPLC usually shows a nearly 1:1 stoichiometry. 
Complexes of p21 ras with other nucleotides are made either by nucleotide 
exchange, or by incubation of stoichiometric amounts of nucleotide and 
nucleotide-free p21 'as, as described below. The method of nucleotide ex- 
change is fast and simple but one should keep in mind that the nucleotide 
exchange is efficient only if the affinity of the desired nucleotide for p21"~'~ 
is not much lower than that of GDP. 

Nucleotide Exchange 

Nucleotide exchange is performed as described.~3 The exchange is initi- 
ated by incubating 0.1-0.5 mM p21 '~ .  GDP with a 30- to 100-fold molar 
excess of the desired nucleotide in 0.5-2.5 ml of 20 mM Tris-HCl (pH 7.6), 
2.5 mM DTE, and E D T A  to at least twice the MgC12 concentration for 30 
rain at room temperature. The p21 '~ • nucleotide complex is subsequently 
stabilized by adjusting the MgC12 concentration to 10 mM in excess over 
EDTA. The protein-nucleot ide complex is purified away from E D T A  and 
free nucleotide by gel filtration on a PD-10 or NAP-5 G25M column. The 
efficiency of the exchange and the removal of free nucleotide are checked 
by combining a Bradford and HPLC analysis of the fractions. If necessary, 
the protein solution is concentrated by centrifugation in Centricon-10 con- 
centrators (Amicon, Danvers, MA). Similarly, radioactively labeled 
p21 .... GDP is made by incubating 100 /xM p21 ..... GDP with 3 p~l of 
[3H]GDP (566 GBq/mmol,  37 MBq//zl: Amersham, Arlington Heights, IL) 
for 5 rain at 30 ° in 37/zl of 50 mM Tris-HC1 (pH 7.8), 1 mM DTE, and 13 
mM EDTA.  The protein is finally stabilized by addition of 23 mM MgC12 
and storage on ice. 

Production o f  Nucleotide-Free p21 r~,s 

The production of nucleotide-free p21 r~'S on a preparative scale is done 
according to John eta[. 7 by incubation of p21 .... GDP with GMPPCP, 
alkaline phosphatase, and phosphodiesterase, and stabilizing the nucleo- 
tide-free enzyme with guanosine. Five to 10 mg of p21 ~ is incubated for 
several hours at room temperature with a two-fold molar excess of 

14 M. M. Bradford, Anal. Biochem. 72, 248 (1976). 
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GMPPCP in 1 ml of 64 mM Tris-HC1, 10 mM MgC12, 5 mM DTE,  1 
mM NaN3 (pH 7.6), 100 mM ( N H 4 ) 2 S O 4 ,  0.1 mM ZnC12, and alkaline 
phosphatase (Boehringer, Mannheim, Indianapolis, IN) at a concentration 
of 5 units/mg of p21 ras. After complete degradation of GDP, which is 
monitored by HPLC analysis, 1 unit of snake venom phosphodiesterase 
(Pharmacia LKB Biotechnology, Inc.) per milligram of p21 ..... is added to 
hydrolyze GMPPCP. Again, the degradation of GMPPCP is followed by 
HPLC analysis. Excess guanosine precipitates and is removed by ce.ntrifuga- 
tion at 5000 g. In the presence of guanosine, p21 r~'~ is relatively stable when 
kept at 0°. 7 It is shock frozen and stored at - 8 0  ° for at least several months 
without losing activity. A complex of p21r"~ with a desired nucleotide is 
formed by incubation with slightly more than stoichiometric amounts of 
nucleotide for 5 rain at room temperature.  Excess nucleotide and guanosine 
are subsequent removed by gel filtration on a PD-10 G25M column. It 
should be noted that the small amounts of phosphatase and phosphodiester- 
ase in the preparation of nucleotide-free p21 r~ can influence long-term ex- 
periments. 7 

Purif icat ion of G u a n i n e  Nucleot ide Exchange  Fac tor  f rom Mouse:  
C-CDC25 Mm 

The protein C-CDC25 Mm is expressed in E. coli as a fusion with glutathi- 
one S transferase from the plasmid pGEX2CDC25-12 (a kind gift from E. 
Martegani). ~5 The overexpression and purification of the protein are done 
according to the method developed by E. Jacquet and S. Baouz in the 
group of A. Parmeggiani (Ecole Polytechnique, Palaiseau, France), with 
some minor modifications. Transformed JM101 cells are grown at 30 ° in 
standard I medium. The cells are induced with 0.2 mM IPTG at A(,00 0.2- 
0.5 and grown for another 7 hr (when using a fermentor) or overnight 
(when using Erlenmeyer  flasks), harvested by centrifugation, and stored at 

20 °. Fifty grams of cell pellet is resuspended in 100 ml of buffer A [10.1 
mMNa2HPO4, 1.8 mM KH2PO4, 140 mM NaC1, 2.7 mM KCI, 1 mM EDTA,  
1 mM PMSF, 0.5% (v/v) Triton X-100, 14 mM 2-mercaptoethanol, pH 7.3], 
whereafter the protein is extracted from the cells by ultrasonic treatment. 
The Triton X-100 concentration is brought to 1% (v/v), and after slowly 
mixing for 30 min at 4 °, cell debris is removed by centrifugation for 30 min 
at 40,000 g (4°). The supernatant is incubated with 15 ml of glutathione- 
Sepharose 4B (Pharmacia LKB Biotechnology, Inc.) for 30 min fit 4 ° with 
slow agitation. Thereafter ,  the Sepharose beads are spun down at 500 g 

15 E. Martcgani, M. Vanoni, R. Zippel, P. Coccetti, R. Brambilla. C. Ferrari, E. Sturani, and 
L. Alberghina, E M B O  J. 11, 2151 (1992). 
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and washed four times with 30 ml of buffer A and twice with 30 ml of buffer 
B [50 mM Tris-HC1 (pH 7.8), 50 mM NaCI, 5 mM DTE]. The C-CDC25 Mm 
is then cleaved from the GST-pep t ide  by adding 15 ml of buffer B, 2 mM 
CaC12, and 2 mg of thrombin (50 NIH E/mg; Merck) to the Sepharose beads. 
After incubation for 60 min at 30 ° with slow agitation, C-CDC25 M'~ is isolated 
by centrifuging the Sepharose beads and washing the beads twice with 15 ml 
of buffer B. The combined supernatants are centrifuged at 2000 g to remove 
all gel particles (optional: filtration through a 0.45-/xm pore size filter), and 
loaded on a Mono Q or Resource Q column. The cleaved protein is purified 
with a 50-1000 mM NaC1 gradient in 50 mM Tris-HC1 (pH 7.8), 5 mM DTE,  
and eluted at about 400 mM NaC1. Although the protein is usually at least 
90% pure, an additional purification up to 95% is achieved by gel filtration 
on a Superdex 75 column equilibrated with 50 mM Tris-HC1 (pH 7.8), 150 
mM NaC1, 2 mM DTE. Finally, the protein is dialyzed against 40 mM N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES,  pH 7.5), 10 mM 
MgC12,2 mM DTE,  centrifuged briefly to remove aggregated protein, shock 
frozen in liquid nitrogen, and stored at - 8 0  ° . The yield is approximately 
0.3 mg of pure C-CDC25 M" per gram of cell pellet. 

C-CDC25 M" is a protein of 288 amino acids with a calculated molecular 
mass of 33,340 Da, an isoelectric point of 5.54, and a molar extinction 
coefficient at 280 nm of 30,110. The protein concentration as determined 
by the Bradford method is consistent with the measurements performed 
using its calculated molar extinction coefficient. 

Analysis  of Nucleot ides  by  Reversed-Phase  HPLC 

Reversed-phase HPLC is performed with a system composed of the 
Beckman (Fullerton, CA) System Gold 166 (with the UV absorption detec- 
tor set at 252 nm) and a Shimadsu (Kyoto, Japan) C-R6A Chromatopac 
printer, on an ODS-Hypersil  Cls, 5-/~m column (Bischoff, Leonberg, Ger- 
many) with a Nucleosil 100 C18 prefilter (Bischoff). The prefilter separates 
protein-nucleot ide complexes by absorbing the denatured protein. On the 
basis of different retention times, the nature of nucleotides can be identified 
by reversed-phase HPLC. Table I shows the typical retention times of 
selected nucleotides during an isocratic run at room temperature and a 
flow rate of 2 ml/min with 7.5 or 20% acetonitrile in the buffer as indicated. 
The HPLC system is calibrated with a solution consisting of a known 
concentration of guanine nucleotide and uses molar extinction coefficients 
at 252 nm: 13,700 for GDP and GTP, and 22,600 for mGDP,  mGTP, 3'- 
mdGDP,  and 3 ' -mdGTPY ) This gives a linear relation between peak area 
and nucleotide quantity, allowing the calculation of unknown quantities of 
nucleotide from the peak area. 
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TABLE I 
RETENTION TIMES OF DIFFERENT NUCLEOTIDES [)IJRIN(; 

HPLC ANALYSIS" 

Retention time (min) 

20% Acetonitrile in: 
7.5% Acetonitrile 

Nueleotide in buffer H1 Buffer HI Buffer H2 

GDP 3.1 1.6 1.8 
mGDP - -  9.0/9.5/' 2.5 
3 ' -mdGDP - -  12.3 3.4 
GTP 5.1) 1.7 1.6 
mGTP N D '  ND 
Y-mdGTP 16.2 2.4 

~' Using an isocratic run with 2 ml/min of 7.5 or 20% acetonitrile 
in buffer H1 [10 mM tetrabutylammonium bromide, 100 mM 
K2HPO4/KH2P04 (pH 6.5), 0.2 mM NAN3] or buffer H2 [100 
mM K2HPO4/KH2POa (pH 6.5), 0.2 mM NAN3]. 

i, Double peak due to different retention times of the isomers 
3'- and 2'-mGDP. 

' ND, Not determined. 

M e a s u r e m e n t  of Dissociat ion Rates  

Fluorescence Measurements are done on a Perkin-Elmer (Norwalk, 
CT) Luminescence Spectrometer 50B. The excitation and emission spectra 
of m G D P  are shown in Fig. 3. A 50% decrease in the fluorescence signal 
at 450 nm is observed when the fluorescent nucleotide analog is released 
from the protein (Fig. 3B). 7"s This difference is used to follow the dissocia- 
tion of the p21 ..... nucleotide complex. In the experiments presented we 
have not used a filter, because the signal-to-background ratio is high enough. 
At lower signal levels, it is preferable to use a filter with a cutoff at 430 
am. The p21'~'S.mGDP and p21 ..... Y-mdGDP complexes are made by 
nucleotide exchange as described above. In a fluorescence quartz cuvette 
(light path, 10 × 2 mm; Hellma, Mallheim, Germany),  1 / ,M p21 ..... m G D P  
or p21 .... Y -mdGDP is incubated at 20 ° in 750 p,1 of degassed and filtrated 
buffer [40 mM HEPES  (pH 7.5), 10 mM MgCI2, 2 mM DTE],  and 200 / ,M 
G DP  (and 1 p,M C-CDC25Mm). For the nitrocellulose filter-binding assays, 
1/~M p21 .... [3H]GDP is incubated in 1 ml of the same buffer under identical 
conditions. For both experiments, the measurement of the intrinsic: reaction 
is started by addition of the excess GDP and of the stimulated dissociation 
by further addition of the exchange factor. The fluorescence signal (excita- 
tion wavelength, 370 am; bandwidth, 2-5 nm, and emission wavelength, 
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FIG. 3. (A) Excitation spectrum (emission wavelength, 450 nm) and (B) emission spectrum 
(excitation wavelength, 370 nm) of a solution containing 1 p.M p21 ..... mGDP, 200 p.M GDP. 
and i/xM C-CDC25 M'' before (thin line) and after reaction (thick line). The latter are identical 
to the spectra of 1 /,M mGDP in solution. 

450 nm; bandwidth, 5-10 nm) is monitored every 60 sec for the intrinsic 
dissociation rate and every 3 sec for the stimulated reaction. For the filter- 
binding assay, 50-/xl aliquots are taken at the indicated time intervals, 
filtrated on nitrocellulose (BA85, 0.45 /,m; Schleicher & Schuell, Keene, 
NH), and washed with 3 ml of ice-cold 40 mM HEPES (pH 7.5), 10 mM 
MgC12, 2 mM DTE. The filters are finally dried and the retained radioactiv- 
ity measured in a scintillation counter (Beckman LS 6500). 

Fitting of Kinetic Da ta  

Measurements of the intrinsic GDP dissociation rate are carried out 
according to the following reaction scheme: 

p21 ra~. GDP* + GDP ~,~ p21 '~'S. GDP + GDP* 

with GDP* as the labeled GDP molecule, whose dissociation is monitored. 
The presence of a large excess of nonlabeled nucleotide has two conse- 
quences: (1) the reverse reaction yields a negligible signal, and (2) the con- 
centration of free nonlabeled nucleotide is practically constant. Hence, the 
reaction is considered to be first-order and the kinetic data are fitted to a 
single-exponential function, using the program Grafit (Erithacus Software, 
Ltd., Staines, UK). Although the GEF-stimulated dissociation reaction is a 
much more complex reaction compared to the intrinsic one, the kinetic data 
of the GEF-mediated dissociation at catalytic amounts of GEF could be fitted 
well to a single-exponential curve, defining an apparent dissociation rate. 
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Resu l t s  a n d  D i s c u s s i o n  

p21 ras is activated by guanine nucleotide exchange factors (GEFs)  that 
stimulate the low dissociation rate of the p21 .. . .  G D P  complex. To measure 
these rates, p21 ras is often complexed with radioactively labeled guanine 
nucleotides, such as [3H]GDP. In the presence of excess nonlabeled nucleo- 
tide, the dissociation of the prote in-nucleot ide  complex is then measured 
as a function of decreasing radioactivity retained on the nitrocellulose 
filters. In Fig. 4A, we show the intrinsic and stimulated dissociation rate as 
measured with p H ] G D P .  The p21 .. . .  G D P  complex in the GEF-st imulated 
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Fie,. 4. (A) Comparison of the intrinsic ( I )  and C-CDC25M"'-stimulated (0) (first aliquots 
taken every 10 sec) dissociation of p21 ..... [3H]GDP; (B) comparison of the intrinsic ( I )  
(measured every 60 sec) and C-CDC25M'-stimulated (+) (measured every 3 sec) dissociation 
of p21 ..... mGDP. The single-exponential curves to which the data are fitted are shown. 
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reaction has a half-life of approximately 35 sec under the chosen conditions. 
Although this kinetic is still measurable with radioactively labeled nucleo- 
tides, there are obvious practical difficulties as faster rates, caused by using 
higher amounts of GEF  or faster dissociating p21 ras mutants, become impos- 
sible to follow. Using fluorescence, however, data can be collected continu- 
ously except for a 5-sec delay required for mixing the reaction components. 
In Fig. 4B, we show the intrinsic and stimulated dissociation rate of 
p21 .. . .  mGDP,  using conditions identical to those in Fig. 4A. The fluores- 
cence data are in better  keeping with the theoretical curve obtained by 
nonlinear regression analysis than the data derived from the experiment 
with the radioactively labeled nucleotide, which are subject to pipetting 
errors at each time point. Thus, fluorescence studies allow a more precise 
determination of reaction rate constants even for short time-scale reactions. 
Very fast presteady-state kinetics (up to the milliseconds range) can be 
measured with a stopped-flow apparatus in combination with a lumines- 
cence spectrometer. 7't6 

Analogs of guanine nucleotides have been synthesized carrying the N- 
methylanthraniloylfluorophore on the ribose.~2 These mant-guanine nucle- 
otides have been used in many studies with p21 raS. The affinity of p21 .... 
for these analogs is similar to its affinity for unmodified nucleotides. 7'"~ 
Thus, mant-guanine nucleotides are extremely useful analogs for kinetic 
studies. Several authors, 7'~'~1 however, have pointed out that m G D P  (and 
mGTP)  exist at pH 7.0 in a 40:60 equilibrium of two isomeric forms, 
carrying the mant group at the 2' or the 3' site of the ribose, respectively. 
The discrepancy between the interpretation of fluorescence studies on the 
GTPase mechanism between Neal e t  al.  8 and Rensland e t  al. 11 showed that 
the presence of these two isomeric forms in the preparation of m G D P  can 
lead to different conclusions on mechanistic details of the GTPase reaction. 
In our case, the presence of a heterogeneous population of nucleotides 
may also influence the measurements of GEF-stimulated dissociation rates. 
Therefore,  we have checked whether the C-CDC25a4"-stimulated dissocia- 
tion rate of p21 ..... GDP is influenced by the presence and/or location of 
the fluorescent group on the ribose. The dissociation rate obtained with 
[3H]GDP was compared to the rates measured with the mant analogs 
m GDP  and 3 ' -mdGDP. The analog 3 ' -mdGDP misses the hydroxyl group 
at the 2' site on the ribose (Fig. 2), and thus no isomerization can occur. 
Both for the intrinsic and for the stimulated reaction, the dissociation rates 
of p21r'~s in complex with the three GDP species differ at most by a factor 
of two (Table II). Similar results were obtained from studies with SDC25Sc. 3 
Thus, m GDP  or mGTP can be used in the straightforward measurements 

16 Q. H. Gibson, this series, Vol. 16, p. 187. 
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T A B L E  II 

INTRINSIC AND C - C D C 2 5  Mm-STIMULATED DISSOCIATION 

RATES OF p21 ....... 

Dissociation rate 
(sec ') 

p21 r~ in 
complex with: Intrinsic Stimulated Stimulation 

[3H]GDP 3 × 10 s 1.9 × 10 2 6 X 102 
mGDP 6 X 10 5 2.2 × 10 2 4 × l0 ~ 
3'-mdGDP 3 × 10 s 1.4 × 10 2 5 × 102 

"In complex with different nucteotides at 20 ° in 40 m M HEPES 
(pH 7.5), 10 mM MgCI2, 2 mM DTE, 200/xM GDP (and 1 
tzM C-CDC25 Mm). 

of  d i ssoc ia t ion  rates.  Never the les s ,  when  s tudying  mechan i s t i c  detai ls ,  it is 
b e t t e r  to use the  3 ' - m d G D P  or  3 ' - m d G T P  analogs ,  cons ide r ing  the difficult 
i n t e r p r e t a t i o n  of  the  p21 raS G T P a s e  m e c h a n i s m  ( m e n t i o n e d  above)  caused  
by  the  p re sence  of  two i somers  of  m G D P .  

So far, we have  given examples  of  the  use of  f luorescence  for  measu r ing  
d i ssoc ia t ion  ra tes  using p21 raS in complex  with m a n t - g u a n i n e  nuc leo t ides .  In 
some  G T P - b i n d i n g  pro te ins ,  the  G D P - G T P  exchange  ra te  can be  m e a s u r e d  
d i rec t ly  using the  s t rong  int r ins ic  f luorescence  signal  of  t r y p t o p h a n  res idues ,  
p r o v i d e d  it d e p e n d s  on the p ro t e in  c o n f o r m a t i o n  and  is specific for  the  
b o u n d  nuc leo t ide .  5'w If, however ,  the  d i f fe rence  b e t w e e n  the G D P -  and  
G T P - b o u n d  signal  is too  small ,  this intr insic  signal  canno t  be  used.  A l t e r n a -  
t ively,  one  can m a k e  use of  f luorescence  r e sonance  ene rgy  t rans fe r  to 
m e a s u r e  guan ine  nuc leo t ide  d issoc ia t ion  rates .  The  p re requ i s i t e  is that  
two c h r o m o p h o r e s  such as t r y p t o p h a n  re s idue  and  the  man t  g roup  in the  
p r o t e i n - n u c l e o t i d e  complex ,  be  p r o p e r l y  loca ted  spat ia l ly ,  so tha t  a t r ans fe r  
of  f luorescence  r e sonance  ene rgy  can occur.  O n e  e x a m p l e  of  this ene rgy  
t rans fe r  is the  p24 ..... m G D P  complex ,  whe re  the  p re sence  of  the  man t  
g roup  in the  n e i g h b o r h o o d  of  the  t r y p t o p h a n  res idue  leads  to quench ing  
of  the  t r y p t o p h a n  emiss ion  signal.  5 This  r educ t ion  of  the  t r y p t o p h a n  fluo- 
rescence  signal  was used to d e t e r m i n e  the kinet ics  of  nuc leo t ide  d issocia t ion.  
In  p ro t e in s  tha t  lack  t r y p t o p h a n  res idues  a l toge the r ,  such as p21 raS, a t ryp to-  
p h a n  res idue  mus t  be  in t roduced .  In  p21 ra~ Tyr-32, which is in p rox imi ty  
to the  m a n t  g roup  of  the  b o u n d  nuc leo t ide ,  is was c ha nge d  to t r y p t o p h a n ,  

~7 T. Higashijima and K. M. Ferguson, this series, Vol. 195, p. 321. 
is R. S. Goody, E. F. Pai, 1. Schlichting, H. Rensland, A. Scheidig, S. Franken, and A. 

Wittinghofer, Philos. Trans. R. Soc. London B, Ser. 336, 3 (1992). 
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F[c~. 5. C-CDC25~t'"-stimulated dissociation of p21~"(Y32W). GDP in the presence of an 
excess of free mGDP.  p2V"~(Y32W).GDP (1 /xM) was incubated with 100/xM m G D P  and 
the exchange reaction was started by the addition of 50 nM C-CDC25 '~t''. The reaction 
was monitored at an excitation wavelength of 295 nm and emission wavelength of 450 nm. 
Measurements  were taken every 2 sec and the data were fitted with a single-exponential 
function. Inset: Emission spectrum of p21~(Y32W) • GDP (excitation wavelength, 295 nm) 
in the presence of 100/ ,M m G D P  and 1 /xM C-CDC25 'u' '  before (thick line) and after the 
reaction (thin line). 

creating a situation similar to that of p24r~'". ~') The inset of Fig. 5 shows the 
quenching of the tryptophan fluorescence signal at 350 nm caused by the 
binding of mGDP to p21ra~(Y32W). Similar to p24 r''l, this signal could be 
used to measure the dissociation rate of the p21"a~(Y32W). GDP complex. 
Alternatively, we have used the increase in the mant fluorescence signal 
at 450 nm on binding of mGDP to p21"~'~(Y32W) to follow the dissociation 
reaction. This is possible because nonbound mGDP is hardly excited at 
295 nm (Fig. 3A) and shows only a relatively weak signal at 450 nm (thick 
line in the inset of Fig. 5; please note that mGD P  is present at a concentra- 
tion of 100/xM). This signal increases when G D P  bound to the protein is 
substituted by mGDP (thin line) and fluorescence resonance energy transfer 
can occur. Thus the C-CDC25Mm-stimulated exchange of m G D P  for GDP 
bound to p21 r~'~(Y32W) is a function of the increase of fluorescence at 450 
nm when using an excitation wavelength of 295 nm (Fig. 5). This example 
illustrates one of the many possibilities of fluorescence spectroscopy. The 

1~ K. Yamasaki,  M. Shirouzu, Y. Muto, J. Fujita-Yoshigaki, H. Koide, Y. Ito, G. Kawai, S. 
Hattori, S. Yokoyama,  S. Nishimura,  and T. Miyazawa, Biochemistry 33, 65 (1994). 
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tryptophan-dependent  methods have the advantage that they measure the 
dissociation rate of protein in complex with the unmodified nucleotide. As 
for p21 '~'~, the presence of tryptophan at residue 32 is an artificial[ prerequi- 
site, and it remains to be proven that all characteristics of the mutant are 
identical to those of the wild-type protein. 

Conc lus ions  and  Prospec t s  

We have shown that the man[ analogs of guanine nucleotides mimic 
the binding characteristics of unmodified guanine nucleotides in lheir inter- 
action with p21 '~'~ even in presence of guanine exchange factors.. The fluo- 
rescence technique is a valuable tool with which to determine the kinetic 
parameters of the interaction between most, if not all, GTP-binding proteins 
and their exchange factors. Because in combination with the stopped-flow 
technique rapid kinetics can be measured, the mechanism of the dissociation 
rate catalysis can be investigated in detail. The GEF-mediated guanine 
nucleotide exchange is considered to proceed according to a substituted 
enzyme mechanism) -2°2~ and involves several intermediate complexes, 
some of which are stable. The determination of enzymatic parameters 
that describe these intermediates and the various steps of the exchange 
mechanism will lead to a better  understanding of the activation mechanism 
of p21 '~'~ and related proteins in the cell. Experiments to study the interac- 
tion between exchange factor and GTP-binding protein of the systems 
RCC1/p24 '~"~ and CDC25/p21 '~ are in progress in our laboratory. 
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[1 1] M e a s u r e m e n t  o f  N u c l e o t i d e  E x c h a n g e  a n d  

H y d r o l y s i s  A c t i v i t i e s  in  I m m u n o p r e c i p i t a t e s  

By J U L I A N  D O W N W A R D  

Introduction 

The rate of guanine nucleotide exchange or hydrolysis on Ras family 
proteins is most effectively measured using purified Ras in solution. Simi- 
larly, the ability of exchange factors or GTPase-activating proteins (GAP) 
to stimulate hydrolysis or exchange of guanine nucleotide on Ras is ideally 
assayed using purified Ras and purified exchange factor or GAP in solution. 
However, circumstances arise in which it is not convenient or possible to 
use purified Ras or exchange factor/GAP, perhaps because the precise 
molecular nature of the protein is unknown owing to the existence of 
point mutations or posttranslational modifications. On these occasions it 
is possible to obtain an approximate measure of the intrinsic GTP exchange 
or hydrolysis rate of Ras that has been immunoprecipitated from cells while 
it is still bound to antibody in the immune complex. In addition, one can 
measure the activity toward purified soluble Ras of exchange factors or 
GAPs immunoprecipitated from cells while still immobilized in the im- 
mune complex. 

Materials 

Buffers 

Lysis buffer A 
Triton X-100 (1%, v/v) 
N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES, pH 

7.5), 50 mM 
NaC1 (100 mM) 
NaF (20 mM) 
EGTA (1 mM) 
Para-nitrophenylphosphate (PNPP), 1 mM 
Na3VO4 (1 mM) 
Benzamidine (10 mM) 
Trypsin inhibitor (10/xg/ml) 
Aprotinin (10/xg/ml) 

Copyright c~ 1995 by Academic Press. Inc. 
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Leupeptin (10 tzg/ml) 
Pepstatin (10/~g/ml) 

Exchange buffer 
HEPES, pH 7.5 (50 mM) 
MgCI2 (1 mM) 
Dithiothreitol (DTT), 1 mM 
KCI (100 raM) 
Bovine serum albumin (BSA), 0.1 mg/ml 

Stop buffer 
HEPES, pH 7.5 (50 raM) 
MgC12 (5 raM) 
DTT (1 ram) 
BSA (10/zg/ml) 
GTP (0.1 mM) 

Ras wash buffer 
HEPES, pH 7.5 (50 mM) 
NaC1 (0.5 M) 
Triton X-100 (0.1%, v/v) 
MgC12 (5 mM) 
Sodium dodecyl sulfate (SDS), 0.005% (w/v) 

Ras elution buffer 
DTT (5 mM) 
EDTA (5 mM) 
SDS (0.2%, w/v) 
GTP (0.5 mM) 
GDP (0.5 mM) 

Methods  

Measurement of  Nucleotide Exchange Activity of  Immunoprecipitated Ras 

The intrinsic guanine nucleotide exchange activity of Ras can be mea- 
sured in immunoprecipitates using antibodies that do not interfere with 
nucleotide binding such as Y13-2382 This technique can be useful for 
determining whether a cell line expresses a mutant of Ras with aberrant 
exchange activity} The nucleotide bound to Ras can either be labeled in 
the cell by metabolic labeling, or, more conveniently, after immunoprecipi- 
tation by exchange with [o~-32p]GTP. 

M. E. Furth, L. J. Davis, B. Fleurdelys, and E. M. Scolnick, J. Virol. 43, 294 (1982). 
2 j. E. DeClue, A. G. Papageorge, J. A. Fletcher, S. R. Dichl, N. Ratncr, W. C. Vass, and 

D. R. Lowy, Cell (Cambridge, Mass.) 69, 265 (1992). 
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1. Wash 2 × 10 7 cells with cold phosphate-buffered saline (PBS) on 
ice. Lyse in 10 ml of lysis buffer A. Centrifuge for 10 rain at 15,000 rpm 
at 4 °. Divide the clarified lysate into 16 equal portions. Immunoprecipitate 
eight aliquots with anti-Ras antibody (1 /zg of Y13-238 monoclonal anti- 
body) and eight with control immunoglobulin (1 /xg of rat IgG). Incubate 
for 60 min on ice, then add 25/~1 of protein G-Sepharose and tumble for 
20 min at 4 °. Wash each immunoprecipitate three times with 1 ml of ice- 
cold Ras wash buffer. Wash once with 1 ml of cold exchange buffer. Drain 
the remaining liquid from the beads with a Hamilton syringe and allow 
them to stand on ice. These immunocomplex pellets are then used for a 
nucleotide exchange assay. 

2. Nucleotide exchange assay: Add 10/zl of exchange buffer plus 1/zCi 
of  [ce-~2p]GTP (PB10201 ; Amersham, Arlington Heights, IL) and 3.33 pmol 
of unlabeled GTP (a 10-fold dilution) to the immunoprecipitated Ras. 
Incubate at 20 ° for 0, 10, 30, or 60 rain (in duplicate) with vigorous continu- 
ous shaking, then put on ice. Wash four times with 1 ml of ice-cold Ras 
wash buffer. Count the washed beads. 

In this rate assay, the exchange rate can be compared between Ras 
from a normal cell line and an uncharacterized line. If the expression levels 
of Ras vary greatly between the two lines it may be necessary to normalize 
for Ras. This can be done by loading [~-32P]GTP as described above but in 
the presence of a 5 mM excess of E D T A  over Mg 2+ to give maximal binding. 

Measurement of Nucleotide Hydrolysis Activity 
of Immunoprecipitated Ras 

The intrinsic GTPase activity of Ras can be measured in immunoprecipi- 
tates using antibodies that do not interfere with nucleotide hydrolysis, such 
as Y13-238.1 This technique can be useful for determining whether a cell 
line expresses a mutant of Ras with aberrant GTPase activity. 3 The nucleo- 
tide bound to Ras can either be labeled in the cell by metabolic labeling 
or, more conveniently, after immunoprecipitation by exchange with 
[o~-3:p]GTP. 

1. Prepare Ras immune complexes exactly as described in the previ- 
ous section. 

2. GTPase assay: To the Ras immune complexes add 10/zl of 50 mM 
HEPES (pH 7.5), 5 mM EDTA,  BSA (0.5 mg/ml) plus 1/zCi of [o~-3Rp]GTP 
(PB10201; Amersham). Incubate at 37 ° for 5 rain, then put on ice. Add 2 
tzl of 60 mM MgCI: plus 1 mM GDP. Incubate for 0, 10, 30, or 60 min at 

3 T. Basu, D. H. Gutmann ,  J. A. Fletcher, T. W. Glover, F. S. Collins, and J. Downward,  
Nature (London) 356, 713 (1992). 
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20 ° with vigorous continuous shaking. At the end of the assay,, wash the 
immune complexes four times with 1 ml of ice-cold Ras wash buffer. Elute 
with 12/xl of Ras elution buffer for 20 min at 68 ° and run four 1-j~l aliquots 
on thin-layer chromatography plates (PEI cellulose, Cat. No. 15675; Merck, 
Rahway, NJ). Load 2 cm from bottom and run for 8 cm [buffer: 7.8 g of 
ammonium formate plus 10 ml of concentrated ( - 1 0  M) HC1 made up to 
100 ml with water]. Quantitate the GTP (lower) and GDP (upper) spots by 
scanning the plates with a/3 scanner or phosphoimager. Increased GTPase 
activity is seen as a decrease in the ratio of GTP to G D P  bound to Ras at 
the end of the assay. 

Another  way of determining whether the Ras protein in a cell has 
undergone a mutation that affects its exchange activity is to test its sensitivity 
in an immune complex to G A P  or neurofibromin. The assay is carried out 
essentially as described above, but recombinant GAP (e.g., 1 /xg/ml) is 
added during the incubation at 20 ° . For all of the assays described so 
far, the nonneutralizing antibody Y13-238 is the most convenient to use. 
However,  this antibody does not recognize N-Ras, so it cannot provide 
information on possible alterations in this isoform. Y13-259 recognizes H-, 
K-, and N-Ras, but substantially blocks the exchange and hydrolysis of 
nucleotides. We have found, however, that in the presence of large amounts 
of GAP  it is still possible to stimulate the GTPase activity of Ras to a 
significant ex ten t )  

Measurement of Nucleotide Exchange Activity of Immunoprecipitated 
Exchange Factors toward Ras 

Measurement of the exchange activity toward Ras can be determined 
from immunoprecipitates of Sos from Rat-1 fibroblasts or R a s - G R F  from 
rat brain. In the case of the fibroblasts it is possible to serum starve the 
cells and then treat with various stimuli [e.g., epidermal growth factor 
(EGF)] prior to lysis. While these assays might be expected to be able to 
reveal stable alterations in the activities of exchange factors within the cell 
following cellular stimulation, it has not proved possible to measure changes 
in the level of Sos exchange activity in Sos immune complexes following 
stimulation of various cells with extracellular factors that activate Ras. 4 
This has been taken by some researchers to indicate that Ras becomes 
activated in growth factor-stimulated cells as a result of translocation of 
exchange factors to the plasma membrane rather than by an allosteric 
regulation of their activity by complexing with other molecules. 

L. Buday and J. Downward. Cell (Cambridge, Mass.) 73, 611 (1993). 
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1. Wash 2 × 10 7 growing Rat-1 fibroblasts with cold PBS on ice. Lyse 
in 10 ml of lysis buffer A. Centrifuge for 10 min at 15,000 rpm at 4 °. Divide 
the clarified lysate into 16 equal portions. Immunoprecipitate eight ali- 
quots with anti-Sos antibody (1 p~g of affinity-purified rabbit anti-peptide 
polyclonal $34 or Transduction Laboratory (Lexington, KY) monoclonal 
anti-Sos $15520) and eight with control immunoglobulin (1 p~g of rabbit 
IgG). Incubate for 90 min on ice, then add 25/xl of protein A-agarose (Bio- 
Rad, Richmond, CA) and tumble for 20 min at 4 ° on a wheel. Wash each 
immunoprecipitate three times with 1 ml of ice-cold phosphate-buffered 
saline (PBS) plus 0.1% (v/v) Triton X-100, 1 mM PNPP, 1 mM Na3VO4. 
Wash once with 1 ml cold exchange buffer. Drain the remaining liquid 
from the beads with a Hamilton syringe and allow them to stand on ice. 
These immune complex pellets are then used for a Ras exchange assay. 

2. For measurement of R a s - G R F  exchange activity, homogenize 1 g 
of fresh rat brain in 10 ml of lysis buffer A using a Dounce (Wheaton, 
Millville, N J) homogenizer (50 strokes on ice). Then proceed as described 
above for fibroblast lysates. Use 1/xg of affinity-purified rabbit anti-peptide 
antibody against R a s - G R F  (e.g., DEESLYESSLLIEPKLPT; L. Buday and 
J. Downward, unpublished observations, 1994). See Fig. 1. 

On the rate assay: to 200 Ixl of exchange buffer on ice add 25/xCi of 
[c~-32p]GTP (3000 Ci/mmol) and 83 pmol of cold GTP (10-fold excess over 
labeled). Add 1 /xg of purified bacterially expressed H-Ras. Add 10/xl of 
this mix to each tube containing the immune complex on ice. Incubate the 
tubes at 20 ° for 0, 3, 10, or 30 min in duplicate with vigorous continuous 
shaking. At the end of the incubation, put the tube on ice and add l ml 
of ice-cold stop buffer. As soon as possible, spin out the beads (30 sec at 
15,000 rpm) and load 900 /xl of supernatant onto 35-ram nitrocellulose 
filters in a vacuum manifold. Wash three times with 5 ml of ice-cold PBS- 
5 mM MgC12. Count the filters. 

In the case of certain exchange factors, including Sos, exchange activity 
is much easier to measure using posttranslationally modified Ras. 5 To obtain 
farnesylated and palmitoylated Ras, Sf9 (Spodoptera frugiperda, fall army- 
worm ovary) cells infected with recombinant baculovirus expressing Ras 
are disrupted in the absence of detergent and separated into particulate 
and soluble fractions. While most of the Ras expressed in this system is 
not posttranslationally modified, the approximately 10% that is found in 
the particulate fraction is correctly processed. It can be solubilized using 
nonionic detergent and purified by conventional chromatography (see [2] 
in this volume). This material can then be used in the exchange assay 

5 E. Porfiri, T. Evans, P. Chardin, and J. F. Hancock, J. Biol. Chem. 269, 22672 (1994). 
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F~c~. 1. Nucleotide exchange activity in Ras-GRF immunoprecipitates from rat brain. The 
total nucleotide bound to Ras at the end of the assay is shown for Ras GRF immunoprecipi- 
tares and control immunoglobulin immunoprecipitates. (©) Control: (0) GRF. 

described above. Triton X-100 (0.05%, v/v) should be included in the ex- 
change buffer under these circumstances. 

Measurement of GTPase-Activating Protein Activity of 
Immunoprecipitated GTPase-Activating Protein toward Ras 

Just as the exchange activity of Sos and R a s - G R F  can be measured in 
immune complexes, so too can the G A P  activity of p120 (~AP and neurofi- 
bromin toward Ras be measured using immunoprecipitated material. The 
GAPs are immunoprecipitated using antibodies that do not block their 
catalytic activity and then assayed in washed immune complex for the 
ability to promote GTP hydrolysis on the addition of purified bacterially 
expressed Ras. Because this is a highly purified system, any of a number 
of G A P  assay protocols can be used without danger of artifacts due to 
effects on nucleotide exchange. While these assays might be expected to 
be able to reveal stable alterations in the activities of GAPs  within the cell 
following cellular stimulation, extensive attempts to find such alterations 
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in a large number of cell types exposed to a wide variety of stimuli have 
proved unsuccessful (T. Basu and J. Downward, unpublished observa- 
tions, 1994). 

1. Wash 2 × 107 growing Rat-1 fibroblasts with cold PBS on ice. Lyse 
in 5 ml of lysis buffer A. Centrifuge for 10 min at 15,000 rpm at 4 °. Divide 
the clarified lysate into 16 equal portions. Immunoprecipitate in duplicate 
500-, 200-, 100-, and 50-/xl aliquots with anti-neurofibromin antibody (1/xg 
of affinity-purified rabbit anti-carboxy-terminal peptide polyclonal anti- 
body3), anti-pl20 GAP antibody (1 /xg of affinity-purified rabbit anti-SH2/ 
SH3 domains polyclonal antibody3), or with control immunoglobulin (1/ ,g 
of rabbit IgG). Incubate for 90 min on ice, then add 25/xl of protein A- 
agarose (Bio-Rad) and tumble for 20 min at 4 ° on wheel. Wash each 
immunoprecipitate three times with 1 ml of ice-cold PBS plus 0.1% (v/v) 
Triton X-100, 1 mM PNPP, 1 mM Na3VO4. Wash once with 1 ml of cold 
exchange buffer. Drain the remaining liquid from the beads with a Hamilton 
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Fu;. 2. G A P  activity in immunoprecipi tates  of p120 (~Ap from Rat-1 fibroblasts. The ratio 
of GTP to total nucleotide bound to Ras at the end of the assay is plotted against the amount  
of lysate immunoprecipitated,  either with anti-pl20 (;ap or with control immunoglobulin.  (O) 
Control: (O) GAP. 
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syringe and allow to stand on ice. These immune complex pellets are then 
used for a Ras GAP assay. 

2. GAP assay (more accurate but slower protocol): Label bacterially 
expressed p21 raS with [c~-32p]GTP. Add 50 ng of pure Ras to 100/xl of 50 
mM HEPES (pH 7.5), 5 mM EDTA,  BSA (5 mg/ml), plus 125 /xCi of 
[c~-32P]GTP (2.5 bd) (PB10201; Amersham). Incubate at 37 ° for 5 min, then 
put on ice. Add 5 /xl of 500 mM MgC12. Add 100/xl of ice-cold 50 mM 
HEPES (pH 7.5), 5 mM MgCIz. Vortex, then add 2/xl of unlabeled 100 
mM GDP. Put 10/xl of this mixture into each assay tube on ice. Incubate 
for 60 min at 20 ° with vigorous continuous shaking. At the end of the assay, 
add 300 bd of Ras wash buffer plus BSA (1 mg/ml). The GAP immune 
complexes were removed by centrifugation at 15,000 g for 1 mm and the 
supernatant immunoprecipitated with 1 /zg of anti-Ras antibody Y13-259 
for l hr at 4 °, followed by the addition of 25 /xl of protein G-Sepharose 
and tumbling on a wheel for a further 30 min. Wash four times with 1 ml 
of ice-cold Ras wash buffer. Elute with 20/xl of Ras elution buffer and run 
two 1-/xl aliquots on TLC plates (PEI cellulose, Cat. No. 15675; Merck). 
Load 2 cm from the bottom and run for 8 cm [buffer: 7.8 g of ammonium 
formate plus 10 ml of concentrated ( - 1 0  M) HC1 made up to 100 ml with 
water]. Quantitate the GTP (lower) and GDP (upper) spots by scanning 
the plates with a/3 scanner or phosphoimager. Increased GAP activity is 
seen as a decrease in the ratio of GTP to GDP bound to Ras :at the end 
of the assay. As a ratio is measured rather than an absolute amount, this 
assay is not affected by variable efficiency of recovery of Ras at the last 
step. See Figure 2. 

3. GAP assay (more rapid, less accurate protocol): Label Ras as de- 
scribed above, but use [T-32p]GTP. Perform GAP assays as described above 
until the end of the 60-min incubation. Stop by addition of 1 ml of ice-cold 
stop buffer. As soon as possible, spin out the beads (30 sec at 15,000 rpm) 
and load 900/xl of supernatant onto 35-mm nitrocellulose filters in a vacuum 
manifold. Wash three times with 5 ml of ice-cold PBS-5 mM MgCI2. Count 
the filters. In this assay, increased GAP activity is seen as a decrease in 
the amount of label remaining associated with Ras on the filters at the end 
of the assay. 
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[12]  D e t e r m i n a t i o n  o f  G u a n i n e  N u c l e o t i d e s  B o u n d  

t o  R a s  i n  M a m m a l i a n  C e l l s  

B y  JACKSON B. GIBBS 

In t roduc t ion  

On the discovery that Ras could bind GTP and GDP,  studies directed 
toward the function of Ras were often modeled on knowledge of mamma-  
lian GTP-binding (G) proteins and bacterial elongation factors. 1,2 In these 
models, Ras would modulate  biochemical processes by cycling between 
GTP and G D P  states and would be active when complexed to GTP and 
inactive when bound to GDP.  The first biochemical support  for this hypoth- 
esis was the discovery that normal Ras possessed an intrinsic G T P  hydrolytic 
activity that was frequently impaired in oncogenic Ras proteins having 
mutations that conferred cell-transforming activity. 1 It was predicted that 
in the absence of GTP  hydrolytic activity, oncogenic forms of Ras would 
be bound constitutively to GTP  whereas the normal Ras proteins would 
be bound predominant ly to GDP.  As an extension of this model, guanine 
nucleotides bound to normal Ras would be modulated in response to growth 
stimulatory signals. To test these ideas directly, it was necessary to develop 
methods that could determine the guanine nucleotides bound to Ras in 
intact living cells. 

The principle behind the first generation assays was to radiolabel intra- 
cellular nucleotide pools by incubating cells with 32p~, isolate Ras with a 
specific monoclonal  antibody, and then identify the radiolabeled nu- 
cleotides bound to Ras by thin-layer chromatography.  This method was 
first reduced to practice in studies of yeast cells and PCI2 cells, which 
demonstrated that oncogenic forms of Ras were indeed complexed with 
more GTP than seen with normal Ras. 3"4 Here,  we describe a general 
method for the determination of guanine nucleotides bound to Ras in 
mammalian cells, based on procedures in our l a b o r a t o r y Y  Many varia- 
tions of this general method have been developed and are pointed out. 

L j. B. Gibbs, I. S. Sigal, and E. M. Scolnick, Trends Biochem. Sci. 10, 350 (1985). 
2 D. R. Lowy and B. M. Willumsen. Annu. Rev. Biochem. 62, 851 (1993). 
3 j. B. Gibbs, M. D. Schaber, M. S. Marshall, E. M. Scolnick, and I. S. Sigal, J. Biol. Chem. 

262, 10426 (1987). 
4 T. Satoh, M. Endo, S. Nakamura, and Y. Kaziro, FEBS Letr 236, 185 (1988). 
5 j. B. Gibbs, M. S. Marshall, E. M. Scolnick, R. A. F. Dixon, and U. S. Vogel, J. Biol. Chem. 

265, 20437 (1990). 
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Important controls and other considerations of this technique are also dis- 
cussed. 

Radiolabeling Cells 

Many cell lines have been used for these analyses, including NIH 3T3, 
RAT1, Jurkat, PC12, and HEL. 6 NIH 3T3 cells or oncogene-transformed 
NIH 3T3 cells (c-Ha-ras, [Val-12]Ha-ras, v-src, v-abl, and v-rnos) are grown 
in high-glucose Dulbecco's modified Eagle's medium (DMEM) (Cellgro) 
at 37 ° in a humidified incubator with 5% CO2. Medium is supplemented 
with either 10% (v/v) fetal calf serum or 10% (v/v) calf serum, depending 
on the specific requirements of the cell line used. Cells are plated in 100- 
mm dishes (Nunc, Roskilde, Denmark) and grown to confluence. 

In vivo nucleotide analyses of Ras typically require cells to be quiescent 
so that activation conditions (growth factor or cellular transformation) can 
be compared to normal Ras. To achieve this state, the medium is aspirated 
and the cells are washed once with 4-5 ml of serum-free DMEM and then 
incubated for 18-24 hr with 10 ml of serum-free DMEM. To detect the 
nucleotides bound to Ras, it is necessary to achieve as high a specific activity 
of intracellular 32p-labeled nucleotides as practical. Phosphate-minus 
DMEM can be obtained by special order from GIBCO (Grand Island, 
NY). The cells are washed once with serum-free and phosphate-minus 
DMEM and then incubated with 4 ml of DMEM containing 0.25-0.5 mCi 
of 32pi (PBS.11A; Amersham, Arlington Heights, IL). The large amounts 
of radioactivity used in these experiments demand keen radiation safety 
practice. After 3-4 hr at 37 °, cells can be harvested or challenged with a 
growth factor such as platelet-derived growth factor (PDGF BB homodi- 
mer; purchased from Amgen, Thousand Oaks, CA). Concentrated solutions 
of growth factors are prepared in phosphate-minus DMEM medium with 
bovine serum albumin (40/xg/ml) as carrier. 

Cell Lysis 

The experiment is stopped by pouring off the medium, washing once 
with ice-cold phosphate-buffered saline, and then adding 0.5 ml of ice-cold 
lysis buffer containing 50 mM Tris-HC1 (pH 7.5)-20 mM MgCI2-150 mM 
NaC1-0.5% (v/v) Nonidet P-40 (NP-40)-aprotinin (10/xg/ml)-0.5 mM phe- 
nyhnethylsulfonyl fluoride-anti-Ras monoclonal antibody Y13-259 (100 
/xg/ml). The chemical reagents are obtained from Sigma (St. Louis, MO). 
Rat hybridoma Y13-259 cells [available from the American Type Culture 

<' T. Satoh, M. Nakafuku,  and Y. Kaziro, J. Biol. Chem. 267, 24149 (1992). 
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Collection (ATCC, Rockville, MD); the purified antibody can be purchased 
from Oncogene Sciences, Cambridge, MA] are grown in protein-free 
medium (PFHM-II; GIBCO).  The antibody is precipitated with 45% (w/v) 
ammonium sulfate (enzyme grade; ICN, Irvine, CA), and the pellet is 
resuspended in phosphate-buffered saline and then dialyzed against phos- 
phate-buffered saline to yield a stock solution of antibody (2 mg/ml). 

Y13-259 effectively recognizes both the GTP and GDP complexes of 
Ras. NaC1 and anti-Ras antibody Y13-259 are included in the lysis buffer 
to inhibit GAP-stimulated Ras GTP hydrolysis as rapidly as possible; the 
concentrations of NaCI and Y13-259 used in the lysis buffer have previously 
been shown to inhibit this reaction in vitro by >99%. 5 Y13-259 is generally 
not included in the lysis buffer by others because of the large expenditure 
of antibody, and therefore control experiments as suggested below should 
be considered when tailoring methods to individual requirements. 

When cells were lysed in the absence of NaC1 and Y13-259, the detected 
amount of GTP complexed to normal Ras is reduced by as much as 70%, 
particularly in cells overexpressing GTPase-activating protein (GAP) (such 
as Xenopus oocytes). Controls using Escherichia col#produced Ras com- 
plexed to [a-32P]GTP indicate that the reduced GTP signal is due to hydroly- 
sis and not dissociation. Nucleotide dissociation is < 10% under these condi- 
tions, and the recoveries of Ras-nucleot ide complexes are at least 75%. 
Thus, spiking cell extract with Ras bound to known amounts of [c~-32p]GDP 
and [c~-32p]GTP is a simple control to verify that the guanine nucleotides 
bound to Ras are not changing during the time frame of the post-cell- 
lysis workup. 

In methods that do not include Y13-259 in the lysis buffer, some investi- 
gators use Triton X-114 instead of NP-40. 7 This detergent has temperature- 
dependent  phases and allows one to analyze only fully processed Ras that 
is localized in the membrane. This modification may not be necessary for 
all purposes because we have found that >95% Ras, even when overex- 
pressed, is fully processed and associated with the plasma membrane. 

Isolat ing Ras 

After 1 hr at 4 ° in lysis buffer, ceils are dislodged by trituration and 
transferred to a 1.5-ml microcentrifuge tube. The extracts can be frozen at 
this point at - 2 0  ° without having any effect on the results. To reduce free 
nucleotides, the samples are treated with charcoal (a powder such as Norit 
or Sigma HC1 washed). The charcoal is first washed several times with 

7 B. M. Th. Burgering, R. H. Medema, J. A. Maassen, M. L. van de Wetering, A. J. van der 
Eb, F. McCormick, and J. L. Bos, EMBO J. 10, 1103 (1991). 
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phosphate-buffered saline in order to remove fine material and then incu- 
bated at 4 ° overnight with bovine serum albumin (10 mg/ml) to saturate 
nonspecific binding sites. The charcoal is washed with phosphate-buffered 
saline and resuspended with the same buffer to achieve a 10% (w/v) suspen- 
sion: a 0.1-ml aliquot is then added to each sample tube. After  30-60 min, 
the solutions are clarified by centrifugation at 7500 g for 5 rain at 4 °. 
Radioactivity in a 2-/,1 aliquot of the supernatant  is quantitated by Cerenkov 
counting, and a constant amount  (0.5-5 × 107 cpm) is used for each immuno- 
precipitation. 

Immunoprecipi ta t ions are per formed in 12 × 75 mm tubes with 150/xl 
of a 40% slurry of Sepharose CL-4B protein A (Pharmacia,  Piscataway, N J) 
previously coupled with rabbit  anti-rat immunoglobulin (Cappel, Malvern, 
PA). This large amount  of resin is used in order to bind all of the Y13-259 
antibody in the lysis buffer. Control immunoprecipitat ions are done with 
Sepharose CL-4B (Pharmacia).  If Y13-259 is not in the original lysis buffer, 
it is incubated with the sample at this point and collected with a smaller 
amount  of resin. Nevertheless,  immunoprecipi tat ions should be performed 
under conditions that are at least 10-fold in excess over Ras. 

De tec t ing  B o u n d  Nucleot ides  

After  1-2 hr at 4 °, the immunocomplexes  are washed twice with 1 ml 
of lysis buffer (lacking added Y13-259) and once with 1 ml of phosphate-  
buffered saline in the cold. An aliquot (20/xl) of 1 M KHePO4, pH 3.4, is 
added at room temperature ,  and the reactions are heated for 3 min at 85-  
90 °. The nucleotides that coprecipitate with Ras are released from the 
immune complex with 98% efficiency by this method. The solution is trans- 
ferred to a microfuge tube, clarified by centrifugation, and 11/xl is spotted 
onto a sheet of polyethyleneimine (PEI)-cellulose (J. T. Baker  ,Chemical 
Co., Phillipsburg, N J). Chromatograms are developed with 1 M KH2PO4, 
pH 3.4. We have previously determined that this chromatography system 
distinguishes G T P  and G D P  from other purine and pyrimidine nucleot ides)  
Alternative solvent systems used by others include 1.2 M ammonium for- 
mate-0 .8  M HCI 7.s and 1.2 M LiC1. ~ The availability of several solvent 
systems also gives one the opportunity to perform two-dimensional analy- 
ses. ~0 Riboguanine nucleotides can be further distinguished from deoxyribo- 
guanine nucleotides by using a developing solvent containing 0.4 M K2PO4- 

8 j. Downward, J. D. Graves, P. H. Warne, S. Rayter, and D. A. Cantrell, Nature (London) 
346, 319 (1990). 
K. Zhang, A. G. Papageorge, and D. R. Lowy, Science 2S7, 67l (1992). 

m,l. E. Buss, P. A. Solski, J. P. Schaeffer, M. J. MacDonald. and C. J. Der, Science 243, 
160{} (1989). 
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0.7 M boric acid; however, this system is not recommended for routine 
analyses because adenine and guanine nucleotides comigrate. 3 

The migration of GTP and GDP can be monitored by chromatography 
of standards. Partially hydrolyzed [a-32P]GTP bound to Ras is one type of 
standard that also serves as a control for quantitative dissociation of nucleo- 
tide from Ras. If a fluorescent indicator is used in the PEI-cellulose resin, 
then GTP and GDP can be added directly to the test sample and the 
migration of nucleotide can be visualized under ultraviolet (UV) light. This 
method provides carrier and also allows positive identification of each 
sample on the chromatogram. 

The guanine nucleotides complexed to Ras are visualized in our labora- 
tory by exposure to Kodak (Rochester, NY) Xar-2 film for 5-21 days at 
- 7 0  ° with an intensifying screen. Autoradiograms are analyzed using a 
Bio-Rad (Richmond, CA) model 1650 densitometer, and peaks correspond- 
ing to GTP and GDP are cut out and weighed on an analytical balance. 
This method yields an arbitrary value for the mass of guanine nucleotide 
detected. Alternatively, the regions of the chromatogram corresponding to 
GTP and GDP can be scraped and quantitated in a scintillation counter; 
given the lane-to-lane variability that may occur, inclusion of carrier GDP 
and GTP in the sample and chromatography on PEI-cellulose resin with 
a fluorescent indicator would allow direct visualization of the scraped area. 
Phosphoimagers now provide the most direct method for quantitation of 
the chromatograms. It is important to note that one needs to compare GTP 
and GDP values based on moles of guanosine but that the detection signal 
is based on 32P-labeled phosphate. The correction for the ratio of moles of 
phosphate to moles of guanosine (GTP signal × 1/3; GDP signal × 1/2) 
assumes uniform labeling of all phosphates. Results are typically expressed 
as "percent  GTP,"  which is the percentage of the amount of GTP relative 
to total GTP plus GDP detected. Although several variations to the method- 
ology have been described above, all have yielded similar data (i.e., the 
percent GTP bound to Ras under various conditions). 4-1° 

G ua n ine  Nucleot ides  Complexed to Ras in Normal  and  T ran s fo rm ed  
NIH 3T3 Cells 

The results in Fig. IA  show a typical chromatogram for the guanine 
nucleotides bound to normal Ras in NIH 3T3 cells. GTP and GDP are 
well resolved from each other and from radioactive material at the origin 
and front (not shown). In quiescent NIH 3T3 cells, Ras is bound predomi- 
nantly to GDP with only 5-8% GTP detected (Fig. 1A and Table I). 
However,  on stimulation by a mitogen such as PDGF,  there is a significant 
increase (two- to threefold) in the relative amount of the R a s - G T P  complex 
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GTP GDP PDGF (ng/ml) I I 

A. 0 / ~ _  

% GTP 

B. 95 ~ / /  15 

__/~_J k_ 
Origin Front 

FIG. 1. Q u a n t i t a t i o n  of guanine nucleotides complexed to Ras in quiescent and P D G F -  
s t i m u l a t e d  N I H  3T3 cells. Qu ie scen t  N I H  3T3 cells were  equ i l i b r a t ed  wi th  32P i and then 
challenged with the bovine se rum a l b u m i n  carrier control (A)  or  P D G F  (95 ng /ml )  (B) for 

10 rain. A f t e r  i so la t ion  of Ras  by immunoprecipitation and chromatography on PEI-ce l lu lose ,  
the autoradiogram was quantitated by densitomctry. (Data are f rom Gibbs  et al. 5) 

(threefold to 15% Ras -GTP as shown in Fig. 1B). We believe that this 
increase is not due to activation of a nucleotide-free Ras pool and truly 
represents a change in the balance of existing R a s - G D P  and Ras -GTP 
pools (e.g., by exchange mechanisms) because >95% of the Ras population 
in cells is complexed to nucleotide. Furthermore, comparison of the peak 
areas shown in Fig. 1A to those in Fig. 1B indicates that the total guanine 
nucleotide detected is nearly constant; PDGF stimulates an increase in area 
associated with GTP that is matched by a decrease in the GDP peak area. 5 
In cells constitutively expressing activated tyrosine kinases (v-src or v-abl), 

T A B L E  I 
GUANINE NUCLEOTIDES BOUND TO Ras  IN 

TRANSFORMED CELLS a 

N I H  3T3 cell  line Ras G T P  (%) 

Con t ro l  7.0 + 1.3 

v-src  22 _+ 4.3 
v - a b l  22 + 1.6 

[Va t -12]ras  71 -+ 3.8 
c-ras  7.4 + 1.6 
v - m o s  6.2 + 2.2 

" Data are f rom Gibbs  et al. 5 
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there is also a constitutive increase in Ras -GTP (Table I). The largest 
detectable percent GTP increase is associated with forms of Ras that have 
impaired intrinsic GTPase activity ([Val-12]ras, Table I). Cellular transfor- 
mation per se does not lead to increased Ras-GTP because the percent 
GTP complexed to Ras in cells transformed by c-ras or v - m o s  is the same as 
that in nontransformed NIH 3T3 cells (Table I). In  vivo guanine nucleotide 
analyses of Ras have also been used extensively to provide the molecular 
details of Ras nucleotide activation by growth factors and guanine nucleo- 
tide exchange factors. 6't~-13 Thus, this methodology appears to provide 
results that reflect alterations in the nucleotide state of Ras in cells due to 
mechanisms that regulate Ras physiology. 

Perspectives 

The in v ivo  guanine nucleotide analysis of Ras utilizing 32p~ radiolabeling 
of cells has proved to be an invaluable method for testing specific hypotheses 
of Ras function and for asking mechanistic questions about Ras regulation. 
Nevertheless, it is just as important to recognize some of the limitations of 
this assay. First, the method is useful for providing relative information 
(i.e., percent GTP) but not absolute data (i.e., moles of GTP). Second, the 
method is limited to cells in tissue culture and cannot be practically applied 
to whole animals or clinical biopsy material. Third, the radiolabeling condi- 
tions require that the cells be starved of phosphate in order to obtain a 
detectable signal. Thus, the cells are metabolically stressed during the time 
frame of the experiment and this could affect the results. 

These limitations have stimulated Scheele et al.14 to explore an alterna- 
tive method to evaluate the guanine nucleotides bound to Ras in cells. 
Specifically, Ras is isolated by immunoprecipitation with Y13-259 antibody 
from nonradiolabeled cells that are grown in complete culture medium, and 
the bound guanine nucleotides are measured ex vivo in coupled enzymatic 
reactions. GDP is detected by conversion to [T--~2P]GTP, using [T-32p]ATP 
and nucleoside diphosphate kinase. GTP is measured in a nonradioactive 
assay by converting ADP to ATP in the presence of nucleoside diphosphate 
kinase and then quantitating the ATP in a luciferase assay. This method 
gives absolute quantitation (moles) of the guanine nucleotides bound to 

11 M.-C. Chevallier-Multon, F. Schweighoffer, 1. Barlat, N. Baudouy,  I. Fath, M. Duschcsnc,  
and B. Toque,  Z Biol. Chem. 268, 11113 (1993). 

12 N. W. Gale, S. Kaplan, E. J. Lowenstein,  J. Schlessinger, and D. Bar-Sagi, Nature (London)  
363, 88 (1993). 

~3 R. H. Medema.  A. M. M. de Vries-Slnits, G. (7. M. van dcr Zon,  J. A. Maassen, and J. L. 
Bos, Mol. Cell. Biol. 13, 155 (1993). 

14j. S. Schecle, J. M. Rhee,  and G. R. Boss, Proc. Natl. Acad. Sci. U.S.A. 92, 1097 (1995). 
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Ras and avoids the large amounts of radioactivity that are required in the 
~2pi radiolabeling assay. Furthermore,  the ex vivo assay can be performed 
with Ras isolated from tissues such as human tumors, which would be 
useful for evaluating the possible role of Ras activation in real human 
cancers. The results from the ex vivo method confirm that more GTP is 
complexed to oncogenic Ras than to normal Ras]  4 However,  the percent 
GTP values for both normal and oncogenic Ras are severalfold lower 
than the values determined by the s2Pi radiolabeling method. The major 
difference between the two assays is the metabolic status of the cells. It 
will also be important to compare the two methods directly in control 
experiments for recoveries of bound nucleotides using recombinant Ras 
complexed to known amounts of GTP and GDP. Nevertheless, investigators 
now have two assays to consider for analyzing the guanine nucleotide state 
of Ras in whole cells. 

[ 13] P u r i f i c a t i o n  o f  B a c u l o v i r u s - E x p r e s s e d  

H u m a n  S o s  1 P r o t e i n  

By MATTHIAS FRECH, D I D I E R  CUSSAC, PIERRE CHARDIN,  

a n d  DAFNA B A R - S A G I  

In t roduc t ion  

The activation of Ras protein is an essential early step in the signaling 
cascade initiated by receptor tyrosine kinases. ~ Activation occurs by the 
replacement of bound GDP with GTP. The rate-limiting step in this ex- 
change reaction is the release of bound GDP, which is catalyzed by the 
guanine nucleotide exchange factors (GEFs). 2 The proposed mechanism 
for the exchange of guanine nucleotide involves a nucleotide-free p21ras 
as the transition state s4 (Fig. 1). This mechanism is analogous to that utilized 
by Ef-T~, the exchange factor for the elongation factor EF-TU. 5 Son of 
sevenless 1 (Sosl) is a guanine nucleotide exchange factor implicated in 
the activation of Ras by the insulin and epidermal growth factor (EGF) 

/ j. Schlessinger and D. Bar-Sagi, Cold Spring t tarbor Syrup. Quanr Biol. (in press) (1995). 
L. A. Feig, Curr. Opin. Cell Biol. 6, 21)4 (1994). 
M. Y. Mistou. E. Jaquet, P. Poullet, H. Rensland, P. Gideon. I. Schlichting, A. Wininghofer, 
and A. Parmeggiani, E M B O  J. 11, 2391 (1992). 

4 S. A. Haney and J. R. Broach, J. Biol. Chem. 269, 16541 (1994). 
5 y. W. Hwang and D. L. Miller, J. BioL Chem. 260, 11498 (1985). 
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GEF+p21GDP+GTP ~. GEFp21GDP+GTP ~ GEFp21+GDP+GTP 

GEF+p21+GDP+GTP ~ GEFp21GTP+GDP ~ GEF+p21GTP+GDP 

FI(;. 1. Proposed mechanism for GEF-mediated guanine nucleotide exchange on p21 ras. 

receptor tyrosine kinases. 6 Here we describe the protocol routinely used 
in our laboratory for the purificating of baculovirus-expressed human Sos1 
protein (hSosl). 

Assay Method 

Expression 

The protein is expressed in baculovirus-infected Sf9 (Spodoptera frugi- 
perda, fall armyworm ovary) insect cells. Infected Sf9 cells (109 in a total 
volume of 1 liter) are inoculated at 28 ° for 40 hr in spinner flasks. The cells 
are harvested by centrifugation, frozen, and stored at -70  °. 

Purification 

The purification of the hSosl protein is carried out using three chromato- 
graphic steps. After the initial DEAE-Sepharose step, the protein is concen- 
trated by ammonium sulfate precipitation followed by separation by hy- 
drophobic chromatography on phenyl-Sepharose. The final step involves 
gel filtration on Superdex 200 by fast protein liquid chromatography 
(FPLC). The purification is done at 4 ° except the gel-filtration step, which 
is performed at ambient temperature. 

Lysis 

Lysis buffer 
pH 8.0 (50 raM) Tris-HC1 
EDTA (1 mM) 
Dithiothreitol (DTT), 1 mM 
Phenylmethylsulfonyl fluoride (PMSF), 1 mM 
Leupeptin (1/xg/ml) 
Pepstatin A (1 /xg/ml) 
Na3VO4 (1 mM) 
B-Glycerol phosphate (30 mM) 
p-Nitrophenol phosphate (10 raM) 

6 D. Bar-Sagi, Trends Endocrinol. Metab. 5, 165 (1994). 
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The cell paste is thawed in 4 vol of the lysis buffer. Lysis of the cells is 
achieved with a Dounce (Wheaton, Millville, N J) homogenizer. The crude 
lysate is centrifuged at 100,000 g for 1 hr at 4 °. The clear supernatant is 
then loaded on a DEAE-Sepharose  column. 

Chromatography on DEAE-Sepharose 

Buffer 
N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),  pH 

7.2 (5 mM) 
DTT (1 raM) 
EDTA (1 mM) 

Gradient: 300-0 mM (NH4)2SO 4 and 0-10% ethylene glycol in a total 
gradient volume of 200 ml 

The protein is loaded at 0.5 ml/min onto the column (2 × 5 cm). After 
washing the column with two column volumes the bound proteins are eluted 
at a rate of 1 ml/min. Four-milliliter fractions are collected. The hSosl is 
eluted at the end of the gradient at approximately 9% (v/v) ethylene glycol 
and 30 mM (NHa)SO4. The protein is identified by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis ( S D S - P A G E )  analysis and activity test. 

Gel Filtration 

Buffer 
Tris-HC1, pH 8.0 (50 raM) 
E D T A  (1 mm) 
DTT (1 raM) 
Leupeptin (l /xg/ml) 
Pepstatin A (1 #g/ml) 
NaC1 (200 mM) 

As the final step, the protein is further purified by FPLC on an HR- 
200 column (Superdex 200 H R  10/30; Pharmacia, Piscataway, N J). The 
protein is loaded and eluted at a rate of 0.25 ml/min. The protein elutes after 
approximately 12 ml. Pure fractions as checked by S D S - P A G E  analysis are 
pooled (see Fig. 2). For storage, glycerol is added up to a concentration of 
30% (v/v). The protein is stored at - 2 0  °. This preparation retains activity 
for approximately 2 weeks. From 109 Sf9 cells we routinely have a yield of 
about 200-400/xg of protein. 

Activity Assay  

The activity of hSosl is measured by assaying its ability to promote the 
dissociation of guanine nucleotides bound to Ras essentially as described. 7 

7 p. Chardin, J. H. Camonis, N. Gale, L. Van Aelst, J. SchIessinger, M. M. WigIer, and D. 
Bar-Sagi, Science 260, 1338 (1993). 
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hSosl 

1 2 3 4 5 

FIG. 2. S D S - P A G E  patterns at different stages of hSosl purification. Lane 1, molecular 
weight markers  (200,000 and 97,000); lane 2, cytosolic extract of Sf9 cells; lane 3, an a m m o n i u m  
sulfate precipitate of pooled D E A E  fractions; lane 4, pooled phenyl-Sepharose fractions; lane 
5, pooled gel-filtration fractions. 

Purified, bacterially expressed Ha-Ras is prelabeled by loading with 
[3H]GDP in the presence of EDTA (see loading buffer, below). The Ras-  
[3H]GDP complex is stabilized by the addition of excess MgC12 and unbound 
nucleotide is removed by desalting, using a Sephadex G-25 column (NAP- 
10; Pharmacia). To screen for an hSosl-containing fraction, 50 to 100/xl 
of each fraction is added to the reaction solution that contains 25 mM 
HEPES (pH 7.2), 1 mM DTT, 10 mM MgCI2, 1 mM GTP, and 0.5-1 /xM 

4O 

30 
o 

20 
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0 
0 1 O0 200 300 
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FK;. 3. Effect of purified hSosl on the kinetics of G D P  dissociation from Ras. Exchange 
assays were carried out as described in text in the presence of buffer (O) or purified hSosl (©). 
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[3H]GDP-bound Ha-Ras. Incubations are performed at 25 ° for 1 hr. At the 
end of the incubation, samples are filtered through nitrocellulose filters 
(BA85, 45 p.m; Schleicher, & Schuell, Keene, NH). The filters are washed 
with 4 ml of ice-cold buffer containing 25 mM Tris-HC1 (pH 7.6), 5 mM 
MgC12, 100 mM KCI, 10 mM NH4CI, and 1 mM DTT. The radioactivity 
trapped on the filter is counted. Kinetic analysis of the exchange reaction 
catalyzed by the purified hSosl reveals an estimated Km of 50 /xM for 
Ras-GDP. The activity assays performed during the purification procedure 
utilize Ras concentrations that are significantly below this Km. In this con- 
centration range, the velocity of the reaction is linearly dependent on the 
concentration of Ras-GDP and hSosl (see Fig. 3). 

Loading buffer 
HEPES, pH 7.2 (25 mM) 
DTT (1 mM) 
EDTA (5 mM) 
GDP/[3H]GDP mix (specific activity, 20-50 cpm/pmol), 500 #M 
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[14] R a s - C d c 2 5  a n d  R h o - D b l  B i n d i n g  A s s a y s :  

C o m p l e x  F o r m a t i o n  in Vitro 

By M A T T  H A R T  a n d  SCOTT POWERS 

Introduction 

The cellular activity of GTPases such as Ras and Rho is controlled by 
guanine nucleotide exchange factors (GEFs). Guanine nucleotide exchange 
factors that are known to be physiologically important for Ras family 
members are structural relatives of Cdc25 of budding yeast.~ The Dbl onco- 
protein, first identified by its ability to cause focus formation in NIH 3T3 
cells, 2 has been shown to promote GTP-GDP exchange on the Rho-like 

I S. Powers, Semin. Cancer Biol. 3, 209 (1992). 
2 A. Eva and S. A. Aaronson,  Nature (London) 316, 273 (1985). 
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protein CDC42HS. 3 Guanine nucleotide exchange factors that are known 
to be physiologically important for Rho family members are structural 
relatives of Dbl. The biochemical interactions of GEFs with Ras and Rho 
proteins are most often studied by performing exchange assays. We have 
developed simple methods described below to study the direct binding of 
GEFs with Ras and Rho proteins. These methods are similar to coimmuno- 
precipitation procedures and rely on the ability of the GEF to form a 
relatively stable complex with the Ras/Rho protein that is resistant to 
dilution and repeated washes in buffer. As predicted by analogy to the 
interactions of classic GEFs such as hormone receptors with trimeric G 
proteins, use of this assay has shown that Dbl and Cdc25 bind tightly to 
the nucleotide-depleted form of their target GTPase. 

Binding Assays 

In both of the methods described below, coprecipitation of the GEF 
and GTPase is achieved by tagging one of the components with glutathione 
S-transferase (GST) and precipitating the proteins with glutathione-agarose 
beads. In principle one could take advantage of any coprecipitation method 
that did not interfere with the interaction of the GEF with the GTPase. 
Unbound partner protein is washed away from the precipitate, and the 
partner protein that remains bound is detected by specific immunoblotting. 

Ras-Cdc25 Binding Assay 

In this procedure, the GEF is tagged with GST. Native GST is used 
either as a control for nonspecific binding or to preclear the Ras protein 
preparation of proteins that bind to GST or glutathione-agarose nonspe- 
cifically. In our procedure, GST-Cdc25 protein or native GST is prebound 
to glutathione-agarose. For each assay tube, 100 ng to 1/~g of GST-Cdc25 
fusion protein or native GST is diluted into 2.5 ml of buffer A [150 mM 
NaCI, 20 mM sodium phosphate (pH 7.4)] before adding 30 ~1 of a 50% 
(v/v) glutathione-agarose slurry (Sigma, St. Louis, MO). The mixture is 
rotated at 4 ° for 15 rain, pelleted, and the beads washed three times with 
5 ml of buffer A. The GST- or GST-Cdc25-coated beads are resuspended 
in sufficient buffer A to make a 50% (v/v) slurry. The next step is to prepare 
various nucleotide-bound forms of Ras protein. One hundred nanograms 
to 1/~g of nucleotide-depleted Ras proteins for each assay tube is incubated 
at room temperature for 15 min with either no nucleotide, 0.1 mM GDP, 
or 0.1 mM GTP in 400/.tl of buffer B [50 mM Tris (pH 7.5), 50 mM KC1, 

~ M. J. Hart, A. Eva, T. Evans, S. A. Aaronson, and R. A. Cerione, Nature (London) 354, 
311 (1991). 
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5 mM MgC12, 5 mM 2-mercaptoethanol). In some cases, it is necessary to 
reduce nonspecific binding of Ras proteins to GST-coated glutathione- 
agarose beads, and 30 pA of a 50% slurry of glutathione-agarose beads 
precoated with GST protein is added, mixed for 15 min at 4 °, and the beads 
are then pelleted and removed. Triton X-100 and bovine serum albumin 
(BSA) are then added to a final concentration of 1% (v/v) and 0.2% 
(w/v), respectively. Thirty microliters of a 50% slurry of glutathione beads 
precoated with either native GST protein or GST-Cdc25 protein is added, 
and the mixture is mixed at 4 ° for 30 rain. The beads are then washed three 
to five times with 1.5 to 5 ml of PBS or buffer B containing 1% (v/v) Triton 
X-100. Fifteen microliters of sample buffer is added to the washed and 
pelleted beads, and eluted proteins are then separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electropho- 
retically transferred to nitrocellulose paper. Ras protein is detected by 
blotting with anti-Ras antibody (Y13-259; Du Pont, Wilmington, DE) and 
visualized by enhanced chemiluminescence (ECL; Amersham, Arlington 
Heights, IL). 

Variations on this assay have been used with different exchange factors 
including Sosl and Ras-GRF, as well as different Ras proteins including 
p21 human H-Ras and yeast Ras2. 4 7 A typical assay with yeast Cdc25 and 
mammalian H-Ras is shown in Fig. 1. In all cases for Ras and Cdc25-type 
exchange factors, only the nucleotide-depleted form interacts tightly enough 
with exchange factor to be coprecipitated. This property distinguishes Ras- 
GEF interactions from Rho-GEF interactions as discussed below. 

Rho-Dbl Binding Assay 

In this procedure, Rho-like proteins tagged with GST and coupled to 
glutathione (GSH)-agarose are used as an affinity matrix for coprecipitating 
bacutovirus-expressed Dbl. GST-CDC42Hs, GST-RhoA, GST-Racl,  and 
GST-Ras are expressed in Escherichia coli and eluted from GSH-agarose 
with 10 mM GSH. The GSH is then removed by extensive dialysis against 
20 mM Tris (pH 7.5), 1 mM dithiothreitol (DTT), 5 mM MgCI2, 100 mM 
NaC1, 20% (v/v) glycerol, and 2.5/xM GDP. Fifty micrograms of each GST- 
GTP-binding protein is incubated for 1 hr at room temperature with 100 
/xl of a 50% slurry of GSH-agarose. The final volume of this incubation is 
increased to 500/xl with the above-mentioned dialysis buffer. After this 

4 C.-C. Lai, M. Boguski, D. Broek, and S. Powers. Mol. Cell. Biol. 13, 1345 (1993). 
5 V. Jung, W. Wei, R. Ballester, J. Camonis ,  S. Mi, L. Van Aelst, M. Wiglcr, and D. Brock, 

Mol. Cell. Biol. 14, 3707 (1994). 
R. D. Mosteller, J. W. Han, and D. Broek, Mol. Cell. Biol. 14, 1104 (1994). 

7 S.-Y. Chen, S. Y. Huff, C.-C. Lai, C. J. Der, and S. Powers, Oncogene 9 (1994). 
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Ras-p21 - I~  ;IP 

FI~;. 1. Coprecipitation assay for p21 Ras binding to Cdc25 exchange factor. GST-Cdc25 
fusion protein (and GST alone as a negative control) was bound to glutathione-agarose beads 
and used to test for association with various forms of p21 Ras protein that differed in their 
nuclemide-bound state. Following incubation, the beads were washed and bound protein eluted 
with sample buffer and analyzed by S D S - P A G E  and immunobloning with anti-Ras antibody. 

incubation, the concentration of G protein per milliliter of beads should 
be at least 1 mg/ml. By using a minimal amount of beads, the background 
of nonspecifically associated proteins will be greatly reduced. The proteins 
on the pelleted beads are then depleted of nucleotides as described below. 
The beads are then separated into three equal aliquots. One aliquot is 
stored on ice while the other two aliquots are used to prepare the GDP 
and GTP states of the G proteins. The remaining two aliquots are incubated 
with 0.5 ml of MgCI: buffer [20 mM Tris (pH 7.5), 1 mM DTT, 10 mM 
MgC12,50 mM NaC1, 0.1% (v/v) Triton X-100, 5% (v/v) glycerol] containing 
either 200/xM GDP or 20/xM GTPyS for 25 rain at room temperature. 
The beads can then be pelleted and stored on ice until the Spodoptera 
frugiperda (fall armyworm ovary, Sf9) cell lysates expressing dbl are pre- 
pared. A 150-/xl cell pellet of Sf9 cells infected with dbl recombinant bacu- 
lovirus is lysed with 500/xl of buffer containing 20 mM Tris (pH 7.5), 1 
mM EDTA, 1 mM DTT, 50 mM NaC1, 0.1% (v/v) Triton X-100, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), leupeptin (10/xg/ml), and aprotinin 
(10 mg/ml) and precleared with 100 ml of GSH-agarose. Three 90-ml 
aliquots of dbl Sf9 cell lysates are then mixed with 500/xl of EDTA buffer, 
MgC12 buffer with GDP, and MgClz buffer with GTPyS and incubated for 
2 hr at 4 ° with GSH-agarose beads coupled to the nucleotide-depleted 
(EDTA), GDP, or GTPTS GST-GTP-binding proteins. The beads are then 
pelleted and washed with 3 ml of EDTA buffer, in the case of the nucleotide- 
depleted state or with MgCI~ buffer for the GDP/GTPyS conditions. The 
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Fu;. 2. Coprecipitation assay for various Rho-like proteins binding to Dbl exchange factor. 
Various GST-Rho-like fusion proteins (and GST Ras as a negative control) were: bound to 
glutathione-agarose beads and used to test for nucleotide-dependent association with the Dbl 
exchange factor. Following incubation, the beads were washed and bound protein eluled with 
sample buffer and analyzed by SDS-PAGE and immunoblotting with anti-Dbl antibody. 

pelleted beads are then resuspended in Laemmli buffer and subjected to 
S D S - P A G E  and Western blotting using an anti-Dbl antibody raised against 
amino acids 890-908 of the proto-Dbl sequence. ~ 

By performing this assay, it was possible to address whether Dbl bound 
to specific nucleotide states of the G proteins (Fig. 2). Complex formation 
was best demonstrated with the nucleotide-depleted states of CDC42 and 
RhoA and to a lesser extent with Racl.  Complex formation was also ob- 
served with the GDP-bound states of only CDC42 and RhoA. This observa- 
tion correlated with the fact that Dbl will promote GDP dissociation from 
CDC42 and RhoA but not from Racl.  

P repara t ion  of Nueleot ide-Deple ted  R a s / R h o  Prote ins  

There are several methods for preparing nucleotide-depleted small 
GTPases. The only one that we know of that allows for long-term storage 
without adversely affecting the integrity of the protein is the first method, 
involving extensive dialysis against buffer containing 50~ (v/v) glycerol. 
However,  because a small amount of nucleotide-depleted GTPase can be 
readily prepared by the E D T A  method, this is probably the most useful 
procedure. Long-term storage of nucleotide-depleted proteins prepared by 
the E D T A  method should be avoided, as the ability of small GTPases to 

s M. J. Hart, A. Eva, D. Zangrilli. S. A. Aaronson, T. Evans, R. A. Cerione. and Y. Zheng, 
.l. Biol .  C h e m .  269, 62 (1994). 
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bind guanine nucleotides drops considerably over time when the proteins 
are stripped of their normally bound magnesium cofactor. 

Extensive Dialysis against Glycerol in Absence of Magnesium 

This procedure avoids the use of EDTA but to our knowledge has been 
tried only with yeast Ras2. 4 Purified Ras protein is dialyzed for 1 week in 
a cold room against several changes of buffer containing no magnesium, 
no nucleotides, and 50% (v/v) glycerol. The exact buffer used for yeast 
Ras2 contained 50 mM Tris (pH 7.5), 50 mM KCI, and 1 mM Dq-T, in 
addition to 50% (v/v) glycerol. The use of high glycerol concentrations 
might stabilize the nucleotide-depleted state. 

Incubation with EDTA 

Proteins are incubated for 20 min at room temperature in an EDTA 
buffer [20 mM Tris (pH 7.5), 1 mM DTT, 10 mM EDTA, 50 mM NaCI, 
5% (v/v) glycerol, and 0.1% (v/v) Triton X-100] to prepare the G proteins 
in a nucleotide-depleted state. The beads are then separated into three 
equal aliquots. One aliquot is stored on ice while the other two aliquots 
are used to prepare the GDP and GTP states of the G proteins. The 
remaining two aliquots are incubated with 0.5 ml of MgC12 buffer containing 
either 200/xM GDP or 20/xM GTPyS for 25 rain at room temperature. 

Renaturation from Inclusion Bodies in Absence of Nucleotides 

With T7-based expression plasmids and other high-level expression 
systems a considerable portion of Ras-like proteins is found in inclusion 
bodies. Following induction, 100-ml cultures are centrifuged and resus- 
pended with 3 ml of buffer G [20 mM Tris (pH 7.4), 20 mM NaC1, 5 mM 
MgC12, and 5 mM c~-mercaptoethanol] containing lysozyme (3 mg/ml). The 
cells are lysed at room temperature for 2 hr. The cell lysate is chilled to 4 ° 
and clarified by centrifugation at 15,000 g for 20 min at 4 °. The supernatant 
is discarded, and the cell pellet is resuspended in 15 ml of 10 mM EDTA 
(pH 8), sonicated briefly, and centrifuged again at 15,000 g for 20 min at 
4 °. This step is repeated and the pellet is then subjected to a resolubilization 
procedure that includes high pH for denaturation of the misfolded proteins. 
The inclusion body preparation is weighed and resuspended in 10 times 
(v/w) 2 mM EDTA (pH 8), 2 mM DTT. For every 1 ml of suspension, 0.7 
ml of ice-cold 40 mM NaOH is added, followed by sonication for 1 rain 
on ice. An equal volume of ice-cold neutralizing buffer [100 mM Tricine 
(pH 8), 40% (v/v) glycerol, leupeptin (20 mg/ml), and 1 mM PMSF] is then 
added, and after 5 min on ice, MgC12 is added to a final concentration of 
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5 raM. The solution is then centrifuged at 15,000 g for 60 min at 4 ° and 
the supernatant is dialyzed overnight against buffer G containing 50% 
(v/v) glycerol, and then stored for up to 1 week at 4 °. Do not include GDP 
following refolding, although exclusion of GDP causes the protein to be 
less stable and extremely sensitive to freezing. Therefore all experiments 
with such nucleotide-free proteins should be performed within 1 week of 
prepration. For normal Ras proteins prepared by this procedure, the kinet- 
ics of [3H]GDP binding were extremely rapid, thus confirming that the vast 
majority of proteins prepared by this procedure were nucleotide free. 

Conclusions 

It will be interesting to determine whether the nature of the input signal 
or the ultimate cellular function of Dbl requires it to bind tightly to the 
GDP-bound form of target Rho-like proteins. Cdc25-type GEFs, which in 
the case of Sosl and Sos2 function to amplify growth factor signals, have 
lower affinity for the GDP-bound form of Ras-like proteins as judged by 
this assay. The use of this assay, and the internal controls offered by the 
use of various nucleotide-bound states of the small GTPase, should help 
identify novel GEFs for other small GTPases of the Ras superfamily. 

[151 A n a l y s i s  o f  I n t e r a c t i o n  b e t w e e n  R a s  a n d  C D C 2 5  
G u a n i n e  N u c l e o t i d e  E x c h a n g e  F a c t o r  U s i n g  Y e a s t  GAL4 

T w o - H y b r i d  S y s t e m  

B y  RAYMOND D.  MOSTELLER, W E O N M E E  PARK, and D A N I E L  BROEK 

Introduction 

Several different two-hybrid systems have been used to study protein- 
protein interactions in vivo.l-5 Munder and Furst initially described the use 
of such a system to study the binding of the yeast CDC25 guanine nucleotide 
exchange factor (CDC25-GEF) to catalytically inactive forms of Ras pro- 
teins. 5 We have used the GAL4 two-hybrid system of Fields and Song ~ to 

I S. Fields and O.-K. Song, Nature (London) 340, 2245 (1989). 
2 C.-T. Chien, P. L. Bartel, R. Sternglanz, and S. Fields, Proc. Natl. Acad. Sci. ,U.S.A. 88, 

9578 (1991). 
3 p. M. Chevray and D. Nathans, Proc. Natl, Acad. Sci. U.S.A. 89, 5789 (1992). 
4 E. A. Golemis and R. Brent, Mol' Cell, Biol. 12, 3006 (1992). 
5 T. Munder and P. Furst, Mol. Cell. Biol. 12, 2091 (1992). 
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pGBT9 H-ras 

', 

E S 

• I I m 

pGADGH CDC2S 

B SB S 

Fie;. 1. Linear maps of pGBT9 H-ras and pGADGH CDC25 plasmids. A human H-ras 
cDNA fragment (codons 1 to 166) was cloned into pGBT9, generating a protein fusion with 
the yeast GAL4 DNA-binding domain (GAL4 BD, codons 1-147). A DNA fragment encoding 
the catalytic domain of yeast CDC25-GEF (codons 1100-1589) was cloned into pGADGH, 
generating a protein fusion with the GAL4 transcription activation domain (GAL4 AD, codons 
768-881). As indicated, the plasmids also contain a constitutive yeast alcohol dehydrogenase 
promoter (PADtll), the ADHI transcription terminator (term), the yeast selectable markers 
(TRP1, LEU2), the bacterial ColE1 origin of replication (ori), the/3-1actamase gene (amp) 
for ampicillin selection in E. coli, and an origin for replication in yeast (2ix). The restriction 
endonuclease sites used for construction and analysis of the plasmids are indicated as follows: 
BamHI (B), EcoRI (E), and Sail (S). The total size of the plasmids is approximately 6000 
bp (pGBT9 H-ras) and 8800 bp (pGADGH CDC25). The size of the ADHI promoter (PAom) 
in pGBT9 and pGADGH is approximately 400 and 1300 bp, respectively. 

cha rac te r i ze  mu tan t s  of  h u m a n  H-ras that  a re  defec t ive  in b ind ing  to 
CDC25-GEF.  6 H e r e  we descr ibe  the m e t h o d s  used  to cons t ruc t  the  G A L 4  

two-hybr id  vec tors  con ta in ing  H-ras and C D C 2 5 - G E F  and  to analyze  the  
in te rac t ion  of  the  wi ld- type  and mu tan t  forms of  these  pro te ins .  In  our  
hands ,  resul ts  o b t a i n e d  with the  two-hybr id  sys tem are  cons is ten t  with the  
mo lecu l a r  genet ics  and  in vitro bind ing  s tudies  with H-ras and CDC25- 
G E F .  6 

O v e r v i e w  a n d  P r i n c i p l e  o f  M e t h o d  

H-ras c D N A  (codons  1-166)  was ampl i f ied  by the p o l y m e r a s e  chain  
r eac t ion  ( P C R )  and subc loned  into p la smid  p G B T 9 ,  which encodes  the  
D N A - b i n d i n g  d o m a i n  ( codons  1-147)  of  the  yeas t  G A L 4  pro te in  (Fig. 1). 

~' R, D. Mosteller, J. Han, and D. Broek, MoI. Cell. BioL 14, 1104 (1994). 
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The resulting GAL4-H-ras  fusion protein includes the nuclear localization 
signal from the G A L 4  protein. Full-length H-ras has 189 amino acid resi- 
dues. The catalytic domain of H-ras (residues 1-166) was used here., because 
this fragment of the protein is believed to possess all of the essential 
properties of H-ras except membrane localization and has been used to 
determine the three-dimensional crystal structure of H-ras. 7 9 

A DNA fragment encoding the catalytic domain of yeast CDC25-GEF 
(codons 1100-1589) was amplified by PCR and subcloned into plasmid 
pGADGH, which encodes the transcription-activating domain (codons 
768-881) of the GA L4 protein (Fig. 1 ). The resulting GA L 4 -  CD C25 fusion 
protein includes a nuclear localization signal sequence inserted upstream 
from the G A L 4  sequence. The 490-amino acid carboxyl-terminal catalytic 
domain of CDC25-GEF was used here because it is known to include all 
the information needed to stimulate nucleotide exchange on Ras proteins 
in vitro and to suppress temperature-sensitive cdc25 mutations in yeast, l°ll 

The pGBT9 and p G A D G H  plasmids (obtained from L. van Aelst and 
M. Wigler, Cold Spring Harbor Laboratory) include the yeast TRP1 and 
LEU2 selectable markers, respectively (Fig. 1). Both plasmids contain a 
constitutive yeast alcohol dehydrogenase (ADH1)  promoter for driving 
GA L4 fusion protein expression in yeast, the A D H 1  transcription termina- 
tor (term), a bacterial origin of replication (ori), the bacterial/~-lactamase 
gene for ampicillin selection (amp), and the yeast 2/~ origin of replication. 
In addition, each of these plasmids has a polylinker sequence containing 
multiple restriction endonuclease sites immediately downstream from the 
corresponding G A L 4  coding sequence for creating G A L 4  fusion proteins. 
The DNA sequences, restriction sites, and translation reading frames of 
the pGBT9 and p G A D G H  polylinkers are shown in Fig. 2. 

The GAL4-H-ras  and G A L 4 - C D C 2 5  plasmids were simultaneously 
introduced into the yeast strain PCY2 by transformation, selecting for 
tryptophan and leucine prototrophy (TRP + LEU-).  The resulting trans- 
formants were tested for expression of/3-galactosidase activity. Strain PCY2 
contains a chromosomal lacZ reporter gene, which consists of a GAL4-  
responsive promoter fused to the bacterial lacZ gene. Interaction of the 

7 A. M. de Vos, L. Tong, M. V. Milburn, P. M. Matias, J. Jancarik, S. Noguchi, S. Nishimura, 
K. Miura, E. Ohtsuka, and S.-H. Kim, Science 239, 888 (1988). 

s E. F. Pai, W. Kabsch, U. Krengel, K. C. Holmes, J. John, and A. Wittinghofer, Nature 
(London) 342, 209 (1989). 

9 E. F. Pai, U. Krengel, G. A. Petsko, R. S. Goody, W. Kabsch, and A. Wittinghofer, EMBO 
J. 9, 2351 (1990). 

m D. Broek, T. Toda, T. Michaeli, L. Levin, C. Birchmeier, M. Zoller, S. Powers, and M. 
Wiglet, Cell (Cambridge, Mass.) 48, 789 (1987). 

ii C. C. Lai, M. Boguski, D. Broek, and S. Powers, Mol. Cell. Biol. 13, 1345 (1993). 



138 GUANINE NUCLEOTIDE EXCHANGE AND HYDROLYSIS [15] 

pGBT9 Polylinker 

Glu Phe Pro GIy Ile Arg Arg 

TeG CCG GAA TTC CCG GGG ATC CGT CGA CCT 

EcoRI SmaI BamHI SalI 

pGADGH Polylinker 

GIu Leu Val Asp Pro Pro Gly Cys Arg Ash Ser Ile Ser Ser Leu 

CTA GAA CTA GTG GAT CCC CCG GGC TGC AGG AAT TCG ATA TCA AGC TTA 

SpeI BamHI SmaI (PstI) EcoRI (EcoRV) (HindIII) 

Ser Ile Pro Ser Thr Ser Arg GIy Gly Pro Val Pro Ile Ser 

TCG ATA CCG TCG ACC TeG AGG GGG GGC CCG GTA cce ATT TCG 

(ClaI) SalI XhoI ApaI (KpnI) 

FIG. 2. Polylinker sequences in pGBT9 and pGADGH.  The DNA sequences, restriction 
endonuclease sites, and translation reading frames of the pGBT9 and p G A D G H  polylinker 
sequences are shown. The restriction endonuclease sites (except those in parentheses) are 
unique to the polylinker sequences and can be used for cloning. The restriction sites in 
parentheses in the p G A D G H  polylinker also occur at other positions in the plasmid. 

GAL4-H-ras and GAL4-CDC25 fusion proteins in the yeast nucleus gen- 
erates an active GA L4 molecule that binds and stimulates transcription of 
the reporter gene. The background level of/3-galactosidase activity in PCY2 
is negligible and thus low levels of lacZ expression are easily detected. This 
system provides a sensitive assay for observing weak interactions between 
wild-type or mutant forms of the H-ras and CDC25-GEF proteins. 

Construction of Plasmids 

Construction of  pGBT9 H-ras and p G A D G H  H-ras 

H-ras cDNA (codons 1-166) is amplified by PCR using oligonucleotides 
P202 and P204 as primers (Table I) and H-ras DNA as template (a plasmid 
minipreparation diluted 1:500). The resulting H-ras cDNA fragment is 
purified using Gene Clean (Bio 101, Inc., La Jolla, CA), digested with 10 
units each of EcoRI and SalI restriction endonucleases at 37 ° (4 to 16 hr) 
and purified again with Gene Clean. The purified, digested fragments are 
ligated (16 hr at 4 °) into EcoRI- and SalI-digested plasmid pGBT9 using 
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T A B L E  I 

OLI(_;ONUCLEOIIDES USED TO CONSTRUCT G A L 4  Two-HYBRID PLASMIDS CONTAINING H - r a s  

AND C D C 2 5 - G E F  

Oligonucleotide Oligonucleotide sequence" 

P202 ~' Eco' H-ras-5 ''~ 
P203 Eco H-ras-5' 
P2l)4 Sal H-ras-5' 
PI49 Eco/Sal CDC25-5' 
P205 Eco CDC25-5' 
BR52 Eco CDC25-5' 

G G T T C C G C G T G A A T T C G G T G G C . A T G A C G G  A A T A T A A G C T G  G (41-mer) 
G G T T C C G C G T G A A T T C A . A T G A C G G A A T A T A A G C T G G  (36-mer) 
GGTTCCGCGTGTCGAC.TCAGTGCTGCCGGATCTCACG (37-mer) 
G A A T T C T G T C G A C A . A  ACCTTCCATG GTTTTTAAC (34-met) 
G T T C C G C G T G A A T T C . A A C C T T C C A T G G T T T T T A A C T T C A G A T  (42-mer) 
G A A T T C . T T A T C G A A A T A A C C T A G A  (24-mer) 

" A period indicates the beginning of the coding sequencc for H-ras or CDC25 (labeled 5') or the complemenlary 
sequence (labeled 3'). 

/, Name of oligonucleotide. 
' Cloning site. 
J Gene specilic sequence. 

T4 DNA ligase [from Boehringer Mannheim Corp. (Indianapolis, IN) or 
Promega Corp. (Madison, WI)]. The ligation mixture is used to transform 
Escherichia coli DH5oe by electroporation using a Bio-Rad (Richmond, CA) 
Gene Pulser apparatus. The transformed cells are spread on LB ampicillin 
(Amp) agar medium and incubated at 37 ° for 16 hr. The resulting colonies 
are picked with sterile toothpicks and streaked in small patches on the 
same medium. After incubation for 16 hr at 37 °, cells are picked fi'om each 
patch and tested for the presence of pGBT9-H-ras plasmid by PCR, using 
the H-ras oligonucleotides P202 and P204 (Table I). If colonies from the 
original transformation plate are tested by this method, a high frequency 
of false positives is observed owing to residual DNA carried over from the 
ligation mixture. Thus, growth of transformants on a second plate of LB 
Amp is necessary in order to eliminate this background of false positives. 
The H-ras cDNA fragment (codons 1-166) is also cloned as an EcoRI- 
SalI fragment into plasmid p G A D G H  by this method, using oligonucleo- 
tides P203 and P204 (Table I). 

Construction of pGADGH CDC25 and pGBT9 CDC25 

A yeast CDC25 gene fragment (codons 1100-1589) is amplified by PCR 
using oligonucleotides P149 and BR52 as primers (Table l) and CDC25 
DNA as template (a plasmid minipreparation diluted 1 : 500). The resulting 
CDC25 gene fragment is purified using Gene Clean and ligated into the 
pGEM-T vector (Promega Corp.) using T4 DNA ligase. This ligation 
method utilizes the single deoxyadenosine extension on the PCR fragments 
generated by Taq DNA polymerase. The ligation mixture is used to trans- 
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form E. coli DH5c~ by the CaC12 method. 12 Ampicillin-resistant trans- 
formants are selected and screened for CDC25 inserts by a PCR method 
similar to that described above for H-ras. Plasmid DNA from one of the 
CD C25-containing transformants is digested with SalI endonuclease, releas- 
ing a 1500-bp DNA fragment containing CDC25. 

The SalI site at the 5' end of the CDC25 sequence is encoded by 
oligonucleotide P149 and the SalI site at the 3' end of the CDC25 sequence 
is derived from the pGEM-T vector. This CDC25 DNA fragment is then 
subcloned into SalI-digested pGADGH. The orientation of the CDC25 
insert in pGADGH is determined by BamHI digestion of DNA from the 
resulting plasmids. In the correct orientation, a 500-bp fragment is formed 
and in the incorrect orientation a 1000-bp fragment is formed (Fig. 1). 

The CDC25 gene fragment (codons 1100-1589) is also cloned into 
plasmid pGEM-T by this method, using oligonucleotides P205 and BR52 
(Table I), and then subcloned as an EeoRI fragment into plasmid pGBT9. 
The EcoRI site at the 5' end of the CDC25 sequence is encoded by oligonu- 
cleotide P205 and the EcoRI site at the 3' end of the CDC25 sequence is 
encoded by oligonucleotide BR52. The orientation of the CDC25 insert in 
pGBT9 is determined by BamHI digestion. In the correct orientation, a 
1000-bp fragment is formed and in the incorrect orientation a 500-bp frag- 
ment is formed (Fig. 1). 

Polymerase Chain Reaction Amplification of cDNA 

Design of Oligonucleotides 

The oligonucleotides used to subclone the H-ras and CDC25 DNA 
fragments into pGBT9 and pGADGH are shown in Table I. The sequence 
of each H-ras oligonucleotide contains the following in the 5'-to-3' direc- 
tion: a clamp sequence, a restriction endonuclease site for cloning, a spacer 
sequence, and sequence corresponding to one strand of the H-ras or 
CDC25-GEF gene. The clamp sequence stabilizes double-helical structures 
at the ends of the DNA fragments. This stabilization is required for efficient 
endonuclease digestion of the amplified PCR products. More recently, we 
have found that shorter clamp sequences are adequate. Generally we now 
use GCG as the clamp sequence in the oligonucleotide, corresponding to 
the "sense" strand of the DNA, and GGC in the oligonucleotide, corre- 
sponding to "antisense" strand. The clamp sequence is followed immedi- 
ately by six nucleotides corresponding to the recognition sequence of one 

~2 T. Maniatis, E. F. Fritsch, and J. Sambrook,  "Molecular  Cloning: A Laboratory Manual ."  
Cold Spring Harbor  Lab., Cold Spring Harbor,  NY, 1982. 
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of the common 6-bp restriction endonucleases (BamHI, EcoRI, SalI, etc.). 
The spacer sequence can be used to generate the in-frame fusion of the 
two proteins (e.g., oligonucleotide P203 contains a single nucleotide A after 
the EcoRI site) or to create a hinge region between the fused proteins 
(e.g., oligonucleotide P202 contains two glycine codons after the EcoRI 
site). The two glycine codons in oligonucleotide P202 were used because 
of the o~ helix-breaking propert ies  of glycine residues in proteins. However ,  
we have not tested similar constructs without the glycine codons or with 
other amino acid codons. The gene-specific portion of the oligonucleotide 
is always placed at the 3' end. For this region, we usually include 19 to 21 
nucleotides of sequence with a calculated melting tempera ture  of 52 to 56 ° 
(where each G or C residue is counted as 4 ° and each A or T residue is 
counted as 2°). In addition, where possible, we choose a sequence such 
that the 3' nucleotide of the oligonucleotide is either G or C. These oligonu- 
cleotides generally serve as more efficient primers for PCR than those 
ending in A or T. The CDC25 oligonucleotides are similar to the H-ras 
oligonucleotides except as follows: Oligonucleotide P149 encodes two re- 
striction endonuclease sites (EcoRI and Sail) but no separate clamp se- 
quence. Oligonucleotide BR52 encodes one restriction endonuclease site 
(EcoRI) but no clamp sequence. 

Polyrnerase Chain Reaction Conditions 

We use the standard reaction conditions initially recommended  by Per- 
kin-Elmer Cetus (Norwalk, CT) for PCR: 1 × buffer (including 1.5 mM 
MgCI2) provided with the Taq D N A  polymerase;  dATP,  dGTP,  dTTP, and 
dCTP at 200 nM each; a 1 /zM concentration of each oligonucleotide; 
approximately 2 ng of plasmid D N A  as template; and 0.25 units of Taq 
D N A  polymerase  per  10-p,1 reaction mixture. 

Taq D N A  polymerase is notorious for its error frequency when used 
to generate D N A  fragments for subcloning. It is advisable to sequence all 
subclones made using this enzyme. We offer the following tips gleaned 
from various suppliers and users of Taq D N A  polymerase that we found 
helpful: Use a "hot  start" to minimize the chance for annealing errors 
during the initial warming period. We preheat  the thermocycler  to 94 ° 
before adding our PCR samples. Hea t  samples at 94 ° for 2 min before 
cycling to ensure complete melting of plasmid D N A  template.  Use fewer 
cycles and short cycling times when possible. For example,  we currently 
use 25 cycles of the following: denature 30 sec at 94 °, anneal 45 sec at 50 °, 
extend 2 min at 72 °. We omit the additional 10 or 15 min at 72 ° recommended  
in some methods. In some cases, an annealing tempera ture  greater  than 
50 ° may be helpful. Finally, some manufacturers  make thermostable D N A  
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polymerases that exhibit lower error frequencies due to their 3'-exonuclease 
activities. Although these enzymes may produce lower yields of product, 
they may provide sufficient amounts of DNA for subcloning with fewer 
errors. 

Cloning and  Screening Procedures  

Double Gene Clean 

We follow the procedure recommended by the manufacturer (Bio 101, 
Inc.) in which PCR products are purified by adsorption to glass beads 
(Glass Milk) before and after endonuclease digestion. For 50/xl of PCR 
reaction products, we use 150/xl of Na! solution and 10/xl of Glass Milk, 
wash three times in 1.0 ml of NEW Wash (Bio 101, Inc.), and elute the 
products in 50/xl of water at 55 °. This generates DNA fragments free of 
the original oligonucleotides and other PCR reaction components. To this 
we add 5/xl of 10× endonuclease buffer and 1/xl (10 units) of each enzyme 
and incubate 4 to 15 hr at 37 °. After digestion, we repeat the Gene Clean 
procedure and elute in 50/~1 of water. If the yield of PCR products is low, 
the sample is eluted in 20/xl of water and the entire amount is added in 
the subsequent ligation step. 

Ligation and TransJ~ormation of Escherichia coli 

Five microliters of each endonuclease-digested PCR product (usually 
10 to 50 ng) is ligated into the endonuclease-digested vector (100 to 200 
ng) for 16 hr at 4 ° in the presence of 1 x ligation buffer (provided with the 
ligase enzyme), 1 mM ATP, and 1 unit of T4 DNA ligase (Boehringer 
Mannheim Corp. or Promega Corp.). In some cases, additional ligase is 
added (1 unit) and incubation is continued for 2 hr at 37 °. Two microliters 
of this ligation mixture is used to transform 40 /xl of competent E. coli 
DH5o~ cells by electroporation. Preparation of competent cells and electro- 
poration are performed exactly as described in the manual provided with 
the Bio-Rad Gene Pulser apparatus. The CaCle method of transformation 
can also be used. ~2 Transformants are selected on LB agar medium con- 
taining ampicillin (50/xg/ml). LB agar medium contains (per liter) 10 g of 
tryptone, 5 g of yeast extract, 1.0 g of glucose, 0.5 g of NaC1, and 20 g of agar. 

Screening Transformants by Polyrnerase Chain Reaction 

Ampicillin-resistant E. coli transformants are picked with sterile tooth- 
picks and streaked as small patches (5 x 10 mm) on LB ampicillin agar 
medium. After incubating 12 to 16 hr at 37 °, cells are picked from each 
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patch with a sterile, flat toothpick and resuspended in 100/xl of TE [10 
mM Tris-HC1 (pH 7.4), 0.1 mM EDTA]  in 1.5-ml microcentrifuge tubes. 
This produces visibly turbid suspensions containing approximately 107 cells/ 
100/xl. These suspensions are heated for 20 to 30 min at 90 to 95 ° to release 
plasmid DNA from the cells. Alternatively, the cells are resuspended in 
200/xl of TE in a 96-well, fiat-bottom microtiter dish and subjected to two 
cycles of freezing and thawing (at - 7 0  and 37 °) to lyse the cells and release 
plasmid DNA. After the heat treatment or freeze-thaw treatment, 2/xl of 
each sample is used as the template in a 10-t,l PCR reaction containing 
oligonucleotides specific for the insert sought. For example, oligonucleo- 
tides P202 and P204 are used to test for H-ras inserted into plasmid pGBT9. 
The PCR products are analyzed on a 1 or 2% (w/v) agarose gel in 1 × TBE 
buffer (90 mM Tris base, 90 mM boric acid, 2.5 mM EDTA,  adjusted to 
pH 8.0). Transformants with plasmids containing the proper  insert usually 
produce an easily visible ethidium bromide-stained band (approximately 
100 to 200 ng of DNA product). In these experiments, we always include 
a positive control in which plasmid DNA containing the desired insert is 
used as template in a PCR reaction. 

Preparation of Plasrnid DNA 

Escherichia coli cells from the patches described above are used to 
inoculate 50 ml of 2× YT medium (10 g of yeast extract, 10 g of tryptone, 
and 5 g of NaC1 per liter) containing ampicillin (100 ttg/ml) in 250-ml 
Erlenmeyer  flasks. After incubation for 16 to 18 hr at 37 °, cells are harvested 
by centrifugation at 2500 rpm for 30 min at 4 °. Plasmid DNA is prepared 
from the cell pellets using the Magic Prep or Wizard Prep procedure (Pro- 
mega Corp.) as described by the manufacturer. Fifty to 200/xg of DNA 
can be obtained from a 50-ml culture using 1 or 2 ml of the absorbing 
resin. These preparations are suitable for yeast transformation, bacterial 
transformation, and DNA sequencing. 

Yeast  Media, St ra ins ,  and  T rans fo rma t ion  

Yeast Media 

YPD medium contains 10 g of yeast extract, 20 g of Bacto-peptone 
(Difco, Detroit,  MI), and 20 g of glucose per liter. Synthetic complete (SC) 
medium contains 1.7 g of Difco yeast nitrogen base (without amino acids 
and ammonium sulfate), 5 g of ammonium sulfate, 20 g of glucose, 20 mg 
of adenine hemisulfate, and 20 mg of uracil per liter. 13 In addition, SC 

> M. D. Rose, F. Winston, and P. Hieter, "Methods in Yeast Genetics: A Laboralory Course 
Manual." Cold Spring Harbor Lab., Cold Spring Harbor, NY, 1990. 
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medium contains amino acids in the following amounts per liter: 20 mg 
(Trp, His, Met, Arg), 30 mg (Leu, Ile, Lys, Tyr), 50 mg (Phe), 100 mg 
(Glu, Asp), 150 mg (Val), 200 mg (Thr), and 400 mg (Set). For selecting 
transformants of strain PCY2 or strain HF7c harboring the GAL4 two- 
hybrid vectors, leucine and tryptophan are omitted (SC Leu-Trp medium). 
Alternatively, as discussed below, transformants of strain HF7C can also 
be selected on medium lacking leucine, tryptophan, and histidine 
(SC-Leu-Trp His medium). The final pH of SC medium is adjusted to 6.5 
with NaOH. Solid YPD or SC medium contains 20 g of agar per liter. 

Yeast Strains PCY2 and HF7c 

Saccharomyces cerevisiae (yeast) strain PCY2 (MAT o~ Agal4 Agal80 
URA3::GALI-lacZ lys2-801 a'tJ '̀r his3-2t200 trpl-A63 leu2 ade2-101 °'hr~) was 
obtained from P. Chevray 3 via R. Maxson, University of Southern Califor- 
nia. Yeast strain HF7c, also known as "Turbo" (ura3-52 his3-200 lys2-801 
ade2-101 trpl-901 leu2-3112 ga14-542 ga180-538 L YS2::GAL1-HIS3 
URA3::GAL4-1acZ), was obtained from M. White and M. Wigler, Cold 
Spring Harbor Laboratory. Both strains contain a GAL4-responsive lacZ 
reporter gene and are used to detect interaction of GAL4 fusion proteins by 
assessing expression of/3-galactosidase activity in transformants containing 
derivatives of the GAL4 two-hybrid vectors pGBT9 and pGADGH.  Strain 
HF7c is a histidine prototroph due to the his3-200 mutation but also contains 
a wild-type HIS3 gene linked to the GAL4-dependent GALl  promoter. 
Thus, if transformants of this strain are simultaneously selected for the 
presence of the GAL4 two-hybrid vectors (TRP + LEU +) and for histidine 
prototrophy (HIS+), the frequency of transformants containing GAL4 fu- 
sion proteins that are interacting with each other is increased. This selection 
is particularly helpful for screening cDNA libraries for clones encoding 
proteins that interact with a known protein. However, the selection is only 
partially effective due to leakiness of HIS3 expression. 

Transformation of  Yeast 

Yeast transformations are performed by the lithium acetate method of 
Ito et al.~3~4 Yeast strains are grown overnight at 28 ° to exponential phase 
(A600 = 0.3 to  0.6) in 300 ml of YPD medium. Cells are harvested by 
centrifugation for 5 to 10 rain at 2500 rpm at room temperature and then 
washed in 50 ml of sterile water. The washed cells are resuspended in 2 to 
3 ml of 0.1 M lithium acetate, pH 6.5, in TE and incubated for 30 rain at 
28 °. For each transformation, 200/xl of cell suspension, 150/xg of sheared, 

14 H. Ito, Y. Fukuda,  K. Murata,  and A. Kimuras,  J. Bacteriol. 153, 163 (1983). 
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denatured salmon sperm DNA, and 5/xl (approximately 1 to 5/xg) of each 
plasmid DNA are mixed in a 1.5-ml microcentrifuge tube and incubated 
for 30 min at 28 °. A total of 1.2 ml of 45% (w/v) polyethylene glycol (PEG 
3350) in 0.1 M lithium acetate and TE is added to each tube and incubation 
continued for 30 min at 28 °. The cells are then heat shocked for 15 rain at 
42 °, harvested by centrifugation for 5 sec in a microcentrifuge, washed in 
1 ml of TE, and the final cell pellet resuspended in 200/xl of TE. One-half 
of each washed cell suspension is spread in duplicate on selectiw: medium 
(usually SC -L~u -Wp or SC -L Trp-His). The plates are incubated for 3 to 4 
days at 28 ° and the resulting transformants are tested for expression of/3- 
galactosidase activity. 

Tes t ing  for /3-Galac tos idase  Activity in Yeast  

There are several convenient methods to assess/3-galactosidase activity 
in yeast using X-Gal (5-bromo-4-chloro-3-indolyl-/3-D-galactopyranoside) 
as an indicator. The first method involves making yeast cell patches on 
special SSX medium. The second involves making replicas of yeast colonies 
or patches on nitrocellulose filters. The third involves making cell suspen- 
sions in 96-well microtiter dishes. 

S S X  Medium 

Yeast colonies are picked with sterile, flat toothpicks from transforma- 
tion plates and spread as small patches (5 x 10 mm) on SSX medium. 2"15 
The resulting patches are incubated at 28 °. Expression of/3-galactosidase 
activity is indicated by the development of blue color. Strong positive clones 
exhibit blue color after incubating overnight. Weak positive clones are 
faintly blue after incubating for several days. Positive clones stored at 4 ° 
become increasingly dark blue over several weeks or months. We prepare 
SSX medium from SC medium by adding potassium phosphate buffer, pH 
7.0, to a final concentration of 50 mM and adding 20 g of sucrose per liter 
in place of glucose. We spread 70 /xl of X-Gal solution (50 mg/ml in 
dimethylformamide; Promega Corp.) per 100-mm petri dish immediately 
before use. The neutral pH of SSX medium is critical for detecting 
/3-galactosidase activity. Normal SC medium is apparently too acidic and 
yeast patches never turn blue. 

a5 M. J. Casadaban, A. Martinez-Arias, S. T. Shapira, and J. Chou, this series, Vol. 100, p. 
293 (1983). 
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Nitrocellulose Filter Assay 

This method has been described previously.15,~6 A replica of yeast colo- 
nies is made from a transformation plate onto a nitrocellulose filter. The 
cells are permeabilized by immersing the filter in liquid nitrogen and then 
thawing at room temperature. The filter is placed in Z buffer containing 
X-Gal (0.5 mg/ml) and incubated at 37 °. Expression of /3-galactosidase 
activity is indicated by the development of blue color. Strong positive clones 
turn blue in 30 to 60 rain. Weak positive clones may turn faint blue after 
incubating overnight. This method is used primarily for screening cDNA 
libraries but can be adapted for testing other transformants as well. We 
have found that the liquid nitrogen step is not essential for strong positive 
clones. Z buffer contains 60 mM Na~HPO4, 40 mM NaHzPO4 (pH 7.0), 10 
mM KC1, 1.0 mM MgCI2, and 50 mM 2-mercaptoethanol and can be stored 
at 4 ° for several months. X-Gal should be added immediately before use. 

Microtiter Dish Assay 

Yeast colonies are picked with sterile, flat toothpicks from transforma- 
tion plates and resuspended in 100/zl of Z buffer containing X-Gal (0.5 
mg/ml) in a 96-well, flat-bottom microtiter dish. 17 This produces visibly 
turbid suspensions containing approximately 106 cells/100/zl. These cell 
suspensions are usually incubated at 28 °. Expression of /3-galactosidase 
activity is indicated by the development of blue color. Strong positive clones 
exhibit blue color after incubating overnight. Weak positive clones are 
faintly blue after incubating for 2 to 3 days. The rate of color development 
can be accelerated by two cycles of freezing ( -70  ° ) and thawing (37 ° ) to 
permeabilize the yeast cells and then incubating at 37 °. When stored at 4 ° 
positive clones become increasingly dark blue over several weeks or months. 
This method is similar to the SSX medium method described above, but 
does not require preparation of special medium and avoids the mold con- 
tamination problem often associated with sugar-containing solid medium. 
In our experience, the microtiter dish assay is convenient for screening a 
large number of transformants for the presence or absence of/3-galactosi- 
dase activity. However, when multiple colonies from the same transforma- 
tion are compared, the results obtained with the microtiter dish assay 
are less reproducible than those obtained with the SSX medium method 
described above. Thus, minor differences in /3-galactosidase expression 
between clones may not be readily discernible with the microtiter dish assay. 

16 L. Breeden and K. Nasmyth,  Cold Spring Harbor Symp. Quant. Biol. 50, 643 (1985). 
17 R. O. Mosteller and D. Broek, unpublished observations (1994). 
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TABLE II 
INTERACTION OF WILD-TYPE AND MUTANT H-ras 

WITtl CDC25-GEF IN GAL4 Two-HYBRID SYSTEM 

/~-Galactosidase activity in 
yeast transformants" 

H-ras 
allele H-ras-Ala-15 H-ras-Gly-15 

Gly-12 ~' ++ + 
G60D - + 
E62K - - 
E63K - - 
M671 - - 
D69N - - 

~'/3-Galactosidasc activity was assessed from the 
intensity of blue color of transformants patched 
on SSX medium. 

t, The wild-type amino acid is glycine al positions 
12 and 15 of H-ras. 

D i s c u s s i o n  

Interaction o f  H-ras Mutants and CDC25-GEF 

We have used the G A L 4  two-hybrid  system to study the in terac t ion  of 
h u m a n  H-ras mutan t s  and  yeast CDC25-GEF. 6 A n  example  of our  data is 

shown in Tab le  II. In these studies, we found  that  m u t a n t  forms of H-ras 
selected as second-si te  rever tan ts  of the d o m i n a n t  in terfer ing H-ras-Ala- 
15 allele were defective in b ind ing  to yeast CDC25-GEF in the G A L 4  two- 

hybr id  system. Each of these mutan t s  except G60D was also de, fective in 
b ind ing  CDC25-GEF when  the wild-type amino  acid glycine was present  

at posi t ion 15 of H-ras (see Table  II). These  data and in vitro bind ing  
studies al lowed us to conclude that  amino  acid residues 62, 63, 67, and 69 
of H-ras are critical for CDC25-GEF to b ind  and s t imulate  nucleot ide  
exchange on H-ras. 6 

Configuration of  Plasmid Constructs" Affecting Results 

In the results descr ibed above (Table  II), H-ras was c loned into p G B T 9  
and  CDC25-GEF was c loned into p G A D G H .  In  this "conf igura t ion ,"  the 
s trongest  b ind ing  of CDC25-GEF was observed with the d o m i n a n t  interfer-  
ing allele H-ras-Ala-15,  weaker  b ind ing  was observed with wild-type H-ras, 
and no b ind ing  was observed with the act ivated allele H-ras-VaM2. These  
results are consis tent  with in vitro bind ing  studies that  indicate that  CDC25 
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has the highest affinity for the dominant interfering H-ras mutant  and 
the weakest affinity for GTP-bound H-ras. ~nls We have also constructed 
plasmids in the opposite configuration in which CDC25-GEF was cloned 
into pGBT9 and H-ras was cloned into p G A D G H .  In this case, no binding 
was observed with wild-type H-ras or activated H-ras-Val-12 and only weak 
binding was observed with the dominant  interfering H-ras-Ala-15. These 
findings indicate that the configuration of the plasmid constructs may be 
critical for observing pro te in-pro te in  interactions. 

In other experiments,  we found that H-ras-Val-12 cloned into p G A D G H  
(but not wild-type H-ras or H-ras-Ala-15) was able to bind strongly to NF1- 
358 (neurofibromatosis type 1 fragment, codons 846-1203) 19 cloned into 
pGBT9,  l~ These results are consistent with in vitro studies that indicate 
that NF1 binds selectively to GTP-bound H-ras. 2° However,  in the opposite 
configuration (H-ras in pGBT9 and NF1-358 in p G A D G H )  no binding 
was observed with H-ras-Val-12, wild-type H-ras, or H-ras-Ala-15J 7 These 
findings also indicate that the configuration of the plasmid constructs is 
critical for observing pro te in-pro te in  interactions. 

S u m m a r y  

Our results demonstrate  that the G A L 4  two-hybrid system can be useful 
for studying interactions of the wild-type and mutant  forms of Ras proteins 
with the CDC25 guanine nucleotide exchange factor (CDC25-GEF). 6 In 
addition, our findings show that a negative result in the G A L 4  two-hybrid 
system does not indicate that the two proteins tested do not interact under 
all conditions but only that they do not interact under the specific conditions 
examined. We recommend that the two-hybrid system be employed in 
combination with other approaches, including molecular genetic analyses 
and in vitro binding experiments,  for the study of Ras and CDC25-GEF in- 
teractions. (, 

~ V. Jung, W. Wei, R. Ballester, J. Camonis, S. Mi, L. van Aelst, M. Wigler, and D. Broek, 
Mol. Cell. Biol. 14, 3707 (1994). 

19 NF1-358 cDNA was generated by PCR amplification from an mp13 phage derivative pro- 
vided by Shella A. Fuhrman (Agouron Pharmaceuticals, Inc.). 

20 R. Ballester, D. Marchuk, M. Boguski, A. Saulino, R. Letcher, M. Wigler, and F. Collins, 
Cell (Cambridge, Mass.) 63, 851 (1990). 
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[16] M e a s u r e m e n t  of R a s - B o u n d  G u a n i n e  Nucleot ide in 
S t i m u l a t e d  Hematopoie t ic  Cells 

By T A K A Y A  S A T O H  a n d  Y O S H I T O  K A Z I R O  

In t roduc t ion  

Mammalian Ras protein is a member of the GTP-binding proteins, 
which act as molecular switches in various kinds of intracellular signal 
transduction pathways, l Within the cell, Ras is present in one of the two 
alternative (GDP-bound inactive or GTP-bound active) conformations, 
which are converted to each other through G D P / G T P  exchange (""on") 
and GTP hydrolysis ("off") .  These two processes are regulated by specific 
proteins, such as G D P / G T P  exchange proteins (GEPs) and GTPase-activat- 
ing proteins (GAPs). a In a Ras-dependent signaling pathway, stimulation 
of the cell by extracellular ligands induces the accumulation of Ras.  GTP 
complex, which then causes a variety of cellular responses, for example, 
activation of serine/threonine kinase cascades, transcription of a certain 
set of genes, and the cell cycle progression. Thus, if a significant change in 
the G D P / G T P  state of Ras is detected between unstimulated and stimu- 
lated cells, it indicates that the signal of interest is mediated by Ras pro- 
tein. 3 

Analysis of the intracellular state of the guanine nucleotide bound 
to mammalian Ras protein started from studies using transformants of 
oncogenic versions of Ras, showing that a much higher population of the 
oncogenic Ras constitutively bound GTP within the cell as compared 
to the wild-type Ras. 4'5 Similar experiments were successfully carried out 
with various S a c c h a r o m y c e s  cerev i s iae  mutant strains. (~7 Later, several 
groups found that the stimulation of fibroblast cells with various growth 
factors including epidermal growth factor (EGF), platelet-derived growth 
factor (PDGF),  and insulin resulted in a rapid increase in the Ras.  GTP 

t D. R. Lowy and B. M. Willumsen, Annu. Rev. Biochem. 62, 851 (1993). 
2 M. S. Boguski and F. McCormick, Nature (London) 366, 643 (1993). 

T. Satoh, M. Nakafuku, and Y. Kaziro, J. Biol. Chem. 267, 24149 (1992). 
4 T. Satoh, M. Endo, S. Nakamura, and Y. Kaziro, FEBS Lett. 236, 185 (1988). 
5 M. Hoshino, M. Kawakita, and S. Hattori, Mol. Cell. Biol. 8, 4169 (1988). 
~' J. B. Gibbs, M. D. Schaber, M. S. Marshall, E. M. Scolnick, and I. S. Sigal, J. Biol. Chem. 

262, 10426 (1987). 
7 K. Tanaka, M. Nakafuku, T. Satoh, M. S. Marshall, J. B. Gibbs, K. Matsumoto, Y. Kaziro, 

and A. Toh-e, Cell (Cambridge, Mass.) 60, 803 (1990). 

Copyrighl ~ 1995 by Academic Press. Inc 
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level, s ~ In the hematopoietic lineage, many kinds of cytokines are impli- 
cated in the regulation of proliferation, differentiation, and elimination 
(cell death) of a specific set of the cells. Among them, several members of the 
cytokine family, for example, interleukin 2 (IL-2), IL-3, and granulocyte/ 
macrophage colony-stimulating factor (GM-CSF), have been demonstrated 
so far to transmit signals through Ras protein, r2~3 Also in the process of 
T cell activation triggered by stimulation of the T cell receptor complex 
with anti-CD3 antibody, signal-dependent Ras activation was observed. H 
It should be noted that, in comparison with fibroblast cells, a much larger 
increase of Ras. GTP in response to stimulation is observed in hematopoi- 
etic cell lines, although the reason is unclear at present. 

These lines of works have revealed that signals that activate Ras protein 
are often mediated by receptor or nonreceptor tyrosine kinases. 3 It has 
been found that adapter proteins containing Src homology 2 (SH2) and 
SH3 domains (e.g., Grb-2, Crk, and Nck), and a Ras-GEP (e.g., mSos), are 
involved in tyrosine kinase-induced activation of Ras in mammalian 
cells.~5 17 Furthermore, these signaling molecules are conserved in yeast, 
fly, and nematode, in which genetic evidence supports a similar cascade 
between tyrosine kinase and Ras protein. In specific types of cells, protein 
kinase C ~4"1s or heterotrimeric G protein ~9-21 serves as a stimulator of the 
Ras-mediated pathways, implying the presence of a multiple regulatory 
mechanism of Ras-bound GDP/GTP state. 

s T. Satoh, M. Endo, M. Nakafuku.  T. Akiyama,  T. Yamamoto,  and Y. Kaziro, Proc. NatL 
Acad. Sci. U.S.A. 87, 7926 (1990). 
J. B. Gibbs, M. S. Marshall,  E. M. Scolnick, R. A. F. Dixon, and U. S. Vogel, J. Biol. Chem. 
265, 20437 (199(/). 

l0 T. Satoh, M. Endo, M. Nakafuku,  S. Nakamura, and Y. Kaziro, Proc. Natl. Acad. Sci. U.S.A. 
87, 5993 (1990). 

ii B. M. T. Burgcring, R. H. Medema,  J. A. Maassen, M. L. van der Eb, F. McCormick, and 
J. L. Bos, E M B O  J. 10, 1103 (1991). 

12 T. Satoh, M. Nakafuku,  A. Miyajima, and Y. Kaziro, Proc. Natl. Acad. Sci. U.S.A. 88, 
3314 (1991). 

13 V. Duronio,  M. J. Welham, S. Abraham,  P. Dryden, and J. W. Schrader, Proc. Natl. Acad. 
Sci. U.S.A. 89, 1587 (1992). 

14 j. Downward, J. D. Graves, P. H. Warne,  R. Rayter. and D. A. Cantrell. Nature (London)  
346, 719 (1990). 

15 F. McCormick, Nature (London)  363, 15 (1993). 
u, L. A. Feig, Science 260, 767 (1993). 
17 S. E. Egan and R. A. Weinberg,  Nature (London)  365, 781 (19931. 
is M. Nakafuku,  T. Satoh, and Y. Kaziro, J. Biol. Chem. 267, 19448 (1992). 
~'~ E. J. ven Corven, P. L. Hordijk, R. H. Medema,  J. L. Bos, and W. H. Moolenaar,  Proc. 

Natl. Acad. Sci. U.S.A. 90, 1257 (1993). 
2o L. R. Howe and C. J. Marshall, .L Biol. Chem. 268, 20717 (1993). 
2t p. Crespo, N. Xu, W. F. Simonds. and J. S. Gutkind, Nature (London)  369, 418 (19941. 
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Procedures for Measurement of Ras-Bound GDP/GTP Ratio in 
Hematopoietic Cells 

The method for the measurement of Ras-bound guanine nucleotide in 
hematopoietic ceils consists of (1) metabolic labeling of the cells by 32p_ 
labeled inorganic phosphate, (2) immunoprecipitation of Ras. GDP/GTP 
complex, (3) separation of the bound guanine nucleotides by thin-layer 
chromatography, and (4) quantitative analysis of their radioactivity. Al- 
though the method itself is not complicated, all the procedures should be 
carried out with caution because a high dose of the radioactivity must be 
handled. It is important to confirm that the appearance of the radioactivity 
in the Ras-bound GDP and GTP strictly depends on the presence of the anti- 
Ras antibody. Therefore, the radioactivity corresponding to the', guanine 
nucleotides should be compared between the anti-Ras immunoprecipitate 
and the control without anti-Ras antibody. 

Materials" 

Phosphate-free medium: Several kinds of phosphate-free media are com- 
mercially available [e.g., phosphate-free minimum essential Eagle's 
medium (M-3786; Sigma, St. Louis, MO), Dulbecco's modified Eagle's 
medium (11971-017); GIBCO-BRL, Gaithersburg, MD), and RPMI 
1640 medium (11877-024; GIBCO-BRL)]. Media can be prepared by 
mixing all ingredients except sodium phosphate. If serum must be 
added to the medium, it should be dialyzed against 0.9% (w/v) sodium 
chloride prior to use. In some cases, bovine serum albumin (1 mg/ml) 
and 50/xM sodium orthovanadate are included in the medium 

32pi (NEX-053; Du Pont-NEN, Boston, MA) 
Buffer A: 50 mM Tris-HCl (pH 7.5), 20 mM MgCI2, 150 mM NaC1, 0.5% 

(v/v) Nonidet P-40 (NP-40), aprotinin (20/zg/ml), 1 mM Na3VO4 
Buffer B: 50 mM Tris-HC1 (pH 7.5), 20 mM MgC12, 150 mM NaC1 
Charcoal: The activated charcoal powder should be pretreated .as follows 

to avoid nonspecific absorption of the lysate proteins. Suspend Norit 
A (C-5385; Sigma) in buffer A containing bovine serum albumin (10 
mg/ml), centrifuge at 20,000 g for 1 rain at 4 ° in a microfuge, and add 
buffer A to the precipitated charcoal. The suspension (approximately 
50%, v/v) can be stored at 4 ° 

Anti-Ras monoclonal antibody: Y13-259 is widely used as an anti-Ras 
monoclonal antibody that efficiently precipitates Ras protein. 22 A par- 
tially purified preparation of the antibody can be used in this experi- 
ment. Partial purification by ammonium sulfate precipitation (50% 

22 M. E. Furth, L. J. Davis, B. Fleurdelys, and E. M. Scolnick, J. Virol. 43, 294 (1982). 
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saturation) of the serum-free conditioned medium of the hybridoma 
is sufficient for this purpose 

Anti-rat IgG antiserum (0113-0082; Cappel, Malvern, PA) 
Protein A-Sepharose CL-4B (17-0780-01; Pharmacia, Piscataway, N J) 
Elution buffer: 40 mM Tris-HC1 (pH 7.5), 40 mM EDTA, 4% (w/v) SDS, 

1 mM GDP, 1 mM GTP 
Polyethyleneimine cellulose plate: 20 × 20 cm (4474-04; J. T. Baker, 

Phillipsburg, N J) 

32p Labeling of Cell and Lysate Preparation 

Conditions for the 32p labeling are different among different cell types. 
In the case of factor-dependent hematopoietic cell lines, it is necessary to 
incubate cells without growth factors prior to the stimulation to detect a 
fine response. This can be achieved simultaneously with the metabolic 
labeling of the cells with ~:Pi as described below. 

Wash growing cells (1-5 × 107 cells/assay) twice with the phosphate- 
free medium, and suspend them in 1 ml of phosphate-free medium con- 
taining bovine serum albumin (1 mg/ml) and 50/zM sodium orthovanadate. 
Transfer the cells into a six-well culture plate, and add 32pi (20-40 MBq/ 
ml). After incubation in a CO2 incubator for a specified period (depending 
on cell lines, usually 2-3 hr), stimulate the cells with a cytokine or a reagent 
to be examined for a specified period, and collect them by centrifugation 
(750 g) for 30 sec at 4 °. Lyse the cells by suspending in 0.6 ml of ice- 
chilled buffer A, and centrifuge the lysate at 750 g for 3 rain at 4 °. Sodium 
orthovanadate, an inhibitor of tyrosine phosphatases, effectively enhances 
the response of cells to nerve growth factor 18 and some interleukins 23 when 
it is included in buffer A. Add 200/zl of charcoal suspension to the lysate, 
mix it vigorously, and then remove the charcoal as completely as possible 
by centrifuging the sample (20,000 g, for 5 rain at 4 °) three times. Free 
nucleotides are removed by the treatment with charcoal, The lysate can be 
stored at -80  ° at this point. 

Immunoprecipitation 

Mix 1-10 p.g of anti-Ras monoclonal antibody Y13-259 with rabbit anti- 
rat IgG antiserum and 15/zl (bed volume) of protein A-Sepharose CL-4B 
in buffer A to form the antibody-protein A-Sepharose complex. As a 
control, a mixture without Y13-259 is prepared in the same manner. The 
mixture can be stored at 4 °. Preliminary experiments to determine the titer 

23 T. Satoh, Y. Minami, T. Kono, K. Yamada,  A. Kawahara,  T. Taniguchi, and Y. Kaziro, .I. 
Biol. Chem. 267, 25423 (1992). 
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of the antibodies is recommended.  Divide the cell lysate into two aliquots, 
and add them to the ant ibody-protein  A-Sepharose complex with or with- 
out the anti-Ras antibody, followed by gentle mixing for 1 hr at 4 °. Wash 
the precipitate three times with 1 ml of buffer A, and twice with 1 ml of 
buffer B. Add an equal volume (approximately 15/xl) of elution buffer to 
the precipitate, and heat the suspension at 65 ° for 5 min to extract the Ras- 
bound nucleotide by denaturing the Ras protein. After centrifugation at 
20,000 g for 1 min at 4 °, the supernatant was subjected to thin-layer chroma- 
tography. The supernatant can be stored at - 2 0  ° prior to the chromatog- 
raphy. 

Thin-Layer Chromatography 

Draw lines on a polyethyleneimine cellulose plate to indicate the posi- 
tions where the samples are spotted (Fig. 1). The horizontal lines are drawn 
with a pencil, whereas the vertical lines are made by scratching the plate 
with a sharp-pointed tool. Spot the eluate onto the plate under an air 
stream. After applying the samples, soak the plate in methanol, and air 
dry it. Immerse the bot tom portion (below the line where the samples are 

( 

3 cm 

\ 

cm 0.5cm l c m  

F~G. ]. Loading the sample onto a polyethyleneimine-cel]ulose p|ate. Samples were spotted 
at the positions indicated by the thick lines. 
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FIG. 2. Interleukin 3-stimulated increase in Ras. GTP in BaF3 cells. The cells were stimu- 
lated with mouse IL-3 (50 ng/ml) for 5 min, and the GDP/GTP state of Ras protein was mea- 
sured. 

l oaded )  of  the  p la te  in to  m e t h a n o l  again,  and  p lace  the  p la te  in to  a sea led  
c h r o m a t o g r a p h y  c h a m b e r  tha t  is filled to a d e p t h  of  1 cm with 0.75 M 
KH2PO4 (pH 3.4). Close  the  chamber ,  and  al low the so lvent  to ascend the 
p la te  to the  top. R e m o v e  the p la te  and air dry  it. 

Data Analysis 

G D P  and  G T P  can be  v isua l ized  unde r  u l t rav io le t  light, and  the  r ad ioac -  
t ivi ty can be  d e t e c t e d  by a u t o r a d i o g r a p h y .  Otherwise ,  an image  ana lyze r  
is conven ien t  for  r ap id  quant i ta t ion .  As  the  specific 32p rad ioac t iv i ty  of  

TABLE I 
RADIOACTIVITY OF EACH ENCLOSED REGION 

SHOWN IN FIG. 2 

Box number Radioactivity (count) 

1 17,048 
2 1,151 
3 8,791 
4 1,052 
5 1,412 
6 583 
7 7,912 
8 545 
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GTP is 1.5-fold higher than that of G D P  at equilibrium, the molar  ratio 
of GTP  against G D P  plus G T P  is calculated as follows: 

G T P  (cpm) × 100 
GTP (%) = [GDP (cpm) × 1.5] + GTP (cpm) 

Example :  In t e r l euk in  3 - S t i m u l a t e d  Inc rea se  of Ras  - GTP in IVIouse B 
Cell Line BaF3 

Mouse B cell line BaF3 proliferates in an IL-3-dependent  manner,  which 
is useful for the analysis of the cytokine receptor function. While it was 
repor ted that some activated tyrosine kinase oncogene products play im- 
portant  roles in the proliferation of IL-3-dependent  cells, 24 the role of 
Ras protein in IL-3-stimulated signal transduction was poorly understood. 
Subsequently, it was found that Ras is implicated in IL-3-induced signaling 
pathways by analyzing the Ras-bound guanine nucleotide in BaF3 cells. 12 

An example of the IL-3-stimulated increase of Ras .  G T P  in BaF3 cells 
is illustrated in Fig. 2. The radioactivity of the region surrounded by each 
box in Fig. 2 is summarized in Table I. The radioactivity within the even- 
numbered  boxes in control lanes should be subtracted from that of G D P  
and GTP. Thus, G T P  (%) in unstimulated and stimulated cells is calculated 
as follows: 

In the control cell: 
1412 583 

× 100 =-- 3.4 (%) 
[(17,048 - 1151) × 1.5] + (1412 - 583) 

In the stimulated cell: 
7912 - 545 

× 100 = 38.8 (%) 
[(8791 - 1052) × 1.5] + (7912 - 545) 

In this case, an approximately 10-fold increase of Ras .  GTP  was induced. 
The experiment  should be repeated several times, and the result is shown 
as mean _+ standard error (or _+ standard deviation). 

24 W. D. Cook, D. Metcalf, N. A. Nicola, A. W. Burgess, and F. Walker, Cell (Cambridge, 
Mass.) 41, 677 (1985). 
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[17] M e a s u r e m e n t s  o f  G T P / G D P  E x c h a n g e  in  
P e r m e a b i l i z e d  F i b r o b l a s t s  

By A L I D A  M.  M.  DE VRIES-SMITS, LOESJE VAN DER VOORN,  

JULIAN DOWNWARD,  a n d  JOHANNES k .  B o s  

Introduction 

p21ras is activated by the conversion of the GDP-bound form into the 
GTP-bound form and inactivated by the hydrolysis of bound GTP. Al- 
though both activities are intrinsic to p21ras, auxiliary proteins, guanine 
nucleotide exchange proteins, and GTPase-activating proteins (GAPs) fa- 
cilitate both processes. Guanine nucleotide exchange activity can be mea- 
sured in total cell lysates and appears to be regulated by growth factors, 
but it is difficult to judge whether this activity is specific for p21ras. An 
alternative procedure is to measure the rate by which labeled guanine 
nucleotide binds to p21ras in permeabilized cells. 

Here we describe two procedures of cell permeabilization: The first 
method employs the bacterial toxin streptolysin O to make small holes in 
the plasma membrane~-3; in the second method digitonin is used to (partly) 
solubilize the plasma membrane. 4 

Permeabilization with Streptolysin O 

1. Cells are cultured in Dulbecco's-modified Eagle's medium (DMEM) 
supplemented with 10% (v/v) fetal calf serum (FCS). Subconfluent cell 
cultures (5-cm dishes) are incubated in serum-free DMEM for 18 hr. 

2. Treat cells with growth factors for 2-5 min, remove medium, and 
wash briefly with phosphate-buffered saline (PBS) at 37 °. Add to each dish 
0.8 ml of freshly prepared 1.25× permeabilization buffer [PB: 6.25 mM 
MgCI2, 12.5 mM piperazine-N,N'-bis(2-ethanesulfonic acid (PIPES, pH 7.4, 
with KOH), 150 mM KC1, 37.5 mM NaCI, 1 mM EGTA, 0.8 mM CaC12, 
1.25 mM ATP] at room temperature. Add 0.2 ml of streptolysin O in 
H20 (2 U/ml, 4 °) and mix. (Streptolysin O was obtained from Wellcome 

i j. Downward, J. D. Graves, P. H. Warne, S. Rayler, and D. A. Cantrell, Nature (London) 
346, 719 (1990). 

2 R. H. Medema, A. M. M. de Vries-Smits, G. C. M. van der Zon, J. A. Maassen, and J. L. 

Bos, Mol. Cell. Biol. 13, 155 (1993). 
3 L. Buday and J. Downward, Mol. Cell. Biol. 13, 1903 (1993). 
4 B. M. T. Burgcring, E. Freed, L. van der Voorn, F. McCormick, and J. L. Bos, Cell Growth 

Diff. 5, 341 (1994). 

Copyright ~ 1995 by Academic Press. Inc. 
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Diagnostic (Dartford, UK); Wellcome Diagnostics have recently ceased 
manufacture of streptolysin O, and although we have tried streptolysin O 
from several sources, we have not been able to find an alternatiw ~. supplier 
whose product is similarly effective.) 

3. Add immediately to each dish 1 /xl of [c~-32p]GTP (3000 Ci/mmol; 
Amersham, Arlington Heights, IL). (Labeled GTP should be aliquoted on 
arrival and immediately refrozen. Use an aliquot only once). Remove the 
incubation buffer either immediately (time point 0) or after short time 
periods and add 1 ml of lysis buffer [25 mM Tris-C1 (pH 7.4), 1% (v/v) 
Triton X-100, 137 mM NaC1, 5 mM MgCI2, 5 mM KC1, 0.7 mM CaC12, 10 
mM benzamidine, leupeptin (1/xg/ml), aprotinin (2/xg/ml), soybean trypsin 
inhibitor (10 /xg/ml), 100 /xM GTP, 100 /xM GDP, 1 mM ATP, 1 mM 
sodium phosphate (pH 7.4)]. Scrape the cells with a rubber policeman and 
transfer to an Eppendorf tube. 

4. Lyse the cells on ice for 5 min and remove nuclei by a 10 min-spin 
in an Eppendorf centrifuge at 14,000 rpm, 4 °. Add 0.5 M NaC1, 0.5% 
(w/v) sodium deoxycholate, 0.005% (w/v) sodium dodecyl sulfate (SDS) 
(final concentrations) and preclear with 2% (w/v) protein A-sepharose for 
5 min and collect p21ras by incubation for 1 hr with monoclonal antibody 
Y13-259 prebound to protein G-Sepharose. Use an irrelevant monoclonal 
antibody as negative control. Immunoprecipitates are collected and washed 
six times in 50 mM HEPES (pH 7.4), 500 mM NaC1, 5 mM MgCI:, 0.1% 
(v/v) Triton X-100, 0.005% (w/v) SDS. After the final wash transfer the 
beads to a new tube and remove the fluid carefully with syringe. 

5. GTP/GDP bound to p21ras is eluted in 2 mM EDTA, 2 mM 1,4- 
dithiothreitol, 0.2% (w/v) SDS, 0.5 mM GTP, 0.5 mM GDP at 68 ° for 20 rain. 

The radioactivity released can be counted directly by Cerenkov scintilla- 
tion counting. Alternatively, GDP and GTP are separated on PEI.-cellulose 
plates (5579; Merck, Rahway, N J), which are developed in 1.2 M ammonium 
formate, 0.8 M HC1. Spots representing GDP and GTP are cut out and the 
GTP/GDP ratio is determined by scintillation counting. 

Figure 1 shows a typical example of such an experiment. H13 cells are 
ratl fibroblasts that overexpress p21ras 100-fold. These cells were stimu- 
lated with epidermal growth factor (EGF) and the rate at whiclh labeled 
GTP binds to p21ras in streptolysin O-permeabilized cells was determined. 
A gradual increase in total amounts of labeled GTP/GDP bound to p21ras 
was found to occur over time, with clearly a more rapid increase after EGF 
stimulation. The extra increase in binding of labeled guanine nucleotide 
after growth factor stimulation is due to an increase in guanine nucleotide 
exchange activity, because (1) it can be chased with 1 mM unlabeled GTP 
and (2) it can be inhibited by p21ras Asn-17, a dominant negative mutant of 
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FI(i. I. Binding of [(x22p]GTP to p21ras in streptolysin O-permeabilized HI3 cells. Ceils 
were treated with EGF (100 ng/ml) for 2 rain, permeabilized with streptolysin O, and exposed 
to 3 nM [a-32p]GTP for various lengths of times. Where  indicated, a chase was performed 
with l m M  cold GTP. 

p21ras, which may function by trapping the guanine nucleotide exchange 
protein, a 

The majority of the labeled nucleotide bound to p21ras is recovered as 
GDP. This indicates that GTPase activity in permeabilized cells is high. 
However, this GTPase activity does not affect free GTP present in the cell, 
suggesting that GTPase activity of p21ras is responsible for the hydrolysis 
of GTP. Similar results were obtained with the parental ratl cells, but with 
much lower counts recovered from p21ras) 

Permeabilization with Digitonin 

1. Ceils are cultured in DMEM-10% FCS. Subconfluent cell cultures 
(5-cm dishes) are incubated in serum-free DMEM for 18 hr. The cultures 
are put on ice and washed two times with ice-cold PBS. 

2. Add to the cells 1 ml of 1× permeabilization buffer [5 mM MgCI2, 
10 mM PIPES (pH 7.4, with KOH), 120 mM KC1, 30 mM NaC1, 0.8 mM 
EGTA, 0.64 mM CaCl2], freshly added 1 mM ATP, and growth factor at 
4 °. Scrape the ceils with a rubber policeman and transfer the cells to an 
Eppendorf tube. Spin the cells for 5 min at 4000 rpm in an Eppendorf 
microfuge (speed 4) at 4 °. Remove the supernatant completely. Resuspend 
the cell pellet in 100 bd of PB buffer, with 1 mM ATP, 0.1% (w/v) digitonin, 
1/xl (10/xCi) of [c~-32p]GTP, preheated at 37 °, and incubate at 37 °. (Digitonin 
is from Boehringer GmbH, Mannheim, Germany.) 
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3. Stop the reaction by addition of 900/~1 of ice-cold lysis buffer [LB: 
1% (v/v) Triton X-100 in 25 mM Tris-HC1 (pH 7.4), 137 mM NaC1, 5 mM 
KC1, 0.7 mM CaC12, 5 mM MgC12, 10 mM benzamidine, leupeptin (1/zg/ 
ml), aprotinin (2/~g/ml), trypsin inhibitor (10/~g/ml), 1 mM ATP, 0.1 mM 
GTP, 0.1 mM GDP]. Collect p21ras and determine the G T P / G D P  ratio as 
described above. 

Figure 2A represents an experiment similar to that shown in Fig. 1, but 
now the H13 cells are permeabilized with digitonin. The EGF treatment 
clearly stimulates the binding of labeled nucleotide to p21ras. After 1 rain 
this increase is at least fivefold, after which it levels off. However,  a chase 
with 1 mM unlabeled GTP after 5 min results in a considerable decrease 
in the amount of label on p21ras, whereas a control chase with 1 mM ATP 
does not affect the nucleotide exchange reaction. These results indicate 
that, under the conditions used, the EGF-induced exchange of nucleotides 
on p21ras is catalytic. 

Most of the labeled nucleotide bound to immunoprecipitated p21ras is 
GDP, whereas nearly all labeled nucleotide in the reaction mixture is GTP, 
even after 10 rain of incubation at 37 ° (data not shown). Apparently, an 
efficient GTPase activity is present that hydrolyzes GTP bound to p21ras. 
Most likely, this GTPase is the intrinsic GTPase of p21ras, augmented by 
GAP activity. The ratio of GDP to GTP bound to p21ras is similar in 
untreated and EGF-treated samples, indicating that in vitro G A P  activity 
is not altered by EGF treatment, in agreement with previous observations. 2,~ 

A chase with 1 mM GTP in control (no EGF)  cells does not lead to a 
reduction in the amount of label recovered from p21ras. This result, com- 
bined with the observation that EGF-induced exchange cannot be chased 
with GTP or GDP below basal levels, may indicate that the basal level of 
exchange that is detected in the absence of E G F  represents a pool of p21ras 
that is slowly escaping regulation. Thus, the gradual increase in nucleotide 
binding at later time points may reflect a basal level of exchange at a pool 
of p21ras not available for regulation by EGF. In vivo, we have observed 
that 100 ng of E G F  per milliliter gives a maximal binding of nucleotides 
to p21ras, whereas hardly any response is observed with 1 ng of E G F  per 
milliliter (data not shown). This concentration dependency is also reflected 
in a difference in in vitro nucleotide exchange activity (Fig. 2B); 1 ng of 
E G F  per milliliter gives hardly any response whereas 10 ng of E G F  per 
milliliter is sufficient to observe a clear increase in the guanine nucleotide 
exchange rate. It should be noted that no EGF-induced exchange is ob- 
served at 4 °, or when E G F  is added together with digitonin (instead of 
before digitonin) (data not shown). These data may indicate that an EGF- 
induced "exchange complex" is formed prior to digitonin treatment. Appar- 
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FI¢~. 2. Binding of [o~-32p]GTP to p21ras in digitonin-permeabilized HI3 cells. (A) Cells 
were treated with EG F  (100 ng/ml) at 4 °, permeabilized with digitonin, and exposed to 3 nM 
[~e-32p]GTP for various lengths of times. Where  indicated, a chase was performed with 1 m M  
cold GTP, GDP,  or ATP.  (B) Cells were treated with various concentrations of EGF at 4 °, 
permeabilized with digitonin, and exposed to 3 nM [~-32p]GTP for 2 min. 

ently, this complex cannot be assembled in digitonin and shows no catalytic 
activity at 4 °. On transfer to 37 °, nucleotides are exchanged rapidly and 
repeatedly. Because no new complexes are formed in digitonin and because 
some complexes may fall apart during the assay, the rate of exchange de- 
creases. 
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The method of choice, streptolysin O or digitonin, will depend on the 
cell type and the ligand used. Based on our experience, the digitonin method 
is more sensitive and easier to perform. However, digitonin treatment is 
more disruptive than streptolysin O. 
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By G I D E O N  B O L L A G  a n d  F R A N K  M c C o R M I C K  

In t roduct ion  

Because Ras proteins are active in their OTP-bound conformation, 
deactivation of Ras can be achieved by hydrolysis of the bound GTP to 
GDP, resulting in the release of inorganic phosphate. 1 In vitro, this reaction 
occurs with purified Ras proteins in the absence of other factors: we denote 
this as the intrinsic GTPase activity. In the cell, this reaction can be catalyzed 
by GTPase-activating proteins (GAPs). In human cells, two such GAPs 
have been identified, and they are referred to here as p120-GAP (a 120- 
kDa protein, the first GAP discovered) and neurofibromin (a 300-kDa 
protein, the product of the NFI gene involved in neurofibromatosis type 
1). These two GAPs share a 38-kDa catalytic domain that is about 27% 
identical, and we call this domain the GAP-related domain or GRD. To 
distinguish the two catalytic domains from each other, we use the terms 
GAPette  and NF1-GRD. 

The importance of deactivation via GTP hydrolysis is highlighted by the 
occurrence of Ras mutations in human tumors. 2 These mutations invariably 
inhibit the intrinsic GTPase activity and, more strikingly, render the mutant 
proteins insensitive to the GAPs. Although these mutant proteins generally 
still bind to the GAPs, the GTPase stimulation is reduced by typically more 
than 1000-fold. A second example of the GAP involvement in oncogenesis 
comes from the study of NF1 patients. Tumor-derived cell lines from these 
patients exhibit dramatically reduced levels of neurofibromin and a corre- 

1 D. R. L o w y  a n d  B. M. W i l l u m s e n ,  Annu. Rev. Biochem. 62, 851 (1993).  

2 S. R o d e n h u i s ,  Semin. Cancer Biol. 3, 241 (1992).  
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sponding elevation of Ras. GTP levels. 3,4 This observation suggests that 
neurofibromin is a major Ras downregulator in these cell lines. Genetic 
evidence has also implicated neurofibromin as a major regulator of Ras in 
early myelopoiesis. 5 Interestingly, about 30% of melanoma and neuro- 
blastoma cell lines that have been investigated have low levels of neuro- 
fibromin expression, even though they are not derived from NF1 pa- 
tients. 6 s Surprisingly, all of the melanoma and neuroblastoma cell lines 
accumulate similar levels of Ras- GTP regardless of neurofibromin expres- 
sion, indicating that pl20-GAP may be the primary Ras regulator in 
these cells. 

In the study of the various diseases associated with misregulated Ras, 
it is of interest to measure the intrinsic and GAP-stimulated GTPase rates. 
Here, we describe relatively simple assays that can be used to measure 
these rates, using purified proteins or crude lysates. 

Materials 

The preparation of Ras proteins is described in [1] and [2], whereas the 
preparation of the GAP proteins is described in [5] of this volume. Most 
buffer reagents are from Sigma (St. Louis, MO). Silicotungstic acid and 
ammonium molybdate are from Fluka (Ronkonkoma, NY), n-dodecyl- 
/3-D-maltoside, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 
(HEPES), leupeptin, aprotinin, E-64 [trans-epoxysuccinyl-L-leucylamido(4- 
guanidino)butane], and Pefabloc are from Boehringer-Mannheim Bio- 
chemicals (Indianapolis, IN) and PPO (2,5-diphenyloxazole) and bis-MSB 
[p-bis(o-methylstyryl)benzene] are from ICN (Irvine, CA). Radiolabeled 
[c~-3zP] - and [,/-32p]GTP are purchased from Du Pont-NEN (Boston, MA). 

Intrinsic Ras GTPase Assays 

The Ras GTPase reaction requires Ras protein, radiolabeled GTP, and 
a divalent metal ion (most commonly magnesium). With most purification 

3 T. N. Basu, D. H. Gutmann ,  J. A. Fletcher, T. W. Glover, F. S. Collins, and J. Downward,  
Nature (London) 356, 713 (1992). 

4 j. E. DeClue,  A. G. Papageorge,  J. A. Fletcher, S. R. Diehl, N. Ratner,  W. C. Vass, and 
D. R. Lowy, Cell (Cambridge, Mass.) 69~ 265 (1992). 
K. M. Shannon,  P. O'Connell ,  G. A. Martin, D. Paderanga,  K. Olson, P. Dinndorf,  and F. 
McCormick, N. Engl. J. Med. 330, 597 (1994). 

61. The, A. E. Murthy,  G. E. Hannigan,  L. B. Jacoby, A. G. Menon,  J. F. Gusella, and A. 
Bernards, Nat. Gener 3, 62 (1993). 

7 L. B. Andersen ,  J. W. Fountain,  D. H. Gutmann,  S. A. Tarle, T. W. Glovcr, N. C. Dracopoli, 
D. E. Housman,  and F. S. Collins. Nat. Genet. 3, 118 (1993). 
M. R. Johnson,  A. T. Look, J. E. DeClue,  M. B. Valentine, and D. R. Lowy, Proc. Natl. 
Acad. Sci. U.S.A. 90, 5539 (1993). 
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procedures for Ras proteins, an equimolar amount of GDP copurifies with 
the protein. In the presence of divalent cations such as magnesium, the 
dissociation constant of GDP from Ras is low, - 1 0  "~ M 1. As with hetero- 
trimeric G proteins, exchange of bound (nonradioactive) GDP for [y- 
3:p]GTP can be simply achieved by lowering the divalent cation concentra- 
tion, using a molar excess of EDTA. In measuring intrinsic GTPase activi- 
ties, it should be noted that both GTP and GDP dissociation will occur at 
a rate similar to that of GTP hydrolysis. One way to minimize the perturba- 
tions due to these competing reactions is to create conditions in which the 
Ras concentration is much higher than the [T-3~p]GTP concentration. The 
high Ras.  GDP concentrations should not affect the unimolecular 
Ras. GTP hydrolysis reaction. The dissociation reactions will also not sig- 
nificantly affect hydrolysis at early times when the GTP-to-GDP ratio has 
not changed significantly. 

A reaction mixture containing 50 nM [T-B2p]GTP (6000 Ci/mmol), 500 
nM N-Ras (or any Ras protein), 1 mM EDTA, 20 mM Tris (pH 8), and 2 
mM dithiothreitol (DTT) is incubated for 5 rain at 25 °. Note that Ras 
proteins are stored in the presence MgC12 (typically 1-5 raM) and it is 
imperative that the MgC12 concentration be greatly diluted (i.e., 41 mM) 
in the prebinding step, so that the EDTA remains in excess. At initial 
times, aliquots of this reaction mixture are added to 4 vol of buffer A [20 
mM Tris (pH 8), 100 mM NaC1, 5 mM MgCI2, 2 mM DTT] preheated to 
37 ° . At appropriate times, reactions are stopped and analyzed for hydrolysis. 

Examples of intrinsic GTPase rates for wild-type and oncogenic mutants 
of Ras are displayed in Table 1. It is interesting to note that some of the 
oncogenic mutants are only about twofold reduced in intrinsic GTPase 
rates, while all of the mutants are essentially insensitive to stimulation by 
GAP proteins. This observation has led to the notion that lack of GAP 
stimulation is essential for the transforming properties of mutant Ras pro- 
teins. 

Assays  of GTP Hydrolysis  

Assay I 

This protocol is adapted from a previously reported procedure. 9 Each 
assay ( -5 -20 / z l )  is terminated by adding 200/~1 of 5 mM silicotungstate 
and 1 mM H2SO 4 in a 1.5-ml tube. After stopping all of the reactions, 300 
/xl of isobutanol-toluene (1 : 1, v/v) containing scintillant [0.5% (w/v) PPO, 
0.01% (w/v) bis-MSB], 40/~1 of 5% (w/v) ammonium molybdate, and 2 M 

E. Shacter, Anal. Biochem. 138, 416 (1984). 
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T A B L E  I 

INTRINSIC G T P  HYDROLYSIS RATES OF Ras AND SOME 

COMMONLY FOUND ONCOGENI(7 MUTAN'I"S 

Intrinsic G T P a s e  

Protein (rain 1) G A P  stimulation 

Wild type 0.028" + 

G 12V 0.002 <' - 

G I 2 D  0.001 ~' - 

G 1 2 R  0.0014" - 

G13V 0.013 ~ - 

Q 61 H 0.0019" - 

Q61L 0.0013" - 

" U. Krengel ,  I. Schlicht ing,  A. Scherer ,  R. Schumann, 
M. Frech,  J. John.  W. Kabsch,  E. F. Pai, and  A. Wittin- 
ghofer, Cell (Cambridge, Mass.) 62, 539 (1990). 

h S. M. F ranken ,  A.  J. Scheidig,  U. Krengel ,  H. Rensland. 
A. Lau twe in ,  M. Geyer .  K. Scheffzek,  R. S. Goody, 
H. R. Kalbi tzer ,  E. F. Pal, and  A. Wi t t inghofe r ,  Bio- 
chemistry 32, 8411 (1993). 

' P. Gideon ,  J. John,  M. Frech,  A.  Lau twein .  R. Clark ,  

J. E. Schetfler,  and A. Wi t t inghofer ,  Mol. Cell. Biol. 
12, 2050 (1992). 

H 2 S O  4 are added to each tube. Each tube is then vortexed briefly, spun 
for --30 sec in a microfuge, and 150 /xl of the upper (organic) phase is 
removed and counted for 32p. Because scintillant is included with the organic 
phase, no additional scintillation cocktail is required. If absolute numbers 
are desired, the values measured in the organic phase (150/xl) should be 
multiplied by a factor of 2.3 to account for volume changes. 9 

Assay II 

A second method for separating labeled nucleotides from inorganic 
phosphate makes use of the ability of activated charcoal to bind selectively 
to the nucleotides. Reactions of up to 100/xl are stopped by the addition 
of 0.7 ml of ice-cold 5% (w/v) activated charcoal in 20 mM phosphoric acid 
(pH 2). After rocking the tubes for 15 rain at 4 °, the tubes are spun for 15 
rain in a microfuge at 4 °. Clarified supernatant (0.4-ml aliquot at top speed) 
is transferred to scintillation vials containing 5 ml of scintillation fluid (e.g., 
from ICN) and counted for 32p. 

Assay HI 

Alternatively, phosphate release can be determined by measuring 32p 
remaining bound to Ras at the end of the reaction. This method relies on 
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the ability of nitrocellulose membrane filters to retain the Ras protein and 
its bound nucleotide. Because the radioactive label is at the y-phosphate, 
any hydrolyzed label will be washed through the membrane. Nitrocellulose 
membranes (e.g., HA,  0.45 /_tm; Millipore, Bedford, MA) are preequili- 
brated in filter wash buffer [20 mM Tris (pH 8), 100 mM NaC1, 5 mM 
MgC12] at 0 ° and then placed on an appropriate manifold (e.g., 1225 sam- 
pling manifold; Millipore). On completion of the GTPase reaction, aliquots 
of the radioactive reaction mixture are added to 1 ml of filter wash buffer 
at 0 ° and a vacuum is applied to the apparatus. Filters are washed four 
times with 1 ml of chilled filter wash buffer, the manifold is disassembled, 
and the filters are dried under a heat lamp. Scintillation cocktail is added 
to the filters and they are counted for 32p in a scintillation counter. We 
find that typically - 5 0 %  of the Ras protein flows through the filter using 
this protocol and that the percent recovery of protein varies with different 
lots of nitrocellulose membranes. 

Assay IV 

A fourth method for the detection of GTPase products is often used. 
This method requires the use of [o~-3~P]GTP in the reaction. All other 
parameters are equivalent to that presented above. Using this protocol, 
reactions can be terminated using a one-tenth volume of 2% sodium dodecyl 
sulfate (SDS), 20 mM EDTA,  20 mM dithiothreitol (DTT),  5 mM GTP, 5 
mM GDP. After heating to 65 ° for 20 min, these reactions are spotted onto 
polyethyleneimine-cellulose thin-layer chromatography (TLC) plates (EM 
Separations, Gibbstown, N J), typically using three 5-p,1 applications per 
assay point. These spots are allowed to dry and then developed in a TLC 
tank preequilibrated in 1 M LiC1 until the solvent front reaches the top of 
the TLC plate (typically 1 to 2 hr). Alternative TLC developing solvents 
may be used, such as 1.2 M (NH4)HCO2, 0.8 M HC1, or 1 M KHzPO4, pH 
3.4. After developing the TLC plate, the plate is dried and the G D P  and 
GTP spots can be visualized with a short-wave ultraviolet (UV) lamp. 
Quantitation can be achieved by scraping the appropriate spots into scintil- 
lation vials, adding scintillation cocktail, and counting for 32p. Radioanalytic 
scanners may also be used in quantitating this assay. The extent of hydrolysis 
is determined from the ratio of the GTP and GDP spots. 

We find that the direct measure of phosphate release using assay I is 
the simplest and most sensitive of the assays presented. 

GAP Assay 

As with the intrinsic GTPase measurements, excess Ras over GTP is 
used in the GAP-stimulated assays in order to ensure that >80% of the 
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radioactivity is bound to the Ras. For measuring GAP-stimulated GTP 
hydrolysis this simple procedure is adequate, because the nonradioactive 
Ras.  GDP does not significantly affect the activity (even though it is present 
in excess). The affinity of R a s - G D P  for the GAP proteins is typically 
>100-fold lower than that of Ras. GTP. Note that this may vary with 
mutations in the Ras protein. 

A reaction mixture containing 50 nM [y-32p]GTP (6000 Ci/mmol), 500 
nM N-Ras (or any Ras protein), 1 mM EDTA, 20 mM HEPES (pH 7.3), 
2 mM DTT is incubated for 5 min at 25 °. After the 5-min prebinding 
reaction, 9 vol of buffer B (20 mM HEPES, 2 mM MgCl:, 2 mM DTT) is 
added. This mixture typically contains 40-45 nM Ras.  GTP and should be 
used immediately in GAP assays. A one-quarter volume of the Ras.  GTP 
mixture is added to a one-quarter volume of the GAP preparation, and 
a remaining half-volume of buffer B (possibly containing activators or 
inhibitors) at initial times. Typically, final concentrations of 1 nM pl20- 
GAP, 4 nM GAPette, 4 nM NF1-GRD, and 10 nM neurofibromin are 
appropriate for reactions that are linear for - 1 0  min. Reactions should be 
terminated and quantitated according to the assay protocols described 
above. 

A comparison of kinetic parameters has revealed that pl20-GAP has 
both a higher Km and a higher Vma x than does NF1-GRD. 1° Using these 
parameters to simulate the Michaelis-Menten characteristics of these two 
proteins, an understanding of the relative activities can be extrapolated 
(Fig. 1A). In Fig. 1B, the scale of both axes is expanded 1000-fold to focus 
on the Ras concentration ranges ( -1  nM) that are more typical in human 
cells. If a simple extrapolation of the in vitro kinetic parameters is justified, 
it would appear that both activities fall within a similar range. This observa- 
tion is consistent with the idea that either protein could be regulated by 
upstream signals. 

Assay in Crude Extracts  

For assays of GAP activity in cell lysates, it is important to minimize 
contaminating activities due to other GTPases and nonspecific phospha- 
tases. We describe here two assay methods: one achieves specificity by 
involving the neutralizing anti-Ras monoclonal antibody Y13-259 l~ whereas 
the second method relies on the relatively slow dissociation of magnesium 
from the Ras- GTP.  Mg complex. For both methods, prebinding of Ras to 
[c~-32p] - or [T-32p]GTP is required. Typically, 5/xM K-Ras is incubated with 

10 L. Wiesmiiller and A. Wittinghofer. J. Biol. Chem. 267, 10207 (1992). 
iI M. E. Furth, L. J. Davis, B. Fleurdelys, and E. M. Scolnick, J. Virol. 43, 294 (1982). 
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Using previously reported parameters  ~° (p l20-GAP:  K m --9.7 tJ, M,  k~a~ ~1140 r a i n  i; NFI-  
GRD:  Km ~0.3 p,M, k~,~ - 8 4  rain ~ ), the dependence of reaction velocity on Ras concentration 
is extrapolated, (A) and (B) portray the same curves, except that the scale of both axes in 
(B) are expanded 300-1000-fold. [E]~ indicates the total concentration of G A P  l)rotein. 
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0.5/xM [o~-32P] - or [T-32P]GTP (3000-6000 Ci/mmol) in 5 mM EDTA, 20 
mM HEPES, 2 mM DTT. Again it is imperative that the final magnesium 
concentration (contributed by the K-Ras preparation) be ~5 mM. After 
10 rain at 25 °, the prebinding reaction is terminated by adding 9 vol of 
buffer B. This [0~-32p] - or [T-32p]GTP. Ras should be used immediately in 
the GAP assay. As described below, inclusion of the detergent dodecyl 
maltoside allows selective inhibition of neurofibromin GAP activity. 

Method 1 

Cells are lysed in 20 mM HEPES (pH 7.3), 2 mM EGTA, 2 mM MgC12, 
2 mM DTT, leupeptin (10/xg/ml), aprotinin (10/xg/ml), E-64 (2/xg/ml), 
1 mM Pefabloc. Two volumes of cell lysate is mixed with 1 vol of buffer 
B either with or without 4 mM dodecyl maltoside. Reactions are initiated 
in 1.5-ml conical tubes by adding 1 vol of [a-32p]GTP • Ras and incubating 
at 25 ° for 5-10 min. The reaction is terminated by adding 10 vol of a 10% 
slurry of Y13-259-agarose resin (Oncogene Science, Uniondale, NY) in 
buffer A. After rocking this reaction mixture for 45 min at 4 °, the tubes are 
centrifuged in a microcentrifuge for 2 min and the supernatant is carefully 
removed and discarded. The resin is washed four times with 20 vol of 0.5% 
(v/v) Nonidet P-40 (NP-40) in buffer A and then once with buffer A alone. 
The nucleotide is eluted off the resin with an equal volume of 2 mM EDTA, 
2 mM DTT, 0.2% (w/v) SDS, 0.5 mM GDP, 0.5 mM GTP by heating to 
65 ° for 20 min. The supernatant is then analyzed on TLC plates as described 
above (assay IV). 

Method II 

Cells are lysed in 20 mM HEPES (pH 7.3), 20 mM EDTA, 2 mM DTT, 
0.2% (v/v) NP-40, leupeptin (10/xg/ml), aprotinin (10/xg/ml), E-64 (2/xg/ 
ml), 1 mM Pefabloc at a specified protein concentration (typically 106 cells/ 
ml, or 1 mg/ml protein). Two volumes of cell lysate are mixed with 1 volume 
of buffer B either with or without 4 mM dodecyl maltoside (or other 
appropriate reagent such as the neutralizing antibody Y13-259). Reactions 
are initiated by adding 1 vol of [y-32P]GTP. Ras and incubating at 25 ° for 
5-10 min. Reactions are terminated and phosphate release is quantified 
according to assay I described above. The nonspecific hydrolysis of [y- 
32p]GTP that is not bound to Ras is minimized by the inclusion of a large 
excess of EDTA in the reaction. Because the dissociation of magnesium 
from the Ras -GTP complex is relatively slow, 12 the EDTA has only a 
minor effect on the GAP reaction. 

12 j. Reinsteim 1. Schlichting, M. Frech, R. S. Goody, and A. Wittinghofer,  J. Biol. Chem. 
266, 17700 (1991). 
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Fie. 2. A comparison of the sensitivity of pI20-GAP (©), GAPet te  (O), neurofibromin 
(~) ,  and NF1-GRD (11) to NaCI and the detergent dodecyl maltoside. (A) The indicated 
concentrations of NaCI were incubated with 0.25 nM p120-GAP (C)), 2.5 nM GAPet te  (O), 
5 nM neurofibromin ([~), or 2.5 nM NFI -GRD (11), using reaction conditions described in 
the GAP assay protocol. After  a 10-min reaction, about 25% of the Ras.  GTP was hydrolyzed 
using these various GAP concentrations in the absence of salt. (B) The indicated concentrations 
of the detergent n-dodecyl/3-D-maltoside were incubated with the different GAP proteins as 
in (A). 
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Compar i son  of GAP Activities 

An analysis of p120-GAP and neurofbromin  GAP sensitivities to salt 
and the detergent dodecyl maltoside is depicted in Fig. 2. p120-GAP is 
much more sensitive to NaC1 concentrations (Fig. 2A), and it would seem 
that at physiological salt concentrations ( - 1 5 0  raM), neurofibromin could 
be considerably more active. While many other factors probably are in- 
volved within the cell, this salt sensitivity does dictate that GAP activities 
in crude extracts be evaluated at low ionic strengths. The differential sensi- 
tivity of the two GAPs to the detergent dodecyl maltoside (Fig. 2B) forms 
the basis for the simple method to distinguish the two activities in crude ex- 
tracts. ~ 

When GAP  activity measurements are performed in the presence or 
absence of 4 mM dodecyl maltoside, the differential activities provide a first 
approximation of the relative GAP activities. Thus, detergent-inhibitable 
activity can be termed neurofibromin-like, and the remainder can be termed 
pl20-GAP-like. Using such criteria, it can be shown that a variety of mam- 
malian cell lines exhibit variable ratios of the two GAPs. t3 In contrast, 
GAP activity is not inhibited by dodecyl maltoside in the neuroblastoma cell 
line SK-N-SH, which has been shown to lack neurofibromin expression. ~4 

The Ras GAPs described here are highly specifc for Ras proteins. Other 
GAPs specific for Ras-related proteins are reported in later chapters in 
this and accompanying volumes. The availability of sensitive and specific 
G AP  activity assays should allow further elucidation of the differential 
roles of the various GAP proteins. In addition, identification of novel Ras 
GAPs and important cellular regulators of the GAPs should lead to a better 
understanding of the Ras signaling pathway. It is hoped, ultimately, that 
the elucidation of this pathway will lead to therapies for malignancies that 
depend on the Ras proteins. 

13 G. Bollag and F. McCormick, Nature (London) 351, 576 (1991). 
14 A. Bernards, V. H. Haase, A. E. Murthy, A. Menon, G. E. Hannigan, and J. F. Gusella, 

DNA Cell Biol. 11, 727 (1992). 
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[19]  D e t e r m i n a t i o n  o f  R a s  a n d  G T P a s e - A c t i v a t i n g  P r o t e i n  

I n t e r a c t i o n s  b y  K i n e t i c  C o m p e t i t i o n  A s s a y  

By MICHAEL D. SCHABER and JACKSON B. GIBBS 

The product of the ras oncogene (Ras or p21) has been implicated as 
an integral player in the signaling mechanisms that regulate the growth 
properties of cells, l 4 Related to Ras are nearly 40 guanine nucleotide- 
binding proteins of about 20 kDa in size, each sharing at least some common 
structural and functional domains with Ras, usually near the guanine nucle- 
otide-binding site. Together,  the Ras superfamily of proteins participates 
in the control of cell cycle progression and differentiation, cytoskeletal 
structure, and protein transport and secretion. The specificity with which 
these related proteins function is striking. Although the different subcellular 
localizations of these proteins clearly affect specificity of function, so too 
does the nature of the interactions they have with regulatory and effector 
protein partners. 

The first molecule from a higher eukaryotic cell shown to interact with 
and alter Ras function was the GTPase-activating protein (GAP). 5 GAP 
was identified as a cytoplasmic protein from Xenopus oocytes that was able 
to stimulate the slow intrinsic GTPase activity of normal Ras, thereby acting 
as a regulatory factor to convert the active GTP form of normal Ras to 
the inactive GDP form. Oncogenic Ras proteins have impaired intrinsic 
GTPase activity and are insensitive to GAP. In addition to a putative role 
of GAP as a regulator of Ras biochemical function, it was suggested that 
GAP might also be an effector of Ras. 5 In such a model, oncogenic Ras 
would have to bind GAP, yet this interaction could not be measured directly 
because oncogenic Ras has impaired GTPase activity and a stable physical 
association between Ras and GAP could not be detected. Therefore,  it was 
necessary to develop an alternative method for evaluating the molecular 
interaction between Ras and GAP. By demonstrating such an interaction, 
it would become possible to identify not only those molecules capable of 
interacting with GAP, but also which functional domains of Ras were 
involved in the formation of the R a s - G A P  complex. Here, we describe a 

J J. B. G i b b s ,  Semin. Cancer Biol. 3, 383 (1992).  

2 M. S. M a r s h a l l ,  Trends Biochem. Sci. 18, 250 (1993).  

3 F. M c C o r m i c k ,  Curr. Opin. Genet. Dev. 4, 71 (1994).  

4 D. R. L o w y  a n d  B. M. W i l l u m s e n ,  Annu. Rev. Biochem. 62, 851 (1993).  

M. T r a h e y  a n d  F. M c C o r m i c k ,  Science 238,  485 (1987).  
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kinetic compet i t ion  assay 6 8 that is based on the following principle. The 
assay uses the measurable  st imulation of  G T P  hydrolysis by normal  Ras 
complexed to [y-32P]GTP in the presence of  G A P  as an indication of  
a R a s - G A P  interaction. The addit ion of  Ras proteins complexed  with 
nonradioact ive  G T P  competes  with this interaction and causes a reduct ion 
in the amount  of  normal  Ras- [y-32P]GTP hydrolysis s t imulated by G A P .  
This me thod  also allows the use of  Ras point  mutants  and Ras peptides to 
map the potential  sites of  interaction between Ras and GAP.  These analyses 
complemen t  earlier mutagenesis  studies that identified two regions (switch 
I and switch II)  that  undergo  conformat ional  changes on G T P  binding and 
define the critical structural basis of  Ras function. 9 The methods  described 
in this chapter  have general  utility in studying the potential  protein par tners  
not  only for Ras but  also for Ras-rela ted low molecular  weight  GTP-  
binding proteins.  

M e t h o d s  

The  kinetic compet i t ion  assay requires purified G A P  and Ras proteins 
that have been  complexed to an appropr ia te  guanine nucleotide. We have 
utilized Ras proteins expressed recombinant ly  in Escherichia coli so that  
large quantit ies of  hom oge ne ous  material  could be prepared.  7"8 G A P  does 
not  necessarily have to be purified, but  we observed best results using G A P  
purified to near  homogene i ty  f rom a tissue source such as bovine brain l° 
or  f rom a recombinan t  source [expression of  G A P  in E. coli 6'7 or Sf9 
(Spodoptera frugiperda, fall a rmyworm ovary)  cells 11 has been described]. 
Descr ibed below are details on the prepara t ion  of  Ras -nuc l eo t ide  com- 
plexes (both the Ras repor te r  and compet i tor  molecules),  Ras pept ide 
solutions, and the G A P  compet i t ion  assay. 

Preparation o f  [y -32p]GTP-Ras  as Substrate 

Purified Ras proteins are complexed  tightly to guanine nucleotide.  
Therefore ,  it is necessary to exchange this bound  nucleot ide with the nucleo- 

u. s. Vogel, R. A. F. Dixon, M. D. Schaber, R. E. Diehl, M. S. Marshall, E. M. Scolnick, 
I. S. Sigal, and J. B. Gibbs, Nature (London) 335, 90 (1988). 

7 M. S. Marshall, W. S. Hill, A. S. Ng, U. S. Vogel, M. D. Schaber, E. M. Scolnick, R. A. F. 
Dixon, I. S. Sigal, and J. B. Gibbs, EMBO J. 9, 1105 (1989). 
M. D. Schaber, V. M. Garsky, D. Boylan, W. S. Hill, E. M. Scolnick, M. S. Marshall, 1. S. 
Sigal, and J. B. Gibbs, Proteins: Struct. Funcr, Genet. 6, 306 (1989). 
A. Wininghofer and E. F. Pai, Trends Biochem. Sci. 16, 382 (1991). 

~0 j. B. Gibbs, M. D. Schaber, W. J. Allard, I. S. Sigal, and E. M. Scolnick, Proc. NatL Acad. 
Sci. U.S.A. 85, 5026 (1988). 

u R. Halenbeck, Q. J. Crosier, R. Clark, F. McCormick, and K. Koths, J. Biol. Chem. 265, 
21922 (1990). 
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tide of choice for the reaction. To bind radioactive GTP to Ras, a l-ml 
exchange reaction is set up in which 0.1 mM Ras and 0.2 mM [y-32p]GTP 
(3000 Ci/mmol; ICN Radiochemicals, Irvine, CA) are added together in 
exchange buffer [25 mM Tris-HC1 (pH 7.5), 2 mM dithiothreitol, 2 mM 
EDTA]. The EDTA facilitates nucleotide exchange by chelating the Mg 2+ 
in the Ras guanine nucleotide-binding site. Following a 15-min incubation 
at 30 °, the reaction is rapidly cooled on ice, then applied to a PD-] 0 column 
(Pharmacia, Piscataway, N J) to remove unincorporated nucleotide. The 
column is preequilibrated in buffer A [20 mM sodium N-2-hydroxyethylpi- 
perazine-N'-2-ethanesulfonic acid (HEPES, pH 7.5), 1 mM MgCI2] and the 
1-ml sample is loaded at 4 ° according to the specifications in the product 
sheet supplied by the manufacturer. The protein is eluted by adding succes- 
sive 1-ml aliquots of buffer A, and collecting 1-ml column fractions. 

Before using the [T-32p]GTP-Ras in a GTPase assay, it is first necessary 
to determine the efficiency of the exchange reaction. To ensure that the 
isolated protein does not contain an excess of unincorporated [y.-32p]GTP, 
aliquots of each PD-10 column fraction are tested in the following filter- 
binding assay. Duplicate 10-tzl aliquots are taken from each column fraction, 
and measured for total [y_32p]GTP vs Ras-bound [y_32p]GTP. Total radioac- 
tivity in each fraction is measured by Cerenkov counting of one 10-pA aliquot 
spotted directly on the surface of a 2.5-cm nitrocellulose filte, r (BA85; 
Schleicher & Schuell). To quantitate the [y-32P]GTP bound to Ras, the 
second 10-tzl aliquot is first diluted into I ml of ice-cold buffer B [25 mM 
Tris-HC1 (pH 7.5), 0.25 mM MgC12], then poured through a Millipore 
(Bedford, MA) manifold fitted with a 2.5-cm nitrocellulose filter. The filter 
is washed under vacuum with five 1-ml aliquots of cold buffer B, then 
radioactivity on the filter is quantitated by Cerenkov counting. Only frac- 
tions having greater than 80% of the [y-32p]GTP incorporated into Ras are 
used in the GTPase assays. 

Unlabeled Nucleotide Exchange 

The exchange reaction used to prepare Ras mutants as competitors of 
R a s - G A P  binding is similar to the above-described reaction, except that 
unlabeled guanine nucleotide is used, and greater quantities of Ras are 
prepared in a single reaction. Specifically, in an 8-ml exchange reaction, 12 
mg of a Ras mutant (70 ~M final concentration) is added along with the 
guanine nucleotide at a final concentration of 1.5 mM (120 /zl of a 100 
mM stock solution) in exchange buffer. Following 15 rain at 30 °, Ras is 
concentrated to one-tenth volume by centrifugation at 5000 g at 4 ° in a 
Centricon-10 microconcentrator (Amicon, Danvers, MA). The concen- 
trated Ras is diluted with 10 vol of buffer A, and concentrated again to one- 
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tenth volume. By repeating this procedure three more times, free guanine 
nucleotide is removed, and the final concentration of Ras is increased to 
2-4 mM (40-80 mg/ml). 

Preparation of Ras Peptide Solutions 

Several peptides derived from various regions of Ras are tested for 
their ability to interfere with Ras -GAP binding. Because some peptides 
are hydrophobic and show modest solubility under aqueous conditions, 
additional measures described below are needed to ensure that ICs0 (50% 
inhibitory concentration) values are derived using peptides that were fully 
soluble under the conditions tested. 

Ras peptides are dissolved at a calculated peptide concentration of 1-2 
mM in either 100% dimethyl sulfoxide [DMSO; Fluka (Buchs, Switzerland) 
ultraviolet (UV)-spectroscopy grade] or 100% dimethylformamide (DMF; 
American Burdick and Jackson, Division of Baxter Diagnostics, Inc., Mus- 
kegon, MI). Following 1 min in a Sonicor (Sonicor Instrument Corp., Co- 
piague, NY) SC-200 bath sonicator at room temperature, the peptide solu- 
tions are vortexed vigorously, and then centrifuged at maximum speed for 
5 min at room temperature in an Eppendorf microfuge to remove any 
insoluble peptide. The cleared peptide solutions (20 p J) are then added to 
80/L1 of buffer A in a dilution series covering a range of expected peptide 
concentrations from 0.02/~M up to the maximum solubility limit for each 
peptide. In each dilution, the solvent concentration is maintained at 20%. 
These peptide solutions are then centrifuged as described above, and the 
cleared supernatants are divided into two parts. One part of each cleared 
peptide dilution is used in a GAP competition assay: 40 p~l is added to a 
5-/~1 solution containing 240 fmol of Ha-Ras-[y-32p]GTP. Reactions are 
initiated by the addition of 5 ~1 of GAP (10 fmol), and analyzed by the 
charcoal adsorption assay described below. 

The second portion of each cleared peptide solution is measured spectro- 
photometrically to determine the solubility (light scattering at 600 nm) and 
actual peptide concentration (using the absorbance of tyrosine residues at 
277 nm) of the peptide solution. Extinction coefficients are determined by 
measuring the absorbance at 277 nm of two peptides whose exact concentra- 
tions are determined by amino acid analysis. The extinction coefficients 
for Ras peptide 17-37 dissolved in buffer A-20% DMF and peptide 91- 
103 dissolved in water-20% DMSO are 2580 and 2230 cm L M 1 respec- 
tively (see Table II for peptide sequences). These values are used to deter- 
mine the exact concentration for each peptide used at each point in the 
competition assay. Peptides lacking tyrosines are quantitated by amino acid 
analysis. In addition, peptide solubility is confirmed by comparing light 
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scattering at 600 nm for each peptide solution measured before and after 
centrifugation. Only concentrations reflecting 100% solubility should be 
used to calculate IC50 values from the dose-response curves. In all cases, 
the maximum concentration noted for each peptide competitor indicates 
the limit of solubility for that peptide. 

GTPase-Activat ing Prote in  Assays  

The ability of GAP to stimulate the GTPase activity of Ras is determined 
by measuring the amount of GTP hydrolysis that occurs when [T-32p]GTP - 
Ha-Ras is incubated at buffer A in the presence or absence of GAP. Each 
GTPase assay is run in a 50-/,1 reaction containing 240 fmol of [y-~2p]GTP- 
Ha-Ras and 10 fmol of GAP. GAP, whether purified from a natural tissue 
such as bovine brain or from a recombinant source such as E. coli, must 
be adjusted to ensure that the GAP-stimulated GTPase reaction is within 
a linear range of activity. Reactions prewarmed to 24 ° are initiated by the 
addition of GAP, then incubated at 24 ° for 4 min. 

To test the effect of inhibitors in the GAP assays, varying amounts of 
the competing Ras mutants or peptides are added to the GTPase reactions, 
and end points are measured by the charcoal nucleotide adsorption assay. 
The 50-/xl reactions in 1.5-ml microfuge tubes are quenched by the addition 
of 5 vol of ice-cold 5% activated charcoal (HCI washed, 5 g in 100 ml of 
50 mM NaH2PO4, Sigma, St. Louis, MO), followed by vigorous vortexing 
for 5 sec. The charcoal adsorbs the guanine nucleotide that dissociates from 
Ras as a result of the low pH of the quench buffer while the 32p~ product 
of the GTPase activity remains soluble. The charcoal is precipitated by 
centrifugation, and the extent of the GTPase reaction is quantitated by 
measuring the amount  of 32pi in the supernatant. By measuring the GTPase 
activity of Ras plus GAP in the absence or presence of inhibitor, an IC50 
value is assigned to the inhibitor concentration that causes a 50% reduction 
in the observed GTPase activity. 

Resul t s  and  Discuss ion  

An example of results obtained in a GAP kinetic competition assay is 
shown in Fig. 1. Here,  an oncogenic Ras point mutant (Leu-61) acted as 
a potent competi tor  in the GAP-dependent  stimulation of Ha-Ras GTPase 
activity. It is a clear demonstration that Ras proteins incapable of re- 
sponding to GAP-stimulated GTP hydrolysis are nonetheless still capable 
of interacting with GAP. Furthermore,  these results demonstrated that the 
nature of the binding interaction was dependent  on the guanine rmcleotide 
bound to Ras; the GTP complex of [Leu-61]Ras was 100 times more potent 



176 GUANINE NUCLEOTIDE EXCHANGE AND HYDROLYSIS [19] 

100 

o 
80- g 

0 

60- 

"5 
4: 

40- 

0 

20- 

O- I I I I i I l ~ i i 
0.03 0.1 0.3 1 3 10 30 100 300 1000 

p21 (,uM) 

FIG. l. Binding of oncogenic Ras to GAP.  [Leu-61]Ha-Ras complexed to either GTP (Q) 
or G D P  ((3) was tested as a competitor in the binding of Ha-Ras  to GAP.  Binding of [Leu- 
61]Ha-Ras to G A P  was measured  by quantitating its ability to inhibit the GAP-s t imula ted  
hydrolysis of  [TJ2p]GTP bound to Ha-Ras  in the presence of increasing concentrations of 
[Leu-61]Ha-Ras competitor. (Data are from Schaber et al. ~) 

T A B L E  I 
INTERACTION OF Ras MUTANTS WI'IH 

GTPAsE-ACTWATIN(; PROTEIN FROM NATURAL OR 
RECOMBINANT SOU P.CES a 

G A P  binding, IC5o (/xM) 

Ras mutan t  Brain G A P  Recombinant  G A P  

Normal Ras 100 18 
[Asn-33]Ras >500 nd 
[Ala-35]Ras >50(I 120 
[Asn-38]Ras >500 nd 
[Val-12]Ras 200 78 

" Purified Ras point mutants  complexed to unlabeled 
GTP were tested as competitors of GAP-s t imula ted  
GTPase  activity of Ha-Ras  bound to [T-32p]GTP as 
described in Methods. G A P  was purified from bovine 
brain m or from E. coli cxpressing bovine G A P ]  The 
GDP  complexes of the Ras proteins were not active 
(not shown), nd, Not determined. 
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T A B L E  II 
EFFECT OF PEPTIDES ON R a s - G A P  INTERACTION" 

G A P  binding, 
Peptide Sequence ICs/~ (/xM) 

Ras 17-44 S A L T I Q L I Q N H F V D E Y D P T I E D S Y R K Q V  2.4 
Ras 17 37 S A L T I Q L I Q N H F V D E Y D P T I E  3.6 
Ras 17 32 S A L T I Q L I Q N H F V D E Y  0.9 
Ras 60 76 G Q E E Y S A M R D Q Y M R T G E  >400 
Ras 91-103 E D I H Q Y R E Q I K R V  >400 
Ras 126-137 E S R Q A Q D L A R S Y  >400 

" Peptides were prepared in dimethylformamide (DMF) as described to ensure complete 
solubility. Competitors were then added to reactions and measured for their ability to 
interfere with bovine brain GAP-stimulated GTPase activity of Ha-Ras complexed to 
[y-32P]GTP. (Data are from Schaber et  al. '~) 

than the G DP complex in inhibiting GAP-stimulated Ras GTPase activity. 
This type of interaction is what one would expect for binding to effector 
proteins by Ras proteins, which are biologically active only when bound 
to GTP. However, these data do not prove that GAP  is a Ras target 
molecule. 

As shown in Table I, the ability of Ras to bind to GAP was impaired 
by point mutations in the effector domain (amino acid residues 32-40,  also 
called the switch I region) of Ras. This region was identified as being 
critical for Ras biological function and interaction with target molecules. 12,13 
Although both normal and [Val-12]Ras in the GTP form effectively bind 
to GAP, point mutations in Ras at positions 33, 35, and 38 all impair binding 
to GAP. Competition was observed using GAP purified from natural or 
recombinant sources. Although GAP from either source gave similar trends, 
lower ICs0 values were obtained with GAP purified from E. coli. More 
potent binding constants have also been observed with recombinant GAP 
purified from Sf9 cellsJ 4 The basis for these differences is currently not un- 
derstood. 

If the switch I region of Ras is responsible for direct interaction with 
GAP, then small peptide molecules corresponding to this region of Ras 
should be able to block GAP binding. As shown in Table II, small peptides 

~2 1. S. Sigal, J. B. Gibbs, J. S. D 'Alonzo,  and E. M. Scolnick, Proc. Natl. Acad. Sci. U.S.A. 
83, 4725 (1986). 

~3 B. M. Willumsen,  A. G. Papageorge,  H. Kung, E. Bekesi, T. Robbins,  M. Jol'mson, W. C. 
Vass, and D. R. Lowy, MoL Cell. Biol. 6, 2646 (1986). 

~4 U. Krengel, I. Schlichting, A. Scherer, R. Schumann,  M. Frech, J. John,  W. Kabsch, E. F. 
Pai, and A. Wininghofer ,  Cell (Cambridg, e, Mass.) 62, 539 (1990). 
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representing various regions of the Ras molecule were tested for their 
ability to compete in the R a s - G A P  binding assay. Peptides derived from 
the effector domain of Ras (amino acids 17-44, 17-37, and 17-32) were 
able to act as competitors with potency nearly equal to that of the authentic 
Ras protein. Peptide 17-32 was the most potent inhibitor of GAP binding. 
By this method of analysis, the actual effector domain of Ras was predicted 
to be larger than previously determined, having critical binding determi- 
nants in the region of amino acids 17-32. This hypothesis was confirmed 
by mutagenesis studies of this region in Ras. t5 Shorter peptides from the 
effector region or peptides derived from other regions of Ras were not 
active in this assay (Table II). For example, a peptide from the switch II 
region (amino acids 60-76) was not competitive, although mutagenesis 
studies have suggested a role of this region in R a s - G A P  interactions, t6 
Thus, the combined evaluation of Ras mutants and Ras peptides has 
been necessary to fully characterize the nature of Ras and GAP inter- 
action. 

Conc lus ions  

The competition assays described in this chapter can also be used to 
characterize Ras interactions with other putative effector or regulatory 
molecules. For example, Raf-1 binds directly to Ras, 3 and the Raf-1 regula- 
tory domain acts as an inhibitor of GAP-stimulated Ras GTPase in an in 

vitro competition assay. 17'18 Furthermore, the interaction between Ras and 
the GAP-like NF-1 gene product (neurofibromin) has also been character- 
ized in a kinetic competition assay with various Ras effector mutant proteins 
as competitors, and it was determined that the interaction between Ras 
and neurofibromin was similar to that seen between Ras and Ras -GAP.  ~9 
The methods described here may be useful for further evaluating these 
and other interactions among additional members of the Ras superfamily 
and their regulatory and effector partners, 

~5 M. S. Marshall, L. J. Davis, R. D. Keys, S. D. Mosser, W. S. Hill, E. M. Scolnick, and 
J. B. Gibbs, Mol. CelL Biol. 11, 3997 (1991). 

~6 K. Zhang, A. G. Papageorge, P. Martin, W. C. Vass, Z. Olah, P. G. Polakis, F. McCormick, 
and D. R. Lowy, Science 254, 1630 (1991). 

17 X. Zhang, J. Settleman, J. M. Kyriakis, E. Takeuchi-Suzuki, S. J. Elledge, M. S. Marshall, 
J. T. Bruder, U. R. Rapp, and J. Avruch, Nature (London) 364, 308 (1993). 

1~ p. H. Warne, P. R. Viciana, and J. Downward, Nature (London) 364, 352 (1993). 
19 M. S. Marshall and L. A. Hettich, Oncogene 8, 425 (1993). 
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[20] P h o s p h o r y l a t i o n - D e p e n d e n t  C o m p l e x e s  

o f  p 1 2 0  R a s - S p e c i f i c  G T P a s e - A c t i v a t i n g  P r o t e i n  
w i t h  p 6 2  a n d  p 1 9 0  

By CHRISTINE ELLIS, VIVIEN M E A S D A Y ,  and MICHAEL F. MORAN 

Introduction 

In cells activated by mitogenic, or oncogenic protein tyrosine kinases, 
the 120-kDa Ras-specific GTPase-activating protein (GAP or p120 c'AP) 
becomes tyrosine phosphorylated, and forms heteromeric complexes with 
two tyrosine-phosphorylated cellular proteins of 62 kDa (p62) and 190 kDa 
(p190). 1 Although the stoichiometry of tyrosine phosphorylation of GAP 
and p190 is low, p62 is highly phosphorylated on tyrosine residues, and 
was indeed initially described as a major tyrosine-phosphorylated protein 
present in lysates of v-src or v-fps-transformed cells, phosphorylation of 
which correlates with transformation. 2,3 In cells transformed by p60 ........ the 
majority of GAP is associated with p190. 4 Rat-2 fibroblasts transformed 
by v-src and grown in culture have therefore provided an amenable source 
for purification of the GAP-p190 complex using anti-GAP antibodies (see 
Fig. 1). By growing src-transformed Rat-2 cells as solid tumors in immune- 
deficient mice Settleman and co-workers obtained sufficient p190 protein 
for microsequence analysis followed by cDNA cloning. 5 Analysis of the 
predicted protein sequence of p190 has revealed a multifunctional domain 
structure including a C-terminal rhoGAP domain, and an N-terminal region 
with homology to Ras superfamily GTPases. 5"6 In contrast, the GAP-p62 
complex is rather minor, 4 but the high phosphotyrosine (pTyr) content of 
p62 has enabled its purification by affinity chromatography with anti-pTyr 
antibodies. 4 Purification, and cloning of a form of GAP-associated p62 has 
revealed a protein of unknown function, but with significant homology to 
a putative heterogeneous nuclear ribonucleoprotein (hnRNP), and which 
contains in addition several proline-rich clusters that are likely involved in 

1 C. Ellis, M. Moran,  F. McCormick, and T. Pawson, Nature (London) 343, 377 (1990). 
C. A. Koch, M. Moran,  I. Sadowski, and T. Pawson, Mol. Cell. Biol. 9, 4131 (1989). 

3 M. F. Moran, C. A. Koch, D. A. Anderson,  C. Ellis, L. England, G. S. Martin, and T. 
Pawson, Proc. NatL Acad. Sci. U.S.A. 87, 8622 (1990). 
M. F. Moran,  P. Polakis, F. McCormick, T. Pawson, and C. Ellis, Mol. Cell. Biol. 11, 
1804 (1991). 

5 j. Settleman, V. Narasimhan,  L. Foster, and R. Weinberg,  Cell (Cambridge, Mass.) 69, 
539 (1992). 

~' J. Senleman,  C. Albright,  L. Foster, and R. Weinberg,  Nature (London) 359, 153 (1992). 

Copyright .~ 1995 by Academic Press, Inc 
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binding to the SH3 domains  of  p60 s~c and Src-family prote in  tyrosine ki- 
nases, and perhaps  o ther  SH3-containing proteins.  7-m 

In c o m m o n  with many  other  cytoplasmic phosphopro te ins  that regulate 
signal t ransduction,  G A P  possesses conserved noncatalyt ic  Src homology  
regions 2 and 3 (SH2 and SH3) domains  that part icipate in intracellular 
signaling by directing specific p ro t e in -p ro t e in  interactions. 11 SH2 domains  
bind with high affinity and specificity to short  amino acid sequences that  
contain phospbo ty ros ine ]  2 whereas  SH3 regions interact  specifically with 
proline-rich sequences on target  p ro te ins ]  3'14 G A P  SH2 domains  expressed 
and purified f rom bacteria can be shown to media te  interactions directly 
with pTyr-conta in ing  ligands including p62 and activated epidermal  growth 
factor (EGF)  receptors  in vitro, 3 and a bacterial  fusion prote in  containing 
G A P  SH2 and SH3 domains  will bind p190 f rom denatured  cell lysates. ~5.16 
Thus,  the N-terminal  regulatory domain  of  G A P ,  through interactions with 
p62 and p190, may  be positively involved in signal t ransduct ion pathways  
initiated by tyrosine kinases. 

In this chapter  we describe protocols  to enable (1) the identification of  
G A P  complexes  with p62 and p190 f rom mammal ian  cell lysates, (2) the 
separat ion of  he terodimer ic  G A P  complexes  by gel-exclusion chromatogra-  
phy and subcellular fract ionation,  and (3) methods  for the reconst i tut ion 
of  pTyr -dependen t  G A P  SH2 domain  interactions with p62, and p190 in 

vitro. Since SH2 domains  of  different signaling proteins directly media te  
a wide array of  phosphory la t ion-dependen t  p ro t e in -p ro t e in  interactions, 
including binding to l igand-activated growth factor  receptors,  as well as to 
cytoplasmic phosphoprote ins ,  such in vitro reconst i tut ion experiments  and 
gel-exclusion ch roma tog raphy  techniques have a wider application in re- 

7 G. Wong, O. Muller, R. Clark, L. Conroy, M. Moran. P. Polakis, and F. McCormick, Cell 
(Cambridge, Muss.) 69, 551 (1992). 
S. Taylor and D. Shalloway, Nature (London) 368, 867 (1994). 

9 S. Fumagalli, N. Totty, J. Hsuan, and S. Courtneidge, Nature (London) 368, 871 (1994). 
~0 Z. Weng, S. Thomas, R. Rickles, J. Taylor, A. Brauer, C. Seidel-Dugan, W. Michael, G. 

Dreyfuss, and J. Brtigge, Mol. Cell, Biol. 14, 4509 (1994). 
~L C. A. Koch, D. Anderson, M. F. Moran, C. Ellis, and T. Pawson, Science 252, 668 (199l). 
~2 Z. Songyang, S. E. Shoelson, M. Chaudhuri, G. Gish, T. Pawson, W. G. Haser, F. King, T. 

Roberts, S. Ratnofsky, R. J. Lechleider, B. G. Neel, R. B. Birge, J. E. Fajardo, M. M. Chou, 
H. Hanafusa, B. Schaffhausen, and L. C. Cantley, Cell (Cambridge, Mass.) 72, 767 (1993). 

13 p. Cicchetti, B. Mayer, G. Thiel, and D. Baltimore, Science 257, 803 (1992). 
14 R. B. Ren, B. J. Mayer, P. Cicchetti, and D. Baltimore, Science 259, 1157 (1993). 
L5 C. Ellis, X. Liu, D. Anderson, N. Abraham, A. Veillette, and T. Pawson, Oncogene 6, 

895 (1991). 
~6 C. A. Koch, M. F. Moran, D. Anderson, X. Liu, G. Mbamalu, and T. Pawson, Mol. Cell. 

Biol, 12, 1366 (1992). 
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vealing growth factor-stimulated, or transformation-related, assembly of 
protein complexes. 

Identification of GAP Complexes with p62 and p 190 

To identify GAP and GAP-associated proteins, lysates are prepared 
from v - s r c - t r a n s f o r m e d  Rat-2 cells labeled by growth in [35S]methionine 
([35S]Met) o r  32p i . Prior to immunoprecipitation with affinity-purified GAP 
antibodies, lysates are extensively cleared of nonspecific interacting proteins 
as described below. GAP is efficiently immunoprecipitated from Rat-2 cells, 
and coprecipitates with p190 from Rat-2 v - s r c  cells (Fig. 1, lanes 1-4). 
Similar amounts of p190 and GAP are recovered from the s r c - t r a n s f o r m e d  

cells, but no other anti-GAP-specific proteins are detected, p62 is not 
detectable in GAP immunoprecipitates from Rat-2 v - s r c  cells labeled either 
with [3sS]Met (Fig. 1, lane 4) or, as shown previously, with a mixture of 
tritiated lysine, leucine, proline, tyrosine, and phenylalanine. 4 However, a 
GAP immunoprecipitate from 32p-labeled Rat-2 v - s r c  cells reveals phos- 
phorylated GAP and p190, and in addition the GAP-associated phospho- 

Rat2 Rat2 v - s r c  

Cont aGAP Cont ,~GAP aGAP GAP 

m 

1 2 3 4 

I i l ~ -  p190 

GAP 

~ , -  p62 

p190 ! 
GAP 

G 

5 6 

[35S] Met 32p i Amido 
Black 

EKe. 1. lmmunoprecipitation of GAP, p190, and p62 from s r c - t r a n s f o r m e d  Rat-2 fibroblasts. 
Cells metabolically labeled with [35S]Met (lanes 1-4) or 32Pi (lane 5), or unlabclcd (lane 6), 
wcrc immunoprecipitated with anti-GAP or control anti-mouse immunoglobulin antibodies 
(Cont, lanes 1 and 3) bound to protein A-Sepharose  beads, resolved by SDS--PAGE, and 
transferred to Immobilon-P membrane.  Proteins were detected by autoradiography with 
Kodak X A R  fihn (lanes 1 5), or by staining with amido black (lane 6). The positions of GAP 
and GAP-associated p190 and p62 arc indicated. (Results are adapted from Moran et al. ) 
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protein p62 (Fig. 1, lane 5). These results show that while GAP-associated 
p62 is highly phosphorylated, the amount of GAP bound to p62 is minor 
compared with the amount of p190-associated GAP. 

The efficient recovery of the GAP-pl90  complex is easily scaled up. 
Lane 6 of Fig. 1 is an amido black-stained nitrocellulose filter showing GAP 
and p190 coimmunoprecipitated with 3 ~g of affinity-purified polyclonal 
GAP antibodies from a precleared lysate prepared from 2 × 108 unlabeled 
Rat-2 v-src cells. The staining pattern and intensity suggests that the GAP-  
p190 complex is abundant and comprises a 1 : 1 ratio of GAP and p190. 

Cell Culture and lmmunoprec ip i ta t ion  

Rat-2 and Rat-2 v-src cells are maintained in a 5% (v/v) CO2 incubator 
in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% 
(v/v) fetal bovine serum (FBS) or 5% (v/v) calf serum, respectively. For 
metabolic labeling, cells at a density of approximately 5 × 106 cells/10-cm 
dish are incubated for 2 hr with 3 ml of methionine- or phosphate-free 
DMEM (GIBCO, Grand Island, NY) containing either 5% (v/v) dialyzed 
FBS and 1 mCi of [35S]methionine (1000 Ci/mmol; Amersham, Arlington 
Heights, IL) or 2% (v/v) dialyzed FBS and 5 mCi of 32p~ (ICN, Irvine, CA). 

After labeling, cells are rinsed with cold phosphate-buffered saline 
(PBS), lysed with 2 ml of PLCLB [50 mM HEPES (pH 7.0), 150 mM NaCI, 
10% (v/v) glycerol, 1% (v/v) Triton X-100, 1.5 mM MgC12, 1 mM EGTA, 
100 mM NaF, 10 mM NaPPi, 1 mM Na3VO4] containing 10/xg/ml each of 
aprotinin and leupeptin and 1 mM phenylmethylsulfonyl fluoride (PMSF), 
and clarified by centrifugation at 20,000 g for 30 min at 4 °. Clarified lysates 
are then cleared of nonspecific proteins by incubating for 60 rain with 50 
bd of nonimmune rabbit serum (NRS) that has been preadsorbed to 50 bd 
of protein A-Sepharose for 60 min in 1 ml of PLCLB and washed twice in 
PLCLB. After removing the NRS beads by centrifugation, a second clearing 
step is performed by combining the supernatant with 10 /zl of protein 
A-Sepharose beads, mixing for 60 min, and again removing the beads by 
centrifugation. For anti-GAP immunoprecipitations 1/xg of affinity-purified 
antibody is preadsorbed to 5/xl of protein A-Sepharose beads (then washed 
twice with PLCLB) and combined with the twice-cleared lysate for 90 min 
at 4 ° in a microfuge tube on a nutator platform (Clay-Adams). As a negative 
control, 1 /xg of purified rabbit anti-mouse immunoglobulin (RamIg; Or- 
ganon Teknika) preadsorbed to protein A-Sepharose is used. Immune 
complexes are washed three times with HNTG [20 mM HEPES (pH 7.0), 
150 mM NaCI, 0.1% (v/v) Triton X-100, 10% (v/v) glycerol, 1 mM Na3VO4], 
resuspended in 40/xl of 1 × SDS-gel sample buffer [62.5 mM Tris-HCl (pH 
6.8), 2% (w/v) sodium dodecyl sulfate (SDS), 10% (v/v) glycerol, 0.1% 
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(v/v) Bromphenol  Blue, 5% (v/v) 2-mercaptoethanol],  heated to 100 ° for 
2 Min, and electrophoretically resolved through a 7.5% (w/v) SDS-poly-  
acrylamide gel. After fixing in 40% (v/v) methanol-5% (v/v) acetic acid 
for 60 min, the gel is dried and exposed to Kodak (Rochester, NY) X A R 
film for 2 to 24 hr. The larger scale ant i-GAP immunoprecipitate shown 
in Fig. 1, lane 6, was electrophoretically transferred from a polyacrylamide 
gel to a nitrocellulose membrane and stained with amido black as described 
in Harlow and Lane. ~7 

EGF,  GST-SH2, and GST-PTP-1B fusion proteins, and antibodies 
against GAP, GST, and pTyr described in this chapter are available from 
Upstate Biotechnology (Lake Placid, NY). Protein A-Sepharose beads and 
the various protease and phosphatase inhibitors are from Sigma (St. Louis, 
MO). Enzyme-linked antibodies are from Sigma and Bio-Rad (Richmond, 
CA), enhanced chemiluminescence substrates and ~25I-labeled protein A 
are from Amersham, and chromatographic media are from Pharmacia (Pis- 
cataway, N J). 

Resolu t ion  of GAP Complexes  by  Gel Fi l t rat ion 
and  Subce l lu la r  Frac t iona t ion  

Gel Filtration of GAP Complexes 

The hypothesis that tyrosine kinases induce a significant proportion of 
G AP  to complex with p190 predicts that the apparent size of native GAP 
should shift on growth factor stimulation or transformation by v-src. To 
illustrate this, lysates from EGF-stimulated or v-src-transformed rat fibro- 
blasts are applied to a Superose 12 gel-filtration column, and the eluted 
fractions are immunoprecipitated and immunoblotted with GAP antibod- 
ies. E G F  treatment of cells induces a pronounced shift in GAP to a higher 
molecular weight (Fig. 2) compared with the elution of G A P  from unstimu- 
lated, serum-starved cells. 4 We employ Rat-1 cells, which overexpress the 
human EGF-R ( R l h E R )  for EGF  stimulation. In serum-starved R l h E R  
cells GAP  elutes from the sizing column at approximately 200 kDa, which 
likely corresponds to the GAP monomer.  Thirty minutes following EG F  
stimulation there is an almost complete conversion of GAP to higher molec- 
ular weight (300 to 500-kDa) species. This shift to a higher molecular weight 
is presumably a consequence of a majority of GAP protein becoming 
complexed to p190, in addition to more minor complexes involving GAP 
bound to activated E G F  receptors and p62. 3 In proliferating asynchronous 

~7 E. Harlow and D. Lane, "Antibodies: A Laboratory Manual." Cold Spring Harbor Lab., 
Cold Spring Harbor, NY, 1988. 
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normal Rat-2 cells and Rat-2 v-src cells a broader pattern of GAP elution 
is apparent. The majority of GAP from the v-src- t rans formed rat cells 
elutes at 300-500 kDa, whereas in normal Rat-2 cells a majority of GAP 
elutes at a lower molecular weight (Fig. 2). This suggests that the p60 ..... 
tyrosine kinase activity in Rat-2 v-src cells promotes an increase in the 
fraction of GAP  bound to p190, as shown in Fig. 1. 

Size-Exc lus ion  Chromatography  o f  Cell Lysates.  The following proce- 
dures are performed at 4 °. Cells are gently scraped from 10-cm plates into 
0.75 ml of Tris-buffered saline [TBS: 20 mM Tris-HC1 (pH 7.5), 150 mM 
NaC1] containing 100 /zM Na3VO4 and centrifuged at 1000 g for 15 sec. 
Cells are resuspended with 300/~1 of PLCLB per 5 X 106 cells and clarified 
by centrifugation at 15,000 g for 15 min. Lysate (250/~1) is injected onto 
a PLCLB-equilibrated Superose 12 column (HR 10/30; Pharmacia). The 
column is run at a flow rate of 0.3 ml/min and fractions of 0.60 or 0.75 
ml are collected and immunoprecipitated with 10/A of anti-GAP serum 
preadsorbed to 10/xl of protein A-Sepharose beads. The immune complexes 
are resolved by S D S - P A G E  followed by Western blotting as described 
below. The column is calibrated using molecular weight standards catalase 
(232,000) and ferritin (440,000), and by using Blue Dextran to determine 
the void volume. 

440K 232K 

R l h E R  - EGF 

R l h E R  + EGF 

Rat2 

Rat2 v - s r c  

Fraction - ~  

Ant i -GAP Blot 

FIG. 2. Resolution of GAP complexes by gel filtration. RlhER cells were serum starved 
for 48 hr, incubated for 30 rain with (+EGF) or without (EGF)  80 nM EGF, lysed, and 
fractionated by gel filtration on a Superose 12 column. Fractions (high molecular weight to 
the left) were immunoprecipitated and immunoblotted with anti-GAP antibodies. Normal 
Rat-2 cells and Rat-2 v-src cells were lysed and fractionated by gel-filtration chromatography. 
The distribution of GAP was determined by anti-GAP immunoprecipitation and immunoblot- 
ting. (Results are taken from Moran et al. ) 



[20] p120 Ras-SPECIFIC GAP COMPLEX WITH p62 AND p190 185 

lmmunoblotting. Immunoprecipitates are resolved by SDS-PAGE and 
electrophoretically transferred to nitrocellulose (Schleicher & Schuell, 
Keene, NH) or Immobilon (Millipore, Bedford, MA) membranes in a 
semidry transfer apparatus at 0.8 mA/cm 2 for 60 min. Filters are rinsed 
briefly with TBS and blocked by incubation in TBS containing either 5% 
(w/v) skim milk powder or 5% (w/v) bovine serum albumin (BSA, fatty 
acid free; Sigma) for either 60 rain at room temperature, or overnight at 
4 ° . The milk blocking solution is used prior to probing with affinity-purified 
anti-GAP antibodies (0.2 p.g/ml) in blocking solution for 60 min at room 
temperature, followed by four 10-min washes with TBS containing 0.05% 
(v/v) Tween 20 (TBST). Blots are further developed by secondary probing 
with 5 /xCi of ~2SI-labeled protein A (35 /xCi//xg; Amersham), washed as 
above, and exposed to Kodak XAR X-ray film at -75  ° with an intensifying 
screen. For pTyr detection, filters are first blocked in the BSA blocking 
solution, and then probed with affinity-purified rabbit anti-pTyr antibodies 
(1 /xg/ml) in blocking solution for 2 hr at room temperature followed by 
washing and 125I-labeled protein A detection as described above, except 
that Nonidet P-40 (NP-40) detergent is substituted for Tween 20. 

Subcellular Fractionation of  G A P  Complexes 

Activation of tyrosine kinases at the plasma membrane stimulates tran- 
sient plasma membrane localization of a variety of intracellular signaling 
proteins that are otherwise cytosolic (including GAP), and that are impli- 
cated in regulation, or activation, of the Ras-MAP kinase signaling path- 
way. 18 Fractionation of cells into particulate (100,000 g pellet; P100) and 
soluble (100,000 g supernatant; $100) fractions followed by anti-GAP West- 
ern blotting shows that in src-transformed cells ~8% of GAP is associated 
with the particulate fraction (Fig. 3). 4 Similarly, Molloy et al. observed 
platelet-derived growth factor (PDGF)-induced membrane localization of 
GAP. 19 Anti-pTyr blotting of GAP immunoprecipitates from $100 and 
P100 fractions from Rat-2 v-src cells shows that the GAP-p62 complex is 
present in both particulate and soluble fractions, whereas the GAP- p l 9 0  
complex is cytosolic (Fig. 3, lanes 1 and 2). However, the use of anti-p190 
antibodies reveals a minor population of total cellular p190 present in the 
membrane-bound fraction from both serum-starved and EGF-stimulated 
and v-src transformed fibroblasts (C. Ellis and F. Kasmi, unpublished data, 
1994). Anti-GAP Western blotting of $100 and P100 samples adjacent to 
known amounts of recombinant GAP allows the quantification of GAP in 

i~ F. McCormick, Nature (London) 363, 15 (1993). 
i,~ C. J. Molloy, D. P. Bottaro, T. P. Fleming, M. S. Marshall. J. B. Gibbs, and S. A. Aaronson. 

Nature (London) 342, 711 (1989). 
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P100 $100 

P100 $100 8 ng 4 ng 2 ng 

p190 

4 1 - G A P - I ~  

4 1 -  p62 3 4 5 6 
Anti-GAP Blot 

7 

1 2 
Anti-pTyr Blot 

Fl(;. 3. Subcellular distribution of GAP, and GAP-associated p190 and p62, in Rat-2 
v - s r c  cells. G A P  immunoprccipitates obtained from Rat-2 v - s r c  cytosolic (S100) and particulate 
(P100) fractions were resolved by S D S - P A G E  adjacent to the indicated amounts of purified 
GAP, and immunoblotted with either anti-pTyr antibodies (lanes 1 and 2) or anti-GAP (lanes 
3-7) followed by ~25I-labeled protein A detection. Radioactive bands can be excised and 
quantified to determine the extent of GAP localization in soluble and particulate fractions. 
Note that the sample loaded in lane 3 represents live times more cell lysate than used in lane 4. 

the particulate and soluble fractions (Fig. 3, lanes 3-7). It should be noted 
that as nuclei are removed from lysed cells prior to ultracentrifugation, 
these experiments do not address the presence or absence of GAP or GAP 
complexes in the nucleus. 

Subcellular Fractionation. The following procedures are performed at 
4 °. Cells are scraped from 150-mm dishes into PBS [10 mM sodium phos- 
phate (pH 7.4), 150 mM NaC1] and collected by centrifugation. Cell pellets 
(0.1 g of wet ceils) are resuspended with 1 ml of hypotonic buffer [10 mM 
Tris-HC1 (pH 7.5), 1 mM MgC12, leupeptin (50 /~g/ml), 1 mM PMSF, 1 
mM Na3VO4]. Ten minutes later, the cells are transferred to a Dounce 
homogenizer and further disrupted by 25 strokes with a tight-fitting pestle. 
The homogenate is adjusted to 150 mM NaCl and nuclei are removed by 
centrifugation at 800 g for 5 min. The postnuclear supernatant is centrifuged 
at 100,000 g for 40 min. The supernatant fraction ($100) is adjusted to 1% 
(v/v) NP-40 from a 10% stock. The pellet (P100) is gently rinsed with 1 ml 
of PBS and then resuspended in 1 ml of hyptonic buffer containing 1% 
(v/v) NP-40. For detection of GAP and GAP-associated proteins, portions 
of the $100 and P100 fractions are immunoprecipitated with 1/~g of affinity- 
purified anti-GAP antibodies followed by Western blotting with either anti- 
pTyr antibodies (2 p,g/ml) or a 1 : 200 dilution of anti-GAP serum followed 
by 5 tzCi of 125I-labeled protein A (35/~Ci//~g; Amersham). 
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Direct  a n d  P h o s p h o r y l a t i o n - D e p e n d e n t  In t e r ac t ions  of GAP SH2 
D o m a i n s  wi th  p62  a n d  p 190 

Solution Binding o f  pTyr  Proteins to G A P  SH2 Domains in Vitro 

The ability of G A P  SH2 domains to mediate association with cellular 
p62 and p190 may be tested by the use of bacterially expressed fusion 
proteins containing isolated G A P  SH2 domains. A Coomassie blue-stained 
gel of purified proteins comprising glutathione S-transferase (GST) linked 
either to the G A P  N- or C-terminal SH2 domain, or GST alone, is shown 
in Fig. 4a. Samples of these proteins immobilized noncovalently on gluta- 
thione-agarose beads are mixed with detergent cell lysates from Rat-2 
v-src cells, resolved by S D S - P A G E ,  and Western blotted with anti-pTyr 
antibodies to detect SH2-binding pTyr  proteins. Lane 1 of Fig. 4b contains 
an ant i -GAP immunoprecipi tate  made from a portion of the same Rat-2 
v-src lysate and shows the relative mobilities of GAP-associated p lg0  and 
p62. p62 is efficiently recovered by the N-terminal G A P  SH2 domain (SH2n) 
along with several other pTyr  proteins, most notably proteins migrating at 
approximately 130 and 80 kDa (Fig. 4b). The C-terminal G A P  SEI2 domain 
(SH2c) bound p62 only, but less efficiently than SH2n. Thus G A P - S H 2 n  
appears  more effective in binding tyrosine phosphorylated p62 in the solu- 
tion binding assay, p190 is not readily detected in this assay. It is possible 
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FIe;. 4. Binding of GAP SH2 domains to p62 and other pTyr proteins. (a) Purified GST 
(lane 1) and GST GAP SH2 domain fusion proteins (lanes 2 and 3) were separated by SDS 
PAGE and stained with Coomassie blue. (b) Immobilized GST, GST GAP SH2n, and GST 
GAP SH2c proteins (as indicated) were mixed with lysates from Rat-2 v-src cells and then 
Western blotted with anti-pTyr. An anti-GAP immunoprecipitate from the same lysate is 
included (lane l) to indicate the migration of p190 and p62. 
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that tyrosine-phosphorylated p190 is completely sequestered in cells (and 
cell lysates), likely bound to GAP, and is therefore unavailable for associa- 
tion with SH2 domains in vitro. We have shown previously that only approx- 
imately one-tenth of phosphorylated p62 is bound to GAP in cell lysates, 
and this may explain its availability to bind SH2 domains in vitro. 

In Vitro Binding of  SH2 Domains to pTyr Proteins. Fusion proteins 
(2 p~g of protein) bound to glutathione-agarose beads are incubated with 
a clarified lysate from approximately 10 7 Rat-2 v-src cells. The cells are 
lysed in PLCLB supplemented with vanadate and protease inhibitors as 
described above. Following incubation on a nutator platform for 90 min 
at 4 °, beads are washed three times with HNTG containing 1 mM vanadate, 
resolved by SDS-polyacrylamide gel electrophoresis, and Western blotted 
with anti-pTyr antibodies as described above, except that the secondary 
incubation is with goat anti-rabbit horseradish peroxidase conjugate (Bio- 
Rad) diluted 1 : 20,000 in TBST for 60 min at room temperature, followed 
by four 5-min washes in TBST. Following a l-min incubation in enhanced 
chemiluminescence substrate solution (Amersham), the wet blots are placed 
in a plastic hybridization bag and contact exposed to Kodak RP film for 
10 sec. 

pTyr-Dependent Direct Binding of GAP SH2 Domains to p62 and p190 

To determine whether p190 and p62 bind directly to p120 ~AP SH2 
domains, and if these interactions involve tyrosine phosphorylation sites, 
we have developed a method to selectively remove phosphate from phos- 
photyrosine moieties in filter-bound p190 and p62 using a purified protein- 
pTyr phosphatase, followed by probing with isolated GAP SH2 domains 
(L. J. Zhang, M. Reedijk, V. Measday, and M. F. Moran, unpublished 
results, 1994). p120 ~AP, p190, and p62 are isolated with p120 GAP antiserum 
from lysates of Rat-2 v-src cells, separated on a preparative gel, and trans- 
ferred to an Immobilon filter that is then blocked with BSA and cut into 
strips. Recombinant phosphotyrosine-specific protein phosphatase PTP-1B 
(or as a control, phosphatase buffer alone) is then used to dephosphorylate 
filter-bound proteins. The filter is analyzed for pTyr-containing proteins 
by immunoblotting with polyclonal anti-phosphotyrosine antibodies (Fig. 
5a). In the absence of PTP-1B treatment, the expected pattern of tyrosine- 
phosphorylated p120 ~AP and associated p190 and p62 was observed (Fig. 
5a, lane 1). Preincubation of strips with PTP-1B completely abolishes immu- 
noreactivity with phosphotyrosine antibodies by removing phosphotyrosine 
fi'om the immobilized proteins (Fig. 5a, lane 2). The phosphotyrosine phos- 
phatase inhibitor vanadate protects against the loss of protein phosphotyro- 
sine during the incubation with PTP-1B, showing that the loss of anti- 
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a b 
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Fr(;. 5. In situ tyrosine dephosphorylation of immobilized p120 c;AP, p190, and p62 by PTP- 
lB. (a) p120 c;AP and pl20C'AP-associated p190 and p62 were immunoprecipitated from src- 
transformed rat fibroblasts, separated by SDS-PAGE, and transferred to an lmmobilon filter. 
Blocked filter strips were incubated with buffer supplemented with (+) or without ( ) vanadate 
(VO4) and PTP-I B as indicated. Filters were probed with rabbit anti-phosphotyrosine antibod- 
ies at a concentration of 10 nM. Bound antibodies were detected with an alkaline phosphatase- 
anti-immunoglobulin conjugate and the appropriate color reaction. PTP-1B treatment abol- 
ished anti-phosphotyrosine immunoreactivity with immobilized p120 c;Ae, p190, and p62. (b) 
Phosphoamino acid analysis confirmed the specificity and efficiency of tyrosine dephosphoryla- 
tion by PTP-1B of immobilized p62. 32P-labeled p62 was obtained by immunoprecipitation 
from src-transformed cells metabolically labeled with 32P i. 3-~P-labeled phosphoamino acids 
were analyzed by two-dimensional electrophoresis of acid-hydrolyzed filter-bound p62 follow- 
ing incubation with buffer (-PTP) or buffer containing PTP-1B (+PTP). Thin4ayer plates 
were exposed to Kodak XAR film for 7 days with an intensifying screen. 

phosphotyros ine  immunoreac t iv i ty  is not  due to the nonspecific loss of  
proteins  by contamina t ing  pro tease  activity in the purified PTP-1 B prepara-  
tion (Fig. 5a, lane 4). Vanada te  by itself has no effect on the detect ion of  
phosphopro te ins  (Fig. 5a, lane 3). Thus,  PTP-1B is able to access phospho-  
tyrosine in the f i l ter-bound proteins.  

The results depicted in Fig. 5a do not  show that  the Escher ich ia  coli- 

expressed phospha tase  retains specificity for  phosphotyros ine  groups  when 
used in this assay. To  assure the specificity of  the PTP-1B t rea tment  for 
phospho tyrosy l  groups,  p h o s p h o a m i n o  acid analysis is pe r fo rmed  on filter- 
bound  32P-labeled p62 isolated f rom v - s r c - t r a n s f o r m e d  Rat  2 cells, and 
incubated  in the presence  or  absence of  PTP-1B. p62 is used in this control  
exper iment  since it contains at least 50% of its phospha te  groups  on tyrosine 
residues, as c o m p a r e d  to p190 and p120 ~AP, which contain less than 15% 
phosphotyros ine  in s r c - t r a n s f o r m e d  cells.~ The  recombinan t  PTP-1B fusion 
prote in  complete ly  removes  phosphotyros ine  f rom Immob i lon -bound  p62, 
leaving intact phosphoser ine  and phospho th reon ine  (Fig. 5b). This result 
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also demonstrates that all phosphotyrosyl groups on filter-bound p62 are 
accessible to PTP-1B. 

Soluble GST and G S T - G A P  SH2 domains are then used to probe 
immobilized p120 GAP and GAP-associated proteins bound to Immobilon 
strips that have been treated with or without PTP-1B as described above, 
followed by anti-GST immunodetection (Fig. 6). At a concentration of 5 
nM both N- and C-terminal GAP SH2 domains are able to bind directly 
to filter-bound p190 and p62. However,  pretreatment of filters with the 
pTyr phosphatase completely abolishes SH2 binding. Both GAP SH2 do- 
mains bind to immobilized p190 and p62 with an efficiency similar to 
phosphotyrosine antibodies, whereas the GST control does not bind at all. 
Thus GAP SH2 domains can bind directly and in a pTyr-dependent  manner 
to both p190 and p62. It should be noted that this assay addresses specifically 
pTyr-dependent  interactions between p190, p62, and GAP SH2 domains, 
and not non-pTyr-dependent  interactions, which may also contribute to 
the abundant G A P - p l 9 0  complex. 4 

Neither of the SH2-containing fusion proteins binds to tyrosine-phos- 
phorylated immobilized p120 (~AP protein (Fig. 6). This probably reflects 
the specificity of GAP SH2 domains in binding phosphotyrosine sites on 
p62 and p190, and suggests that dimerization of p120 c;Ap molecules via 
intermolecular SH2-pTyr  interactions is unlikely. The apparent equiva- 
lence in binding of SH2n and SH2c to immobilized p62, compared with 
the preferential binding of SH2n observed in solution (Fig. 4b), may reflect 

GST SH2n SH2c 

PTP-1B: - + + - + 

ii i p 6 2 - -  ! 

1 2 3 4 5 6 

FIG. 6. Direct and pTyr-dependent binding of GAP SH2 domains to immobilized p]90 
and p62. TyrosJn¢ phosphorylated p]20 GAe, p]90, and p62 from src-transformed cells were 
Jmmobi|ized on filters and incubated with buffer alone ( - ,  lanes ], 3, and 5) or buffer containing 
PTP-IB (+; lanes 2, 4, and 6). Filters were probed with either 5 nM GST (lanes ] and 2) or 
,5 nM GST fusion proteins containing the amino-terminal SH2 domain (SH2n), or the carboxy- 
terminal SH2 domain (SH2c) of GAP. Bound proteins were detected by immunoblotting with 
anti-GST antibodies. Binding of GAP-SH2 domains to immobilized t)190 and p62 was abol- 
ished after removal of phosphotyrosine by incubation with PTP-]B. 
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the relatively high concentration (5 nM) of SH2 domains used to probe 
the filters; titrating the SH2 domains to lower concentrations is therefore 
recommended to define minimal binding concentrations. However, it is 
also possible that the direct binding assay shown in Fig. 6 is less stringent 
as a result of the denatured state of the SH2-binding sites. In addition, 
filter-bound p190 and p62 may be more accessible to SH2 domain probes 
because competing binding proteins have been removed that in lysates may 
prevent binding to exogenous SH2 proteins. 

Detection of Filter-Bound p190 and p62 with SH2 Domains and Anti- 
pTyr Antibodies. p120 ~AP and pl20~AP-associated proteins are isolated 
from 3 × 107 Rat-2 v-src cells by immunoprecipitation with 10 p,] of poly- 
clonal serum raised against human p120 c'AP as described previously. 1 Immu- 
noprecipitates are resolved through a l-mm thick 7.5% (w/v) SDS-con- 
taining polyacrylamide gel, made with a single trough-like sample well, 
and electrophoretically transferred to an lmmobilon-P filter (Millipore). 
Protein-binding sites on membranes are blocked by incubation at 23 ° for 
60 min with TBS (0.5 ml/cm 2) containing 2.5% (w/v) BSA and 0.5% 
(w/v) ovalbumin. The blocked filter is cut into 4-mm wide strips that are 
subsequently processed individually during all incubations and washes. 

Strips are incubated for 1 h in 0.5 ml (0.2 ml/cm 2) of TBS containing 
BSA (2.5 mg/ml), ovalbumin (0.5 mg/ml), and 5 nM GST, G S T - G A P  
SH2n, or G S T - G A P  SH2c fusion proteins. Filters are washed four times 
with 2.5 ml (1 ml/cm 2) of TBS containing 0.05% (v/v) Tween 20 and then 
incubated with anti-GST rabbit antiserum (1:200 dilution) in blocking 
solution for 1 hr. Strips are washed (as above) and incubated for 1 hr with 
a l : 1000 dilution of goat anti-rabbit immunoglobulin alkaline phosphatase 
conjugate. Antibody complexes are visualized by incubating blots for 1- 
10 min in 100 mM Tris-HC1 (pH 9.5), 100 mM NaC1, 5 mM MgCI2 containing 
6.6/xl of nitroblue tetrazolium per milliliter (50/xg/ml in 70% dimethylform- 
amide) and 3.3 /xl of 5-bromo-4-chloro-3-indolyl phosphate per milliliter 
(50 ~g/ml in 100% dimethylformamide). Alternatively, strips are probed 
with 1.5 /xg of affinity-purified rabbit anti-pTyr antibodies per milliliter, 
followed by color reaction development as described above. 

Dephosphorylation of Filter-Bound Proteins. To dephosphorylate nitro- 
cellulose-bound proteins, blocked strips are incubated with 25 mM imida- 
zole (0.4 ml/cm 2, pH 7.2), 10 mM 2-mercaptoethanol, 1 mM EDTA, _+ 1 
mM NaBVO4 (as indicated) and GST-PTP-1B (0.3 p~g/ml) for 4 hr at 
23 °, followed by four washes as described above. Dephosphorylation is 
monitored by anti-phosphotyrosine Western blotting (see above) or by 
phosphoamino acid analysis of 32p-labeled p62 isolated by anti-GAP immu- 
noprecipitation from Rat-2 v-src cells grown with 32pi, resolved by SDS- 
PAGE and transferred to Immobilon as described above. 4 The band of 
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f i l ter-bound 32p labeled p62 is localized by autoradiography,  incuba ted  in 

blocking solution,  cut in half, and then incuba ted  with P T P - I B  (or as a 
control,  with buffer  alone).  M e m b r a n e - b o u n d  prote in  is acid hydrolyzed,  

and l iberated amino  acids lyophil ized and resolved by two-d imens iona l  
electrophoresis  on th in- layer  cellulose plates. 2°'2t 

C o m m e n t s  

The protocols  described here in  should be applicable in the characteriza-  
t ion of other  SH2-media ted  in teract ions  and other  types of mul t ip ro te in  

complexes whose fo rmat ion  and /o r  subcel lular  localizat ion is regulated by 
extracel lular  signals and /o r  pro te in  phosphoryla t ion .  
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[21] A n a l y s i s  o f  R a s  P r o t e i n  E x p r e s s i o n  in  

M a m m a l i a n  Ce l l s  

By A D R I E N N E  D .  C o x ,  PATRICIA A .  SOLSKI, J. D E D R I C K  JORDAN,  

a n d  CHANNING J. D E R  

Introduction 

The ras genes encode ubiquitous 21-kDa GTP-binding proteins that 
serve as molecular switches to regulate numerous processes of cellular 
growth and differentiation. 1'2 Ras proteins are synthesized as cytosolic pre- 
cursors that undergo posttranslational modification including farnesylation 
and palmitoylation. These modifications are required for the correct local- 
ization of mature Ras proteins to the cytoplasmic face of the plasma mem- 
brane for interaction with their regulators and effectors. Oncogenic Ras 
proteins contain specific mutations, most often at amino acids 12, 13, or 
61, that render them independent of regulation of their GTP/GDP cycle. 
Therefore, they remain constitutively active and are capable of transmitting 
continuous signals. The positioning of Ras downstream of diverse input 
signals (including growth factors, cytokines, hormones, and neurotransmit- 
ters), and upstream of the cytoplasmic serine/threonine kinase cascade of 
Raf, MEK, MAPK, and so on has made Ras the subject of intense study 
among investigators in a variety of fields, s4 

In this chapter, we describe protocols for analysis of Ras protein expres- 
sion in mammalian cells using Western blotting, immunoprecipitation, 
crude subcellular fractionation, and immunofluorescence. Although our 
emphasis here is on the analysis of overexpressed, exogenous Ras proteins, 
these protocols can also be adapted to detect endogenous Ras. By these 
methods, along with others in this volume, expression levels, subcellular 
localization, and mutation or modification of Ras proteins can be deter- 
mined. 

Generation of Mammalian Cell Lines Overexpressing Ras Proteins: 
Transfection/Infection of Rodent Fibroblasts 

Overexpression of wild-type or mutant Ras proteins can be achieved 
by several different approaches, including introduction of DNA or RNA 

G. M. Bokoch and C. J. Der, FASEB J. 7, 750 (1993). 
2 G. C. Prendergast  and J. B. Gibbs, Adv. Cancer Res. 62, 19 (1993). 
3 R. J. Davis, J. Biol. Chem. 268, 14553 (1993). 

4 R. Khosravi-Far and C. J. Der, Cancer Metastasis Rev. 13, 67 (1994). 
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encoding Ras by transfection, infection, electroporatiom or microinjection. 
For our studies, transfection of D N A  by the calcium phosphate precipitation 
technique 5 or by infection using packaged retroviral RNA 6 have been the 
methods of choice. Our standard protocols for generation of stable cell 
lines are described in detail in this volume 7 and elsewhere, ~ and are summa- 
rized briefly here. 

Transfection and Generation o f  Stable Cell Lines  

For plasmid constructs that encode both Ras and the drug selection 
marker, for example, pZIPneoSV(X)I  (see Table I ) ,  9 13 we transfect one 
60-mm dish with 10 to 50 ng of plasmid DNA per dish. After drug selection 
(described below), we typically observe the appearance of several thousand 
drug-resistant colonies per microgram of D N A  transfected. For Ras plas- 
raids that lack a selectable marker, for example, pJ5~, we cotransfect the 
Ras expression vector with a 40- to 100-fold molar excess of a second 
plasmid construct that contains a drug selection marker. However, the 
percentage of drug-selected cells that also express the nonselected oncogene 
plasmid is variable (approximately 50%), and individual drug-resistant colo- 
nies will have to be isolated and evaluated for oncogene expression, usually 
by immunoblotting. 

On the day before transfection, seed stock NIH 3T3 cells at 5 × 105 
NIH 3T3 cells per 60-mm dish. On the day of transfection, make up the high 
molecular weight carrier D N A  solution (e.g., calf thymus DNA; Boehringer 
Mannheim, Indianapolis, IN) in N-2-hydroxyethylpiperazine-N'-2-ethane- 
sulfonic acid (HEPES)-buffered saline (HBS), pH 7.05, to a final concentra- 
tion of 40/zg of carrier D N A  per milliliter (0.5 ml/dish) and vortex vigor- 
ously. For each DNA to be transfected, transfer 0.5 ml of the solution to 
a sterile 15-ml round-bottom clear polystyrene tube. Add the appropriate 
quantity of plasmid D N A  (10 ng to 5 ~g per dish) and vortex. Add 50 ~1 
(i.e., 1/10 vol) of 1.25 M CaCI2 to each tube and vortex briefly for 10 to 
15 sec. The precipitation begins almost immediately and is complete after 
20 rain at room temperature; it should have a faintly milky appearance 

5 F. L. Graham and A. J. van der Eb, Virology 54, 536 (1973). 
~' C. L. Cepko, B. Roberts, and R. C. Mulligan, Cell (Cambridge, Mass.) 37, 1053 (1984). 
7 G. J. Clark, A. D. Cox, S. M. Graham, and C. J. Der, this volume [40]. 

A. D. Cox and C. J. Der, this series, vol. 238, p. 277. 
9 M. Tanaka and W. Herr, Cell (Cambridge, Mass.) 60, 375 (1990). 
~0 p. j. Soulhern and P. Berg, J. Mol. Appl. Genet. 1, 327 (1982). 
11 C. J. Der, T. Finkel, and G. M. Cooper, Cell (Cambridge, Mass.) 44, 167 (1986). 
12 p. Balbas, X. Soberon, E. Merino, M. Zurita, H. Lomeli, F. Valle, N. Flores, and F. Bolivar, 

Gene 50, 3 (1986). 
13 j. p. Morgenstern and H. Land, Nucleic Acids Res. 18, 1(168 (1990). 
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TABLE I 
MAMMALIAN EXPRESSION VECTORS FOR Ras PROI'EINS 

Vector Promoter Marker/selection Ref./source Cell type(s) 

Constitutive 
pZIPneoSV(X)l" Moloney APH, neo/G418 6 NIH 3T3, Rat-l, 

LTR e REF52, COS 
pcDNAI: pcDNA3 CMV pcDNAl-none: lnvitrogen [Cat. NIH 31"3, COS 

pcDNA3- No. V 490- 
APH/G418 20(1): V79(}- 

20(3)] 
pCGN CMV HPH/ 9 NIH 3T3, Rat-I 

hygromycin B 
pREP4 RSV LTR HPH/ Invitrogen (('-at. NIH 3+1"3, Rat-1 

hygromycin B No. V004-50) 
pSV2neo Genomic APH/G418 26, 10, l l  NIH 3T3, Rat-1 

human 
H-ras 

pBR322 Genomic None 12, 11 NIH 3T3, Rat-1 
human ("pMUT") 
H-ras 

Inducible (dexamethasone) 
pMSG 

pJ5[~ 

MMTV LTR gpt Pharmacia NIH 3T3 
(Cat. No. 27- 
4506-01 ) 

MMTV LTR None 13 NIH 3T3. Rat-1 

+' Can be introduced into mammalian cells by transfection or infection. ++ 
¢' LTR, Long terminal repeat; CMV, cytomegalovirus; RSV, Rous sarcoma virus; MMTV, mouse 

mammary tumor virus; APH, aminoglycoside phosphotransferase: neo, neomycin; HPH, hygromycin 
B phosphotransferase; gpt, xanthine-guanine phosphoribosyltransferase. 

and contain tiny fibers. A poor precipitate will result in poor transfection 
efficiency and is most likely to be due to problems with the carrier D N A  
or with the pH of the HBS (see Clark e t  al.  7 for details on the preparation 
and storage of HBS). After 20 min, add the precipitated D N A  solution 
dropwise directly onto the medium of each dish to be transfected. Swirl 
and rock the dishes gently to distribute the D N A  evenly, and incubate for 
3 to 4 hr at 37 °. A good precipitate should be clearly visible on the cells 
after 3 - 4  hr as dark, fine, sandy particles. 

After 3 to 4 hr, subject the cells to glycerol shock to enhance D N A  
uptake. Aspirate the medium containing the D N A  and rinse once with 
fresh growth medium. Add 1 ml of HBS-15% (v/v) glycerol to each dish; 
rock the dishes several times to ensure that the entire monolayer of cells 
is covered. Taking not longer than a total of 4 min, aspirate the H B S -  
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glycerol solution and rinse once with fresh growth medium to terminate 
the glycerol shock. Exceeding this time is not recommended as the glycerol 
treatment is somewhat toxic to the cells. The appearance of the cells immedi- 
ately after the DNA incubation and the glycerol shock will be different 
than usual; however, the cells recover by the following day. After rinsing, 
feed with growth medium and incubate at 37 ° . 

Three days after transfection, split the cells 1:10 into 100-mm dishes 
(i.e., one-third of the 60-mm dish is transferred into a 100-mm dish). The 
next day, change to medium supplemented with the appropriate drug. 
For Neo r cells, use Geneticin (G418, Cat. No. 11811-031; GIBCO-BRL,  
Gaithersburg, MD), made up in 100 mM HEPES (pH 7.2) as a 10× solution, 
at a final concentration of 400/xg of active ingredient per milliliter. For 
Hyg" cells, use hygromycin B (Cat. No. 843 555; Boehringer Mannheim) 
purchased as a solution in phosphate-buffered saline (PBS), at a final con- 
centration of 200-400/xg/ml. Parallel cultures transfected with empty vector 
that expresses only the drug selection marker should also be established 
as control untransformed populations that have undergone the same drug 
selection treatment as cells transfected with the Ras expression constructs. 

Feed the selected cells with drug-supplemented media every 4 days, or 
more often if extensive cell death occurs all at once. Cell death is not 
readily apparent until day 4-5, but the elimination of drug-sensitive cells 
should be essentially complete after 12 to 14 days. Subculture the cells at 
least once in drug-supplemented medium prior to freezing stocks for future 
use. The cells can then be maintained for several weeks in growth medium 
without G418 or hygromycin before discarding; then thaw a new batch. 
Continuous culture under selective pressure is recommended if high levels 
of expression of highly transforming ras genes are required over a longer 
period of time, or if coexpression of a potentially growth inhibitory protein 
is planned. In general, continuous culture for more than 2 months or so is not 
recommended, as untransformed cell populations accumulate spontaneous 
transformants, and populations of cells transformed by highly oncogenic 
ras mutants select against high expressors. 

Choice o f  Vector 

The choice of vector for transfection will depend on which cell type is 
to be transfected, on whether the desired expression is meant to be transient 
or stable, and whether constitutive or inducible expression is sought. Table 
I, which is not intended to be all-inclusive, describes those vectors that 
have performed well for us, and lists the circumstances under which each 
has been used in our hands. 
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Detec t ion  of Prote in  Express ion:  Immunoprec ip i t a t i on  
a nd  Immunob lo t t i ng  

Choice of Irnmunoprecipitation or Irnmunoblotting 

The most common methods for detection of Ras protein expression in 
mammalian cells include (1) resolving the proteins in cell lysates by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis ( S D S - P A G E )  followed 
by immunoblotting (Western blotting, WB) and (2) metabolic labeling of 
the cells and immunoprecipitation (IP) of Ras proteins from cell lysates, 
followed by resolution of the precipitated proteins by S D S -P A G E.  The 
choice of procedure depends on several factors: a guide to these factors is 
shown in Table II. 

SDS-PA GE 

Both immunoblotting and immunoprecipitation require the resolution 
of different proteins from each other by migration through SDS-polyacryl-  
amide gels. Depending on the gel-buffer  system, wild-type Ras proteins 
migrate with an apparent molecular weight of slightly greater than 21 

TABLE II 
IMMUNOPRECIPITATION VERSUS IMMUNOBLO'IVIING 

Goal l m m u n o p r e c i p i t a t i o n  Immunoblotting 

lJ Quick look at protein 
expression 

Detection of steady state 
levels 

Detection of newly 
synthesized proteins 

Detection of modified 
proteins 

Subcellular fractionation 
(concentrate the 
sample) 

Protein-protein 
interactions 

(with metabolic 
labeling) 

t,~ (incorporation of 
specific precursors 
following metabolic 
labeling) 

IP first (with antibody 
directed against first 
protein of interest) 

w" (altered electrophoretic 
mobility) 

Then blot (antibody 
against second protein 
of interest) 
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kDa, with H-Ras migrating the fastest and K-Ras migrating the slowest.J4 
Certain base substitutions, as well as posttranslational modifications 
including lipid modification and phosphorylation, alter the apparent 
electrophoretic mobility. As discussed below (Interpreting Electrophoretic 
Mobility Profiles), we routinely take advantage of this phenomenon by 
use of a low cross-linker-to-acrylamide ratio in our standard gel recipe. 
That is, although our "standard" recipe is nominally a 15% (w/v) 
acrylamide gel, it runs more like a 12% gel and gives exceptionally good 
separation and resolution, owing to its content of only 0.08% (w/v) 
bisacrylamide. 

Minigels are sufficient for determining the presence of the protein. 
However, for better resolution, larger format gels are preferred. Our stan- 
dard gel format is a 220-mm-length plate using l-ram spacers (C.B.S. Scien- 
tific, Del Mar, CA). This system takes approximately 25 ml of separating 
gel and 5 ml of stacking gel solution. 

Preparation of Denaturing Sodium Dodecyl Sulfate-Polyacrylamide Gels 

Separating gel solution ["15%" (w/v) acrylamide gel for proteins of 18- 
50 kDa]: To pour multiple gels, simply multiply the quantities shown 
below accordingly. Makes 25 ml: 

Acrylamide (30%, w/v) 12.5 ml 
Bisacrylamide (1%, w/v) 2.17 ml 
Tris (pH 8.8), 1.5 M 6.25 ml 
SDS (10%, w/v) 0.25 ml 
N,N,N',N'-Tetramethylethylenediamine (TEMED), 16.5/~1 

undiluted 
Distilled H20 3.63 ml 

1. Degas for 1 min; add 0.25 ml of 10% (w/v) ammonium persulfate 
(AMPS) in distilled H20, immediately before pouring. 

2. After pouring the separating gel, carefully overlay it with 1% SDS 
[prepared as a 1:10 dilution of the 10% SDS used above; 1 : 10 (v/v) in 
distilled H20] to prevent air from reaching the top of the gel during polymer- 
ization. This method produces a crisp boundary between the separating gel 
and the stacking gel. Once the separating gel has polymerized, the overlay 
may simply be poured off; rinsing is not necessary. (Note: Unlike overlaying 
with n-butanol, this method requires clean glass plates to obtain an even 
edge.) 

14 K. Kato, A. D. Cox, M. M. Hisaka, S. M. Graham, J. E. Buss, and C. J. Der, Proc. Natl. 
Acad. Sci. U.S.A. 89, 6403 (1992). 
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Stacking gel solution: 10 ml- -enough for two gels 

Acrylamide (30%, w/v) 1.33 ml 
Bisacrylamide (1%, w/v) 1.0 ml 
Tris (pH 6.8), 0.5 M 2.5 ml 
SDS (10%, w/v) 0.1 ml 
TEMED (undiluted) 10.0/xl 
Distilled H20 4.9 ml 

Degas if desired; add 0.2 ml of 10% AMPS immediately before pouring. 
Because this solution polymerizes rapidly, have everything ready (including 
the comb to be inserted) before adding the AMPS. 

Running buffer: (4 liters) 
Glycine 57.6 g 
Trizma base 12.0 g 
SDS 4.0 g 

To the glycine and Tris base, add distilled or deionized water to 4 liters 
and mix. Add the 4.0 g of SDS last to prevent foaming and stir to dissolve 
completely. The pH should be 8.3-8.5. If it is not, discard the solution and 
prepare a new batch. 

Running the Gel. Set up the gel in the electrophoresis apparatus. Boil 
the samples to be analyzed (see below for sample preparation). If they 
have been boiled previously, 1 min is sufficient. Keep the samples at room 
temperature after boiling, as the proteins must remain unfolded for proper 
migration through the gel. Load 10-15 /xl of the above-described lysate 
(or 20-50/xg of total cellular protein) into each well. To aid in orientation 
later, it is useful to load the gel asymmetrically with respect to the molecular 
weight markers. Electrophorese the samples at least until the dye front 
comes off. Our gels are run at constant current, at 25 mA (this is about 
75 V at the start of the run) through the separating gel, and 35 mA through 
the stacker (near the end of the run, the resistance will be over 500 V). 
(Note that when running at constant current, the connection of two gels 
to the same power supply requires setting the output to 50 mA total in 
order to obtain 25 mA per gel). At 35 mA, the quantity of heat generated 
can degrade the proteins: a small, ordinary, electric fan blowing directly 
onto the glass plates avoids overheating. Alternatively, a water-cooled gel 
apparatus can be used, the gel can be run in the cold room, or it can be 
run at 25 mA for the entire run. Using the 25 mA/35 mA protocol, a 
complete run takes about 3-3½ hr total. The gel can also be run at 5 mA 
overnight if more convenient; good resolution is obtained either way. 
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Using this gel setup, Ras proteins will be --6 cm from the bottom of the 
gel, or just above the green (21.5 kDa) band in the Rainbow markers 
(Cat. No. RPN 756; Amersham, Arlington Heights, IL). After electrophore- 
sis, process the gel further as described below for the chosen type of 
assay. 

Imrnunoblotting 

Immunoblotting is most useful for a quick check for protein expression 
and/or electrophoretic mobility and for the analysis of steady state levels 
of protein. Using this method, proteins in cell lysates are resolved by SDS- 
PAGE and transferred to a solid (membrane) support, the membrane is 
incubated sequentially with primary and secondary antibodies, and the 
antigen-antibody complexes are visualized using enzyme-substrate reac- 
tions that produce chemiluminescence or reduction of dyes, or with ~25I- 
labeled protein A. Although each of these methods is satisfactory we prefer 
chemiluminescence for its sensitivity, ease of use, extended linear range, 
and absence of radioactive waste products. 

Preparation of Cell Lysates for Immunoblotting. A simple method is to 
lyse cells directly into sample buffer. Grow the cells in a 60-mm dish until 
nearly confluent. Aspirate the culture medium and rinse gently twice in 
PBS or Tris-buffered saline (TBS). Add 500 /~1 of sample buffer to the 
dish and swirl to make sure the entire surface is covered. The detergent 
present in the sample buffer lyses the cells and extracts the membrane- 
associated proteins. Cytoskeletal components (the detergent-insoluble 
fraction) will be left behind on the plastic. To collect the entire lysate, 
use either a rubber policeman or the wide end of a 1000-/M disposable 
pipette tip to scrape the entire surface of the dish gently. Transfer the lysate 
to a microfuge tube. At this point, the samples may be stored for months 
at - 20  ° . 

A 10-/~1 aliquot of such a lysate yields approximately 25 /zg of total 
cellular protein. If using a different size of culture dish, scale up or down 
accordingly, for example, use 200 tzl for a 35-ram dish. However, it is best 
not to use less than a 100-t~l total volume even for multiwell plates, as it 
is difficult to recover smaller volumes quantitatively, particularly following 
scraping. Instead, prepare the lysate in at least 100 /~1 of sample buffer, 
but compensate for the concentration difference by loading more lysate 
onto the gel (i.e., if preparing samples from 12-well plates, load 20-30/zl 
of the lysate instead of 10-15 ~1 from a 35-mm dish/6-well plate scraped 
into 200/~1 of sample buffer). 
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Protein sample buffer (2x): The following will make 10 ml: 

SDS (10%, w/v) 4 ml 
NaPO4 (pH 7.0), 0.5 M 0.4 ml 
Glycerol 2 ml 
2-Mercaptoethanol 1 ml 
Dithiothreitol (DTT), 1 M 2 ml 
Bromphenol Blue (0.4%, v/v) 0.5 ml 

Note: If samples are to be subjected to analysis of protein concentration, 
replace 0.5 ml of 0.4% bromphenol Blue with 0.5 ml of distilled H20. 

Cell lysates prepared by other standard techniques, for example, into 
radioimmunoprecipitation assay (RIPA) buffer as for immunoprecipitation, 
are also suitable for use in immunoblotting after being mixed with 2x 
sample buffer prior to electrophoresis. Whenever possible, do not compare 
samples prepared in different ways, as the protein profiles are not com- 
pletely identical. 

Immediately before using, boil the samples for 2 to 5 rain, and give 
them a brief mixing followed by a brief spin in a microfuge to bring the 
condensation inside the tube back to the sample. If highly viscous and 
difficult to pipette or take up by syringe, the sample should be passed 
several times through a 25-gauge needle fitted to a 1-ml syringe, to shear 
the DNA causing the excess viscosity. Alternatively, vigorous vortexing, 
followed by a 3-min spin at full speed in a microfuge, is often sufficient for 
the same purpose, or the samples may be sonicated. 

S D S - P A G E .  Resolve the proteins on SDS-polyacrylamide gels as de- 
scribed above. Depending on the degree of overexpression of Ras proteins, 
appropriate amounts of lysate will vary substantially. When total cellular 
protein levels are not useful clues to the volume of lysate to load, it will 
have to be determined empirically. When in doubt, a good place to start 
is to load both 5- and 20-tzl volumes of each sample. 

Transferring the Resolved Proteins to Membranes. When the dye front 
comes off, disassemble the SDS-PAGE apparatus and electrophoretically 
transfer the proteins to a membrane for blotting. Although nitrocellulose 
is less expensive, polyvinylidene difluoride (PVDF) membranes are sturdier 
(PVDF) membranes (e.g., Immobilon; Millipore Corp., Bedford, MA). 

Transfer solution 

Tris base 12.12 g 
Glycine 57.7 g 
Methanol 400.0 ml 
Distilled H20 Add to 4 liters 
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Using the above recipe, Ras proteins will be completely transferred after 
- 5 0  V-hr; higher molecular weight proteins take - 1 0 0  V-hr. Standard 
transfer times are 1-2 hr at 50 V (constant voltage) or 16 hr (i.e., overnight) 
at 10 V. Once transfer is complete, membranes may be processed immedi- 
ately or allowed to dry and stored at room temperature. If stored dry prior 
to blocking, Immobilon must be rewetted in methanol before proceeding. 
The membranes are now ready for detection of the transferred proteins. 

Choice of Antibody. The appropriate choice of antibody is critical to 
the success of these experiments. The most important considerations include 
the degree of specificity or cross-reactivity of the antibody and the suitability 
of the antibody for the assay in which it will be used. Table III Is is describes 
commercially available antibodies that we have found useful for particular 
procedures. Other antibodies may also give good results, for example, Rasl0 
for IP 17 (Cat. No. OP40, Pan-Ras Ab-3; Oncogene Science, Uniondale, NY). 
Each antibody in the table is listed only for those procedures which have 
worked well in our hands. 

Detection of Transferred Proteins. To reduce nonspecific binding, block 
the membrane overnight at room temperature (or for 1 hr at 37 °) in - 2 0 0  
ml of 1 M Tris, pH 7.4, containing 3-5% (w/v) nonfat dry milk. Wash three 
times in TBS-Tween  [0.05% (v/v) Tween 20 in TBS]. If incubation with 
more than one primary antibody is desired, carefully cut the membrane 
with scissors into the appropriate pieces. In addition to separating vertical 
sections of the original gel, the membrane can be cut horizontally in order 
to detect different proteins from the same lane without reprobing the blot. 
For example, the p42 and p44 MAPKs run between the yellow (50 kDa) 
and orange (32 kDa) bands of Rainbow markers (Amersham), whereas 
Ras proteins run just above the green (21 kDa) band. To detect both 
Ras and MAPK proteins simultaneously from the same gel, cut the gel 
horizontally in the middle of the orange marker. Probe the bottom with 
anti-Ras antibody (e.g., 146-3E4; Quality Biotech, Camden, NJ) and the 
top with anti-MAPK antibody (e.g., K-23, Cat. No. sc-94: Santa Cruz Bio- 
tech, Santa Cruz, CA). Mark or notch orientation on all membrane pieces 
to facilitate reassembly and/or identification. 

Incubate no more than 1 hr in primary antibody at room temperature,  
or overnight at 4 °, on a rocker platform. Use Table III as a guide to primary 
antibody use. In general, we find that Rasl 1 is an excellent choice for pan- 

15 M. E. Furth, T. H. Aldrich, and C. Cordon-Cardo. Oncogene !, 47 (1987). 
~' P. G. Chesa, W. J. Rettig, M. R. Melamcd, L. J. Old, and H. Niman, Proc. Natl. Acad. Sei. 

U.S.A. 84, 3234 (1987). 
~7 p. j. Hamer, K. L. Trimpe, T. Pullano, S. Ng, J. A. LaVecchio, D. A. Petit, R. Delellis, H. 

Wolfe, and W. P. Carney, Hybridoma 9, 573 (1990). 
lSj. E. Buss, C. J. Der, and P. A. Solski, Mol. Cell. Biol. 8, 3960 (1988). 
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Ras detection (H-, K-, and N-Ras) in immunoblots, whereas 146-3E4 is 
excellent for detection of H-Ras. The K-Ras-specific antibody OP24 is clean 
on blotting but also weak, as is the N-Ras-specific antibody OP25. It is 
critical that the membrane never be permitted to dry out after the addition 
of primary antibody, as rewetting in methanol will cause irreversible dena- 
turation of the antibody. Following incubation, remove primary antibody 
(saving for future use if desired; this is not possible with all antibodies) 
and wash three times in TBS-Tween ,  5 min each. 

Incubate no more than 30 min in secondary antibody. Wash three times 
in TBS-Tween,  5 min each. For detection of antibody by enhanced chemilu- 
minescence (ECL, Amersham), we use horseradish peroxidase-conjugated 
secondary antibodies at 1:4000-1:10,000 in TBS-Tween.  Any of the 
above-described primary antibodies can also be used with alkaline phospha- 
tase-nitroblue tetrazolium (NBT) substrate development (e.g., Vectastain 
ABC-AP kit, Cat. No. AK5002, substrate Cat. No. SK5200; Vector Labora- 
tories, Burlingame, CA), although the sensitivity is not as great. 

For ECL detection, remove the membrane carefully from the wash 
container by dragging the back of the membrane along the side of the dish 
to remove excess moisture, and transfer to a new container. Add ECL 
detection reagents (Amersham) and let the blot develop for 1 min or longer. 
To reduce background signal due to excess developer, set aside a piece of 
Whatman (Clifton, N J) No. 3 filter paper that is larger than the membrane, 
and place it on a piece of Saran Wrap, or any plastic film, twice as large as 
the filter paper. After  incubating the membrane in the developing reagents, 
carefully remove it from the developing container and lay it on the filter 
paper so that the paper absorbs the excess developer. Do not blot both 
sides of the membrane, as a good signal requires moisture. Immediately 
fold the other half of the Saran Wrap over the membrane/paper  sandwich 
and smooth out most of the bubbles to achieve closer contact of the mem- 
brane with the X-ray film. Place the sandwich in an X-ray film cassette and 
bring to the darkroom. Without delay, expose to film (in the darkroom). 
Depending on the antibody and the level of Ras overexpression, a short, 
1- to 3-sec exposure should be sufficient. Some antibodies will require at 
least a 30-sec exposure or even up to 3 min (e.g., OP-24), whereas others 
should be kept to a bare minimum (e.g., 142-24E5). 

Because the signal from ECL has such a short half-life (15 min), expose 
the developed membrane to film as soon as possible. If there is insufficient 
time to do this, it is better  not to incubate in ECL reagents, but to incubate 
the membrane in TBS-Tween  overnight at 4°; on the following day, develop 
the membrane in ECL reagents and expose to film. Theoretically, the 
membrane is at equilibrium at each wash step, so each represents a potential 
stopping place. In practice, we have found that prolonging the assay over- 
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- 4 -  

FJ(;. 1. Induction of Ras protein expression from a dcxamethasone-rcsponsive promoter: 
detection by immunoblotting. G418-resistant colonies were isolated following cotransfection 
of NIH 3T3 cells with a pJ5f~-Ras expression construct (Neo 5) and with an empty vector 
containing a neomycin resistance gene. Ras protein expression was induced by culturing the 
cells in the presence of 200 nM dexamethasonc. After 48 hr, detergent lysates of the induced 
populations were prepared and resolved on SDS-polyacrylamide gels prior to immunoblotting 
with the H-Ras-specific antibody, 146-3E4 (see text for protocols). Shown here is the induction 
of Ras protein expression (indicated by the arrow) in the presence (+) but not in the absence 
( ) of dexamethasone. 

n ight  is not  a p r o b l e m ,  but  that  ser ious  loss of  signal occurs  ove r  m o r e  than  
2 4 - 3 6  hr. 

The  i m p o r t a n c e  of  keep ing  the m e m b r a n e  mois t  canno t  be  o v e r e m p h a -  
sized,  as a dry  m e m b r a n e  will not  gene ra t e  sufficient signal.  If  s t r ipping  
and r e p r o b i n g  the m e m b r a n e  is i n t ended ,  it might  be be t t e r  to fo rego  the 
fi l ter p a p e r - b l o t t i n g  step,  as a d ry  m e m b r a n e  canno t  be  s t r ipped .  

F igure  1 shows the  de t ec t ion  of  H - R a s  p ro t e in  by  i m m u n o b l o t t i n g  using 
the H-Ras-spec i f i c  a n t i b o d y  146-3E4. It  is a c lean  r eagen t  with good  affinity, 
useful for  bo th  i m m u n o b l o t t i n g  and i m m u n o p r e c i p i t a t i o n .  ~) 21 

I m r n u n o p r e c i p i t a t i o n  

W h e n  de t ec t ion  of  only  newly  syn thes ized  Ras  p ro t e ins  is des i red ,  me ta -  
bol ic  l abe l ing  of  to ta l  ce l lu lar  p ro t e in s  with [~SS]methionine/cysteine p r io r  
to IP with a Ras-specif ic  a n t i b o d y  will nea r ly  a lways be  the  m e t h o d  of  

I,) j. E. Buss, P. A. Solski, J. P. Schaeffer, M. J. MacDonald. and C. J. Der. Science 243, 
1600 (1989). 

>A.  D. Cox, M. M. Hisaka, J. E. Buss, and C, J. Der, Mol. Cell. Biol. 12, 2606 (1992). 
21A. D. Cox, S. M. Graham, P. A. Solski, J. E. Buss, and C. J. Der, J. Biol. Chem. 268, 

11548 (1993). 
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choice. To detect lipid modification of Ras, cells should be labeled metaboli- 
cally with [3H]mevalonic acid or [3H]palmitic acid, followed by IP as detailed 
in protocols in Cox 22 and Hancockfl 3 Note that some antibodies directed 
against Ras proteins work beautifully for IP but not for immunoblotting 
(and vice versa; see Table III). Finally, to detect protein-protein interac- 
tions, for example, Ras-Raf  interactions, the first protein (e.g., Ras) is 
immunoprecipitated from cells (which need not be labeled metabolically), 
the immune complex is denatured and resolved by SDS-PAGE,  the re- 
solved proteins are transferred to membranes, and the second protein (e.g., 
Raf) is detected by immunoblotting the proteins in the complex (see Finney 
et al. 24 for details). 

In our standard Ras IP procedure, cells are labeled metabolically, cell 
lysates are prepared in RIPA buffer, and the lysates are incubated sequen- 
tially with primary antibody, secondary antibody, and protein A. The re- 
sulting immune complexes are collected and washed by centrifugation 
through a sucrose cushion. The complexes are then resolved on SDS- 
PAGE followed by autoradiography/fluorography. 

Metabolic Labeling of Cells with FsS]Methionine/Cysteine 

The principle of this technique is that, on the addition of exogenous 
radioactive methionine to methionine-free tissue culture medium, cells in- 
corporate the labeled methionine into newly synthesized proteins, allowing 
detection of these proteins by autoradiography. Improvements in signal 
will therefore result from (1) increasing the specific activity/concentration 
(not volume!) of label (e.g., by using a final concentration of 200 p, Ci/ml 
rather than 100/~Ci/ml), (2) increasing the amount of protein labeled (e.g., 
by using a larger dish of cells and by making sure that the cells are in log 
phase), and (3) separating the protein(s) of interest from other cellular 
proteins that also become labeled (e.g., by immunoprecipitation using a 
highly specific antibody). In the case of Ras, the signal-to-noise ratio can 
be good, particularly when using cells that overexpress Ras proteins. 

Method Jbr Labeling. Seed cells such that they will be reaching conflu- 
ence at the end of the labeling period, - 1  × 105 cells/60-mm dish. The 
size of dish to be seeded depends on the particular assay and on the total 
amount of Ras protein required. A 16- to 18-hr labeling period will give 
plenty of signal from a 35- or 60-ram dish of cells, whereas a 1-hr pulse 
should be done in a 100-ram dish in order to provide an adequate signal. 
To label the cells, make up the labeling medium (methionine/cysteine-free 

z2 A. D. Cox, this series, vol. 250, 1(15 (1995). 
23 j. F. Hancock, this volume, [24] (1995). 
z4 R. E. Finney, S. M. Robbins, and J. M. Bishop, Curr. Biol. 3, 805 (1993). 
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culture medium containing 200 /zCi of [35S]Met/Cys per milliliter [e.g., 
Tran35S-label (ICN, Irvine, CA) and 10% dialyzed fetal calf serum] to a 
final volume of 1 ml/60-mm dish (or 3 ml/100-mm dish, or 0.4 ml/35- 
mm dish). Aspirate the original medium from dishes and replace with the 
appropriate volume of labeling medium. Transfer the dishes to a closed 
labeling chamber along with a moistened towelette for humidity and - 1  g 
of dry ice to provide CO2 during the incubation period. Because 35S is 
volatile, it will contaminate the tissue culture incubator unless appropriate 
precautions are takenY Incubate for the desired time at 37 °. At the end 
of the labeling period, open the chamber carefully and prepare cell lysates. 

Preparation of Cell Lysates for Irnrnunoprecipitation. Rinse each dish 
twice with 3 ml of ice-cold TBS. Add 500 /zl of ice-cold Hi-SDS Tris 
RIPA buffer (recipe below). With a rubber policeman, scrape into a 1.7- 
ml microfuge tube. Clarify the lysate by centrifugation at 16,000 rpm for 
45 rain at 4 ° (e.g., in Sorvall SM24 rotor). On ice, transfer the supernatant 
to a new tube, avoiding the viscous pellet. If necessary, the samples may 
be frozen at this point. 

Hi-SDS Tris R1PA buffer 

Ingredient 250 ml 500 ml 1 liter 

Tris (pH 7.0), 1 M 12.5 ml 25 ml 50 ml 
NaC1 (5 M) 7.5 ml 15 ml 30 ml 
SDS (10%, w/v) 12.5 ml 25 ml 50 ml 
Deoxycholate (Na + salt) 2.5 g 5 g 10 g 
Nonidet P-40 (NP-40) 100% 2.5 ml 5 ml 10 ml 
DTT (l M) 250.0/xl 500 ktl 100/~1 
Pefabloc (0.1 M) 250.0 #1 500 ktl 1000/xl 
Distilled H~O To w~lume To volume To volume 

Just before use, add aprotinin (5-10 TIU/ml) at 1 : 100, that is, to a final 
concentration of 0.05-0.10 TIU/ml. 

Method for Irnmunoprecipitation. If the primary antibody is an antipep- 
tide (e.g., 142-24E5), the sample must be boiled for 1 rain prior to IP in 
order to unfold the protein and expose the epitope to make it accessible 
to the antibody. This step can be done before or after clarifying the lysate; 
if done immediately prior to IP, be sure to let the samples cool before 
adding the antibody, in order to avoid damage to the antibody protein 
itself. Add primary antibody to each cell lysate (see Table III to choose 
antibody and working concentration) (e.g., Y13-259, 5/~g/ml), and incubate 

:5 J. Meisenhelder and T. Hunter, Nature (London) 335, 120 (1988). 
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on ice for 60 min (tumbling is not necessary), or tumble at 4 ° for 1 hr 
to overnight. 

Add secondary antibody (e.g., goat anti-rat, 4 p~l) and incubate on ice 
for 30 min, or tumble at 4 ° for 30 min to 1 hr. Shorter times for incubation 
with secondary antibody are critical to minimize the background. 

Immune complexes can be collected in several different ways. We use 
either Pansorbin (Calbiochem, La Jolla, CA) because it is inexpensive and 
forms a large, visible pellet, or the quicker, but more expensive, method 
of secondary antibody coupled to protein A-Sepharose CL-4B or to protein 
G-Sepharose CL-4B (Sigma Chemical Co., St. Louis, MO). Add 80/xl of 
Pansorbin (equilibrated in Hi-SDS RIPA by washing twice in a microfuge 
tube) to each IP tube and incubate for 30 min on ice. Or, add 20/xl of goat 
anti-rat protein A-Sepharose immediately following the primary antibody 
incubation and incubate for 30 min. (Of course, the secondary antibody 
that is coupled to the solid support will be dictated by the type of primary 
antibody being used.) 

Often, IP procedures call for extensive washing of immune complexes. 
When many tubes are involved, multiple washing steps quickly become 
unwieldy. An alternative procedure that we use to clean up the immune 
precipitates involves centrifugation through a cushion of sucrose. In a 
12 × 75 mm round-bottom polystyrene tube, aliquot 2.5 ml of 10% (w/v) 
sucrose-Hi-SDS RIPA buffer. Carefully layer the immune precipitate on 
top of the sucrose. Spin the tube in a tabletop centrifuge for 20 min at 3000 
rpm at 4 °. Carefully aspirate off the sucrose and resuspend the pelleted 
immune complexes in 500/xl of Hi-SDS RIPA buffer. Pellets containing 
immune complexes collected with Pansorbin will be easy to visualize but 
difficult to resuspend and will require vigorous pipetting up and down; 
although excessive force will destroy the complexes, we have not generally 
found this to be a problem. Those collected with Sepharose will be hard 
to visualize but easy to resuspend--a quick vortexing will be sufficient. 
Transfer the resuspended IPs to microfuge tubes and pellet again by centri- 
fuging for 20-30 sec in a microfuge. Aspirate off the supernatant. These 
pellets can be stored dry at -20  ° or immediately resuspended in 1 × sample 
buffer for analysis. 

S D S - P A G E .  To analyze the samples, resuspend the pellets in 50/xl of 
1× sample buffer. Boil for 2 min and microfuge for 2 min to pellet the 
Pansorbin or protein A-Sepharose (or whatever solid support has been 
used to collect the immune complexes). Load half the sample onto an SDS- 
polyacrylamide gel and electrophorese as described above for immunoblot- 
ting. When the gel has finished running, dry the gel under vacuum and 
expose to film at -70  ° for 1-3 days. If the proteins have been labeled 
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with 3H-labeled compounds, the gels should be incubated in fluor prior to 
drying down. 22'23 

Subce l lu la r  Frac t iona t ion  and  I m m u n o f l u o r e s c e n c e  

Subcellular Localization o f  Ras Proteins 

It is frequently desirable to determine whether Ras proteins are present 
in the membrane or cytosolic fraction of the cell. Ras proteins that have been 
structurally mutated in the carboxyl-terminal C A A X  motif e° or treated with 
pharmacological inhibitors of their posttranslational modification, for exam- 
ple, compactin/lovastatin 2° or farnesyltransferase inhibitors, 2~ are not mem- 
brane associated like wild-type, untreated Ras. Two ways of determining this 
include the subcellular fractionation and immunofluorescence procedures 
described here. A third, indirect determination of membrane association is 
by fractionation into aqueous vs detergent phases in Triton X-114, which 
measures degree of hydrophobicity, as described in Gutierrez et al. 27 and 
Hancock. 23 

SIO0/PIO0 Fractionation 

To determine simply the degree of membrane association of Ras, centrif- 
ugation of cell lysates at 100,000 g provides a crude fractionation into 
membrane (P100, referring to the pellet obtained following centrifugation 
at 100,000 g) and cytosolic (S100, referring to the supernatant) portions. 
Metabolically labeled cells are swollen in hypotonic buffer, broken in a 
Dounce (Wheaton, Millville, N J) homogenizer, and centrifuged to fraction- 
ate, followed by immunoprecipitation. Figure 2 shows the S100/P100 frac- 
tionation of metabolically labeled NIH 3T3 cells overexpressing H-Ras 
proteins that are either cytoplasmic or membrane-associated, owing to the 
absence or presence of signals for posttranslational processing. 

Method. Metabolically label cells that have been cultured in a 60- or 
100-ram dish with the appropriate label [e.g., [35S]Met/Cys, [3H]mevalonic 
acid ([3H] MVA), etc.] as described above. (For immunoblotting, cells need 
not be labeled but can be collected from nearly confluent dishes.) Aspirate 
the radioactive medium, rinse the dishes twice with ice-cold TBS or PBS, 
and scrape the cells carefully into 1 ml of ice-cold TBS or PBS, using a 
rubber policeman or the open end of a 1000-/M disposable pipette tip. 

2(, A. M. Garcia, C. Rowell, K. Ackermann, J. J. Kowalczyk, and M. D. Lewis..L BioL Chem. 

268, 18415 (1993). 
27 L. Gutierrez, A. I. Magee, C. J. Marshall, and J. F. Hancock, E M B O  J. 8, 1093 (1989). 
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Fl(;. 2. Localization of Ras proteins to membrane or cytosolic fraction: metabolic labeling 
with [35S]Met/Cys followed by S100/P100 fractionation and IP. NIH 3T3 cells overexpressing 
H-Ras proteins were labeled metabolically with [-sSS]Met/Cys overnight. Labeled cells were 
subjected to S 100/P100 fractionation as described in text, and Ras proteins were immunoprecip- 
itated with 146-3E4 antibody, resolved by SDS PAGE,  and the dried gel exposed to film for 
3 days at - 7 0  °. The arrow indicates the position of Ras proteins. Unprocessed Ras [carboxyl- 
terminal mutant, Ras(61L)CCSN 21 ] is localized to the cytosolic (S) fraction (lanes 1 and 2), 
whereas wild-type, fully processed Ras(61L) is localized to the membrane (P) fraction (lanes 
3 and 4). Note that the apparent electrophoretic mobility of unprocessed Ras protein is slower 
than that of processed Ras (see Fig. 4). Also note that the region around Ras is clean, whereas 
the top of the gel contains many bands of unknown origin. The arrowhead indicates the 
position of a non-Ras band, present only in SI00 fractions, that can be used to confirm the 
correct ordering of S vs P samples on lhe gel. 
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Transfer  the collected cells into a 1.7-ml microcentrifuge tube and spin for 
30 sec to pellet the cells. Aspirate the supernatant.  (Note: It is important  to 
do all subsequent steps on ice to reduce protease activity in the cell lysates.) 

1. Swell the cell pellets: Add 1225/xl of buffer A [hypotonic solution 
with protease inhibitors (see recipe below) containing freshly added D T T  
at a final concentration of 1 /xM, and freshly added aprotinin ,at a final 
concentration of 0.05-0.10 TIU/ml]  and pipette up and down to resuspend 
the cell pellets. Incubate on ice for 10 min. 

Buffer A" 

Ingredient 20 ml 100 ml 400 ml 

Tris (pH 7.5), 1 M 200/xl 1000/xl 4 ml 
MgCle (0.5 M) 40/xl 200/xl 400 p,1 
Pefabloc (0.1 M) 200 bd 1000/zl 4 ml 
Leupeptin (20 mg/ml) 10/*1 50 p.l 200/,1 
SBTI' (20 mg/ml) 10 p,I 50 #1 200/xl 
TLCK ~' (20 mg/ml) 10 p,1 50/xl 200 pA 
TPCK' (20 mg/ml) 10/zl 50 #l 200 t*l 
Distilled H20 To volume To volume To volumc 

" Just before use, add aprotinin (5 10 TI U/ml) to a final concentration 
of 0,005-0.010 TIU/ml. 

~' SBTI, soybean trypsin inhibitor: TLCK, N"-p-tosyl-L-lysine chlo- 
romethyl ketone: TPCK. N-tosyl-L-phenylalanine chloromethyl 
ketone. 

2. Disrupt the cells: Transfer  the swollen cells to a Dounce tissue homog- 
enizer fitted with a tight pestle (e.g., Wheaton homogenizer  Cat. No. 357542 
with pestle B). It is useful to wet down the homogenizer  with distilled H :O 
prior to use, otherwise the sample will stick to a dry Dounce homogenizer: 
squirt distilled H 2 0  inside the homogenizer  and bring the pestle up and 
down for a couple of strokes to wet the sides. Be sure to aspirate all the 
water, and to rinse thoroughly between samples. Apply 20 strokes of the 
pestle, slowly and gently, keeping the homogenizer  submerged in ice. Bring 
the pestle up just far enough to be out of the sample; this minimizes sample 
loss on the sides of the homogenizer.  Add 225 /,1 of 1 M NaCI to the 
homogenized sample: the total volume is now 1450/M. Transfer  450/,1 to 
a microfuge tube; this represents "total  lysate" (7). 

Separate the crude membrane  fraction (P100) from the cytosolic (S100) 
fraction: transfer the remaining 1000/,1 of homogenized sample to a polycar- 
bonate  ultracentrifuge tube [e.g., Beckman (Fullerton, CA) Cat. No. 343778 
or equivalent]. (Note: The maximum capacity of these tubes is 1000/zl). 
Spin in a swinging bucket rotor (e.g., Beckman TLS-55 or equivalent) in 
a tabletop ultracentrifuge for 30 min at 4 °, at 38,000 rpm (100,000 g). 
Transfer  all of the supernatant  to a new microfuge tube: this is the $100 
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fraction. Restore the volume of the pellet (P100) to the same volume as 
that of the supernatant by resuspending the pellet in 850/zl of buffer A 
and 150/zl of 1 M NaC1. Because the pellet will be difficult to resuspend, 
add small volumes (e.g., 100-200/zl) initially, up to the correct total volume. 

Detergent  extract each sample: Add 50/~1 of "10x  detergents for Hi- 
S R I P A "  to total sample and add 110/zl to $100 and P100 samples, for a 
final concentration of 1 x.  Incubate on ice for 10 rain. 

Detergents (10x) for Hi-SDS RIPA 

Ingredient 10 ml 50 ml 

Deoxycholate (Na + salt) 1 g 5 g 
NP-40 (100%, v/v) 1 ml 5 ml 
SDS (10%, w/v) 5 ml 25 ml 
Distilled H20 To volume To volume 

3. Clarify the lysates: Centrifuge at 16,000 rpm for 30 rain at 4 °, in a 
Sorvall SM-24 rotor or equivalent. Transfer  the supernatants to new micro- 
fuge tubes. The samples are now ready for analysis by immunoprecipitat ion 
or immunoblotting, or if desired, can be frozen for use later. Owing to the 
large sample volume of the S100 fraction, immunoprecipi tat ion is preferred, 
as it will concentrate the sample. However,  if immunoblott ing is necessary, 
cut down on all volumes proport ionately and use as large a well as the gel 
system will allow. ~s Minimize dilution with sample buffer by using 6x  
buffer. Try to load at least half the sample on the gel. Another  approach 
is to begin with many more cells in the original starting volume of the pellet 
of collected cells, such that a smaller percentage of the total volume gives 
approximately the same total cellular protein. The number  of cells becomes 
limiting at approximately two 100 mm dishes. The number  of cells on a 
nearly confluent 60-mm dish (~]06)  will usually give a good signal. 

Note: It is critical that the proport ions of $100 and Pl00 fractions be 
maintained, because the assay compares  the relative proport ions of total 
protein that partition into cytosolic and membrane  fractions. 

lrnmuno2quorescence 

Although the fractionation methods described above can indicate 
whether  proteins are cytosolic or are associated with membranes ,  they do 
not give any other indication of where the proteins are in the cell. For 
example, to make the determination of whether  Ras is at the plasma mem-  

2~ R. Khosravi-Far, R. J. Lutz, A. D. Cox, L. Conroy, J. R. Bourne, M. Sinensky, W. E. Balch, 
J. E. Buss, and C. J. Der, Proc. Natl. Acad. Sci. U.S.A. 88, 6264 (1991). 
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brane or at intracellular membranes, immunofluorescence (IF) would be 
the more appropriate choice. 

Direct visualization of the subcellular localization of the protein is a 
goal of immunofluorescent procedures. Although in theory IF is technically 
simple to do, in practice it can be difficult to do well, and the possibility 
of artifactual results is high. Many different types of controls are required, 
and a high-quality microscope with an excellent objective is highly desirable. 
Confocal microscopy is highly preferred, particularly for localizing Ras 
mutants that are not predominantly at the plasma membrane. > 

The general principle is to seed cells on coverslips, fix them, permeabilize 
the membranes (to permit entry of large molecules such as immunoglobu- 
lins), block nonspecific binding, add a primary antibody to detect Ras, and 
then incubate with a secondary antibody that recognizes the primary antibody 
and is conjugated to a fluorophore to permit its own detection. The coverslips 
are then mounted on slides and viewed on a fluorescence microscope. 

Method. Seed cells in dishes containing sterile coverslips so that they 
will be approximately 50% confluent 2 days later. Ideally, there will be 
enough cells to visualize, but not so many that they crowd each other, as 
a confluent sheet of cells will tent to trap antibody nonspecifically at the 
cell junctions. Give the cells at least 2 days to attach to the glass to minimize 
cell loss during the staining procedure. To reduce the labor-intensive nature 
of the work, we use 12-mm round coverslips, and place up to five of them in 
a 35-mm dish prior to adding the cells. [Determine the number of coverslips 
needed for each cell line (experimental and controls) before seeding cells 
(see Table IV). If more than five are necessary, seed cells onto coverslips 
placed into a 60-mm dish instead.] Handle the coverslips throughout the 
procedure with sterile fine-point forceps. Make sure that the coverslips are 
clean and sterile by either autoclaving them before use or soaking them in 
70% ethanol and flaming them individually (briefly, so they do not crack) 
before placing them into the dish. The coverslips should not overlap each 
other and no air should be trapped under them. To remove air, press down 
gently in the center of the coverslip with the sterile forceps; otherwise, the 
floating coverslip will eventually land on another slip, rendering both of 
them unusable. 

To reduce the individual manipulation of large numbers of coverslips, 
the wash, fix, permeabilization, and block steps can be carried out on all 
the coverslips simultaneously by leaving them in the dishes in which they 
were grown. They can then be manipulated individually for incubation in 
antibody. In all cases, treat coverslips gently to minimize cell loss. 

1. Fix the cells: Wash the cells by aspirating the culture medium from 
each dish, then gently add approximately 2 ml of ice-cold PBS, dropwise, 

2u j. F. Hancock, H. Paterson, and C. J. Marshall, Cell (Cambridge, Mass.) 63, 133 (1990). 
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TABLE IV 
SETUP FOR IMMUNOFLUORESf'ENCE ASSAY 

Cell 

Isotype-matched 
negative control Experimental 
antibody (or no Positive control antibody Different dilution 

primary antibody) antibody (if desired) (if desired) 

Negative control ~ ~ '  ~ 
Positive control ~ ~" ~ 
Experimental ~" ~ '  ~ '  

Example 
NIH 3T3 IgG~. 20/xg/ml Y13-259.20/xg/ml Y13-238, 20 txg/ml Y13-259. 40/xg/ml 

(or no primary) 
Ras-trans- IgGl, 20/xg/ml Y13-259, 20 p.g/ml Yl3-238, 20 b~g/ml Y13-259, 40/xg/ml 

formed (or no primary) 
NIH 

Mutant Ras- lgGi, 20 p.g/ml Y13-259, 20/xg/ml Y13-238.20/xg/ml Y13-259.40/xg/ml 
transformed (or no primary) 

over an area of the dish that does not contain a coverslip. Aspirate the 
PBS and wash again. Then add 2 ml of 2% formaldehyde in PBS [1 : 5 (v : v) 
dilution of 10% stock formaldehyde; Polysciences Corp., Warrington, PA] 
and incubate at room temperature for 20 min. Wash carefully and thor- 
oughly five times in PBS. If not all of the coverslips are to be used immedi- 
ately, they may be stored at 4 ° overnight if covered in PBS. 

2. Permeabilize the cells and block nonspecific antibody binding: Aspi- 
rate the PBS and gently add - 2  ml of PBS containing 0.02% (w/v) saponin 
and 5% (v/v) normal serum from the same species as the secondary antibody 
was made, for example, normal goat serum if the secondary antibody is 
goat anti-rat. Incubate at room temperature for 30 min. 

3. Add primary antibody: We use Y13-238 antibody in IF procedures 
for Ras or Y13-259. (Y13-238 does not recognize N-Ras.) These antibodies 
give a reasonably strong signal with fairly low background. If epitope- 
tagged Ras proteins are available, however, antibodies to the tags can also 
be used)  °31 

At the point of incubation in primary antibody, coverslips must be 
handled individually. To make a staining chamber, tape Parafilm to the 
benchtop and label the Parafilm with a marker to show where each cover- 

30 T. Grussenmeyer, K. H. Scheidtmann, M. A. Hutchinson, W. Eckhart, and G. Walter, Proc. 
Natl. Acad. Sci. U.S.A. 82, 7952 (1985). 

~l G. Evan, G. Lewis, G. Ramsey, and J. Bishop, Mol. Cell. BioL 5, 3610 (1985). 
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slip will be placed. Individual drops of antibody solution [ -70/ , l ,  contain- 
ing approximately 20-30 ~g of antibody per milliliter, made in 0.02% 
(w/v) saponin-5% (v/v) normal serum in PBS] dispensed onto the Para- 
film will bead up to form a discrete droplet. Pick up each coverslip from 
the dish, using forceps, gently blot by touching only the edge to a tissue, 
and carefully invert the coverslips onto the beads of antibody. To make 
the "lid" of the "staining chamber," invert a container such as a large 
plastic disposable weigh boat over an area of the Parafilm that contains 
several coverslips. To supply humidity in the chambers place a wet tissue 
underneath the weigh boats; otherwise, the small volume of antibody will 
evaporate during the incubation. Incubate at room temperature for 30- 
60 min. 

4. Add secondary antibody: Near the end of the incubation period in 
primary antibody, set up a second set of Parafilm sheets and dispense 70- 
t*l beads of secondary antibody solution, for example, fluoroscein isothiocy- 
anate (FITC)-conjugated goat anti-rat F(ab')2, diluted 1 : 20 (v :v) in 0.02% 
(w/v) saponin-5% (v/v) goat serum-PBS. Following the incubation in pri- 
mary antibody, wash the coverslips carefully in a fairly large volume of 
0.02% (w/v) saponin-PBS, by filling a wide, shallow container with the 
PBS, and gently swirling each coverslip through the PBS. Blot gently and 
invert onto the beads of secondary antibody. To avoid quenching the fluor- 
ophore, an especially significant problem with FITC-conjugated antibodies, 
incubate in the dark for 30 min. 

Because background due to secondary antibody is often a significant 
problem, examine cells incubated with negative control primary, antibody, 
followed by secondary antibody. If there is a lot of staining, preabsorbing 
the secondary antibody against fixed, permeabilized cells of the same type 
as those being analyzed will help reduce the background. For example, if 
analyzing Ras proteins overexpressed in NIH 3T3 cells, fix and permeabilize 
a nearly confluent dish of nontransfected NIH 3T3 cells, as described above 
for the coverslips, and incubate a large aliquot (e.g., 1 ml) of the secondary 
antibody directly on the cells at 37 ° for 30 min. Components in the antibody 
preparation that react with the cells will "absorb" to the dish, leaving 
behind those components that will specifically recognize the primary anti- 
body. Collect the preabsorbed antibody from the dish and microfuge for 
5 rain at 4 °. Because the fluorophore is fragile, store in small aliquots at 
- 20  ° and do not refreeze. Also, microfuging the secondary antibody for 5 
to 10 min at 4 ° immediately prior to use, to remove particulates, helps 
reduce background. 

5. Mount the coverslips: Near the end of the incubation period in sec- 
ondary antibody, label clean (ethanol-scrubbed) slides on which to mount 
the stained coverslips. Distribute 3-/,1 drops of mounting medium onto the 
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FIG. 3. Subcellular localization of Ras protein: immunofluorescence.  NIH 3T3 cells express- 
ing Ras were seeded onto coverslips and stained with Y13-259 rat anti-Ras antibody, followed 
by FITC-goa l  anti-rat antibody as described in text. Coverslips were mounted  on slides and 
viewed with a Bio-Rad confocal microscope under  ×63 magnification. Note the strong staining 
in the plasma membrane .  Oncogenic Ras proteins cause membrane  ruffling, and Ras is 
prominent  in the ruffles. 32 

slides where the coverslips will go. A standard slide will accommodate up 
to four of the 12-ram round coverslips, and therefore different treatments 
of the same cell type can be placed on a single slide for viewing. A good 
mounting medium is FluorSave (Cat. No. 345789; Calbiochem), as it hardens 
in 1 hr, making sealing with clear nail polish unnecessary. The addition of 
2.5% (w/v) triethylenediamine (e.g., DABCO,  Cat. No. D2780; Aldrich, 
Milwaukee, WI) to the mounting medium significantly reduces quenching 
of the FITC and prolongs the readable life of the preparation. 

At the end of the incubation period in secondary antibody, wash each 
coverslip by gently swirling through PBS twice and through water once. 
Blot carefully and invert onto the mounting medium on the slide for viewing 
under a fluorescent microscope at 450 nm, preferably using a x63 oil 
immersion objective. Store slides in the dark at 4 ° . 

Figure 3 shows Ras protein detected at the plasma membrane by immu- 
noftuorescence. 

32 D. Bar-Sagi and J. R. Feramisco, Science 233, 1061 (1986). 
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Fl¢~. 4. Detection of differently processed forms of Ras by IP: altered mobility, differential 
subcellular fractionation, and incorporation of [3H]mevalonic acid (MVA). N1H 3T3 cells 
expressing H-Ras or K-Ras proteins were subjected to analysis of their posltranslational 
processing as described in text. (A) Metabolic labeling of H-Ras in the presence or absence 
of compactin, followed by SI00/PI00 fractionation. Cells expressing H-Ras proteins modified 
by a farnesyl isoprenoid [H-Ras(61L)] or by a geranylgeranyl isoprenoid [H-Ras(61L)CVLL] 
were labeled with [35S]Met/Cys in the presence (+) or absence ( ) of compactin, an inhibitor 
of mevalonate biosynthesis. Following S100/P100 fractionation, Ras proteins were immunopre- 
cipitated with 146-3E4, resolved by SDS-PAGE, and the dried gel exposed to film for 3 days 
at 70 °. Note that the treatment with compactin, which prevents processing of Ras proteins, 
causes a shift to slower electrophoretic mobility. In addition, the slightly faster mobility of 
geranylgeranyl-modified Ras compared to wild-type farnesylated Ras can be detected using 
this gel system. (B) Labeling of K-Ras with [3H]MVA. Cells expressing K-Ras(12V) were 
labeled metabolically overnight with [3H]MVA, the precursor of all isoprenoid groups, and Ras 
was immunoprecipitated with Yl3-259 and resolved by SDS-PAGE. The gel was processed in 
Amplify (Cat. No. NAMPI/)0: NEN), dried, and exposed to film for 10 days al -70  °. Band 
2 represents K-Ras(12V), band 3 represents readthrough (translation initiated at the original 
methionine internal to the 10-aa leader sequence~4), and band 4 represents endogenous Ras 
proteins present in the NIH 3T3 cells prior to transfection with the K-Ras expression construct. 
Note that [3H]MVA labels only processed forms of Ras: compare to the unprocessed form 
seen only with [3sS]Met/Cys labeling of total protein [(C), band 1]. (C) Pulse chase analysis 
of K-Ras processing. Cells expressing K-Ras(12V) were pulsed (P) with [35S]Met/Cys for 1 
hr, then chased (C) overnight with medium containing no label. The next day, labeled Ras 
proteins were collected by immunoprecipitation with Y13-259 and resolved by SDS PAGE. 
The dried gel was exposed to film for 3 days at - 70  °. Band 1 represents newly synthesized, 
unprocessed protein. Note that after 1 hr, most of the newly synthesized Ras has already 
been processed (band 2). The amounts of unprocessed readthrough and endogenous proteins 
(processed = bands 3 and 4) from the 1-hr pulse are too small to be visible in this particu- 
lar autoradiogram. 

I n t e r p r e t i n g  E l e c t r o p h o r e t i c  M o b i l i t y  P r o f i l e s  

Consequences of Point Mutations in Ras Proteins on Their Apparent 
Electrophoretic Mobility 

E n d o g e n o u s ,  w i l d - t y p e  R a s  p r o t e i n s  c h a r a c t e r i s t i c a l l y  m i g r a t e  a t  j u s t  

o v e r  21 k D a .  T h e  ge l  s y s t e m  d e s c r i b e d  a b o v e  d r a m a t i c a l l y  e n h a n c e s  a p p a r -  
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ent mobility differences between these proteins and Ras proteins that are 
point mutated or differently modified, or between Ras and Ras-related 
proteins, most of which (with the exception of Rho and Rac) migrate 
significantly slower than Ras itself. Several of the common activating muta- 
tions of Ras result in characteristic electrophoretic mobility shifts. For 
example, most mutations at position 61 result in significantly faster electro- 
phoretic mobility, while most of those at position 12 result in significantly 
slower electrophoretic mobility (see Fig. 4). Some other common mutations, 
such as those at positions 17 or 35, often result in no mobility differences 
at all. Therefore,  while an altered mobility is always a sign of alteration 
either in amino acid residue(s) or of modification, a lack of alteration in 
electrophoretic mobility cannot be relied on as indicating the presence 
solely of wild-type protein. 

Consequences of  Posttranslational Modifications to Ras Proteins on Their 
Apparent Electrophoretic Mobility 

Posttranslational modifications have different effects on electrophoretic 
mobility. ~4 Each step of the carboxy-terminal processing of Ras results in 
faster mobility, such that unprocessed protein migrates slowest; farnesylated 
Ras that has not yet been cleaved proteolytically at the A A X  sequences 
migrates faster; farnesylated, clipped, and methylated Ras migrates yet 
faster; and farnesylated, clipped and methylated, and palmitoylated Ras 
migrates fastest of all. Ras proteins that have been mutationally altered to 
signal geranylgeranylation migrate only slightly faster than their fames- 
ylated counterparts. In contrast, phosphorylation of Ras (e.g., at 59T) re- 
sults, like other phosphorylation events, in a slower migrating protein. 
Therefore,  many of these forms can be distinguished by their relative mo- 
bilities on S D S - P A G E  (see Figs. 2 and 4). In general, fully processed 
wild-type Ras protein migrates at the same position as completely unpro- 
cessed Ras(61L) protein. Therefore,  considerable information about Ras 
proteins may be derived simply by visualizing them on SDS-polyacryl-  
amide gels. 
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[22] V a c c i n i a  V i r u s  E x p r e s s i o n  o f  p 2  l r a s  Ash-17 

By A L I D A  M .  M. DE VRIES-SMITS,  BOUDEWIJN M. T. BURGERING,  

a n d  JOHANNES L.  B o s  

In t roduc t ion  

The p21ras mutant p21ras As" 1~ (Ras NI7), in which serine at position 
17 is replaced by asparagine, acts as a dominant negative mutant of p21ras 
and interferes in p21ras-mediated signaling, p21ras A'n ~7 binds predomi- 
nantly GDP  ~ and therefore it is thought that this mutant inhibits signaling 
of p21ras by sequestering the guanine nucleotide exchange proteins in- 
volved in the activation of p21ras. Indeed, it was shown that at least in 
vitro p21ras A~nq7 protein interferes with the interaction of mSos, a putative 
p21ras exchange factor, and p21ras. 2 Comparison of inhibition of p21ras- 
mediated signaling by p21ras A~nq7 to inhibition by the p21ras-specific mono- 
clonal antibody Y13-259 demonstrates that inhibition by p21ras A~n ~7 is as 
specific as blocking by Y13-259. 3 Constitutive expression of p21 i-as A~'~-~7 in 
cells appears to be permitted only in cells that are transformed by oncogenes 
that act downstream from p21 ras. 3 However,  p21 ras as'-~7 can be introduced 
under control of inducible promoters or expressed transiently) ~ We have 
used the vaccinia virus vector system to express p21ras a~nq7 in cells 7 (for 
a more extensive review on the use of vaccinia virus as an expression 
system, see MossS). This system has several advantages. First, a high titer 
of recombinant virus can be obtained easily, all cells in a culture will be 
infected, and hence the protein is expressed in all cells and the virus infects 
a large variety of mammalian cells of different origin [fibroblasts (Rat-l ,  
NIH 3T3, Swiss 3T3); pheochromocytoma cells (PC12); keratinocytes 
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(primary and cell lines)7'9'l°]. This allows us to analyze the effect of p21ras 
inhibition biochemically in a variety of different cell types. The obvious 
disadvantage of this system is that virus infection affects cell physiology. 
In relation to growth factor signaling studies, one of the more serious effects 
was the production of vaccinia virus growth factor (VGF). It has been 
shown that VGF can bind to and activate the epidermal growth factor 
(EGF) receptor. ~ We, therefore, switched to a vaccinia virus strain that 
lacks the gene for VGF. ~2 Second, to reduce the background due to the 
effect of the virus on cell physiology, we express p21ras A~'~ t7 under control 
of an early promoter.  Initially, the effect of p21ras Asn 17 was analyzed 16 
hr after infection and the onset of late gene expression was inhibited by 
the addition of 10 mM hydroxyurea. 7 However,  equally good results were 
obtained by analyzing the effect 6 hr after infection in the absence of 
hydroxyurea, l° Unwanted side effects of virus infection are minimized by 
this treatment protocol. Although these changes improved the applicability 
of this system, limitations to the use of this system still remain. For the 
analysis of the role of p21ras in the activation of ERKs (extracellular signal- 
regulated kinases), the introduction of p21ras/'s'1-17 by vaccinia virus works 
well. Depending on the cell type the wild-type vaccinia virus has no, or 
only a limited, effect on the regulation of ERKs. However,  when analyzing 
other processes, interference due to the infection protocol can be a problem. 
For example, infection with wild-type vaccinia virus induces an increase in 
c-Jun phosphorylation. Similar to growth factor-induced increase in c-Jun 
phosphorylation, the virus increases phosphorylation of Ser-63 and Set-73 
of the Y and X peptide. 13 Because under normal conditions growth factors 
already induce only a small increase (two- to four-fold) in phosphorylation 
of c-Jun, and the virus affects only the basal level of phosphorylation, no 
significant difference in c-Jun phosphorylation can be determined in the 
presence of virus (B. M. T. Burgering, unpublished results, 1994). 

To construct a recombinant vaccinia virus the basic protocol is as follows. 
cDNA is fused to the early promotor  of vaccinia virus and subsequently 
recombined into the vaccinia virus strain 152 (a VGF-minus strain). It is 
important that the eDNA does not harbor the sequence TTTTTNT,  because 
this sequence serves as a transcription stop signal for vaccinia virus. Follow- 

~) B. M. T. Burgering, A. M. M. de Vries-Smits, R. H. Mcdema,  P. C. van Weeren,  L. G. J. 
Tertoolen,  and J. L. Bos, Mol. Cell. Biol. 13, 7248 (1993). 

~t) B. M. T. Burgering, E. Freed, L. van der Voorn, F. McCormick, and J. L. Bos, Cell Growth 
Differ. 5, 341 (1994). 

11 R. M. L. Buller, S. Chakrabati ,  B. Moss, and F. Torgny, Virology 164, 182 (1988). 
~2 R. M. L. Buller, S. Chakrabati ,  J. A. Cooper, D. R. Twardzik, and B. Moss, J. Virol. 62, 

866 (1988). 
13 B. J. Pulverer, J. M. Kyriakis, J. Avruch,  E. Nikolakaki, and J. R. Woodgett ,  Nature (London) 

353, 670 (1992). 
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ing selection of recombinants, high-titer virus stocks are made and subse- 
quently cells of interest can be infected. Expression of the recombinant 
protein is monitored and the effect of the exogenous protein is measured; 
in this case the effect of p21ras Asn-t7 on growth factor-induced activation 
of ERK2 is measured. 

Construction of p2 l r a s  Asn 17 Vaccinia Virus 

Construction of  p21ras A~';-;7 Plasmid 

Full-length p21ras A~n-w is constructed as follows: A partial H-ras cDNA 
is isolated by digesting pSV(VaI-12) with PvulI and EcoRI. The N-terminal 
part is reconstructed by ligation to oligonucleotides that encode,, a stretch 
of six histidine residues following the first AUG, to allow specific detection 
of the recombinant protein, a serine-to-asparagine mutation at codon 17 
and a BamHI site for cloning. This cDNA fragment is cloned in the BamHI-  
EcoRI sites of plasmid pEAgpt [kindly provided by H. Stunnenberg at the 
European Molecular Biology Laboratory (EMBL)]. This plasmid contains 
the xanthine-guanine phosphoribosyltransferase (gpt) gene as a selectable 
marker and a synthetic early promotor of vaccinia. The specific sequence 
of this region is shown in Fig. 1. 

Recombination 

Cells are infected with wild-type virus and transfected with the plasmid 
to allow recombination. Recombined virus is recovered by selection using 
hypoxanthine-aminopterin-thymidine (HAT) medium. The protocol de- 
scribed below is adapted from an EMBL course manual written by H. Stun- 
nenberg. 

Infection and Transfection 

Grow three 35-mm dishes of human 143 cells to a monolayer of approxi- 
mately 80% density. Human 143 cells are grown in Eagle's modified essential 
medium (EMEM) supplemented with 10% (v/v) fetal calf serum (FCS). 
The 143 cell line is an osteosarcoma line defective in thymidine kinase 
expression, which gives high transfection and infection efficiencies. 

Remove medium and add 0.3 ml of serum-free EMEM to cells and 
infect the cells with 0.1 plaque-forming unit (PFU) of wild-type vaccinia 
virus per cell. Incubate for 30 min at 37 °. Occasionally the medium is gently 
swirled; otherwise cells may dry out if not fully horizontal. 

Remove the inoculum, and add 2 ml of EMEM-10% (v/v) FCS and 
incubate for 1-2 hr at 37 °. During incubation, prepare the calcium phos- 
phate coprecipitate for transfection. For each dish, respectively, 0, 100, and 
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v v - w t  ~ ~  gpt 

e S ~ 

e t 

v v - p 2 1  r a s  Asn-17 

e" ", 

L:i~;:!i::i~:::!i;I A'rG IIHIS~ 1321 ras m~l 
I 

17-Ser -~,,- 17-Ash ',, 

GATCCCGGGTATGCATCATCATCATCATCATACGGAATAT...AAT....GAATTC 

BamH I start 6x HISTIDINE p21ras Asn EcoR I 

coding sequence 

Fic;. 1. The p21ras A~n 17 construct. The relevant part of the vaccinia virus 152 strain (vv- 
wt) is schematically depicted and consists of the left part of the thymidine kinase gene (LTk), 
the right part of the thymidine kinase gene (RTk), the selectable marker xanthine guanine 
phosphoribosyltransferase (gpt), the vaccinia virus early promoter, and a multiple cloning 
site (mcs). Recombination at the TK locus results in insertion of the DNA present between 
LTk and RTk and loss of thymidine kinase activity, which can be selected for, in addition to 
gpt selection. For construction of w'-p21ras A~n-w, p21ras A~n-~v cDNA was cloned into the mcs: 
details of the sequence are given below. 

500 ng of  p21ras a~"-17 plasmid is mixed with 2 /xg  of  carrier D N A  in 1.25 
ml of  2×  HeBS [280 m M  NaC1, 10 m M  KC1, 1.5 m M  Na2HPO4.2H20 ,  12 
m M  dextrose,  50 m M  H E P E S ;  adjust pH  to 7.05 with 0.5 N N a O H ;  sterilize 
by filtration (0.22-mm pore  size) and store frozen in aliquots]. A d d  1.25 
ml of  250 m M  CaC12 slowly while vortexing and leave for 30 min at r o o m  
temperature .  Usually an opalescent  calcium phosphate  precipitate is visible. 
R e m o v e  the medium and add the precipitate dropwise to the cells. Leave 
for 30 min at r o o m  tempera tu re  but whirl carefully every 10 min and then 
add 2 ml of  E M E M - 1 0 %  (v/v) FCS. Incubate  at 37 ° for 2 hr, change the 
med ium carefully, and incubate  for 2 days at 37 °. 

First G P T  Selection 

Lyse the cells by freezing-thawing once, that  is, put  the whole  dish with 
med ium at - 2 0  or - 8 0  ° and thaw quickly. Half  of  the lysate is s tored at 
- 2 0  °, and the o ther  half if used to infect a 9-cm dish of  80% confluent 
rabbit  k idney l3  (RK13)  cells grown in E M E M - 1 0 %  (v/v) FCS. These cells 
are less fragile than 143 cells, survive the xan th ine -guan ine  phosphor ibosyl-  
transferase (GPT)  selection better,  and vaccinia virus plaques are more  
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easily detectable. Remove the medium from the dish and add 1 ml of lysate 
mixed with 1 ml of serum-flee EMEM. Leave for 30 rain at 37 ° but swirl 
carefully every 10 min. Remove the lysate and add 10 ml of GPT selection 
medium [EMEM-10% (v/v) FCS supplemented with 80 mM mycophenolic 
acid, 1.5 mM xanthine, and 110 mM hypoxanthine; separate solutions of 
mycophenolic acid, xanthine, and hypoxanthine (all 10 mg/ml) are made 
by dissolving each in 0.1 N NaOH, sterilizing by filtration (0.22-/~m pore 
size), and storing in aliquots at 20°]. Incubate for 2 days at 37 °. 

Second GPT Selection and Agar Overlay 

Harvest the cell lysate by freeze-thawing once, collect the lysate, and 
sonicate for 5-10 sec using a rod-sonicator (Sonics & Materials Inc., Dan- 
bury, CT)(output level 6). Make serial dilutions: take 100, 10, and 1 /zl of 
the lysate and bring to 2 ml, respectively, with serum-free EMEM. Infect 
with each of these dilutions a 9-cm dish of RK13 cells as described above. 
Remove the lysate after 30 rain and add 10 ml of selective medium con- 
taining 0.9% (w/v) agar. Overlay medium is made by mixing an equal 
volume of 2x EMEM containing 20% (v/v) FCS supplemented with 160 
mM mycophenolic acid, 3 mM xanthine, 220 mM hypoxanthine with 1.8% 
(w/v) agar in water. Make sure that the agar solution is cooled to 37 ° before 
pipetting it onto the cells. Pipette against the wall of the dish to avoid 
damaging the cell monolayer. Let the agar solidify at room temperature 
and incubate for 3 days at 37 °. 

Plaque Isolation 

After 3 days plaques are visible. To improve the visualization of the 
viral plaques, the cells can be stained with neutral red. To do this, mix 
equal volumes of 2x EMEM and 1.8% (w/v) agar. Cool to 37 ° land add a 
1/30 vol of 0.3% (v/v) neutral red solution. Pipette 3 ml of this mixture per 
9-cm plate, let the agar solidify at room temperature, and continue incuba- 
tion at 37 °. After a few hours, the cells are stained. Isolate 3-6 plaques 
with a pipette tip and infect a monolayer of RK13 cells grown in a titer 
plate (24 wells) by putting the pluck of agar in 1 ml of EMEM-10% (v/v) 
FCS and incubating for 2 days at 37 °. Freeze-thaw the 24-well tissue plate. 
Centrifuge 800/zl of the lysate for 10 rain at maximum speed in an Eppen- 
doff centrifuge. Discard the supernatant and resuspend the pellet in 100 
/zl of DNA isolation buffer [50 mM Tris-HCl (pH 7.6), 150 mM NaC1, 10 
mM EDTA, 2% (w/v) sodium dodecyl sulfate (SDS)] containing 500 mg 
of proteinase K per milliliter. Leave for 1 hr at 37 °. Extract the DNA once 
with 100 ml of phenol-chloroform-isoamyl alcohol (25:24: 1, v/v) and 
precipitate the DNA with 100 /~1 of 2-propanol and 5 /~1 of 3 M sodium 
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acetate, pH 5.2. Centrifuge for 10 min at maximum speed in an Eppendorf  
centrifuge at 4 °. Wash the DNA pellet with 100 /xl of 70% ethanol and 
resuspend the pellet in 10/xl of H20. Detect the presence of recombinant 
virus by hybridization or polymerase chain reaction (PCR) analysis and 
proceed with one or two recombinant viruses. It is advisable to do a second 
round of plaque purification, because wild-type viruses can be rescued by 
the recombinant virus. After this second round of purification the virus is 
amplified on RK13 cells, as described above, until three 150-cm 2 flasks of 
confluent cells are infected. Lyse the cells by freeze-thawing and sonication. 

Preparation of Virus Stocks 

Grow 1 liter of HeLa $3 spinner cells in Suspension Minimum Essential 
Medium (SMEM)-10% (v/v) newborn calf serum (NCS) to a density of 
5 × 105 cells/ml (exponential growth phase). Collect the cells by centrifuga- 
tion at 2500 rpm (PR600 centrifuge; International Equipment  Company, 
Needham Heights, MA (IEC) and resuspend the cells in 100 ml of serum- 
free SMEM. Add the lysate collected from the three 150-cm 2 flasks of 
infected RK13 cell and spin the cell suspension gently for l hr at 37 °. Add 
1000 ml of SMEM-10% (v/v) NCS and spin for 3 days at 37 °. Harvest the 
infected HeLa cells by centrifugation at 2500 rpm (PR600 centrifuge; IEC) 
for 10 min at 4 ° and collect the cells in 25 ml of phosphate-buffered saline 
(PBS) at 4 ° in a 50-ml centrifuge tube. Spin again for 10 rain at 2500 rpm 
and 4 °. Resuspend the pellet in 10 ml of 1 mM Tris, pH 9.0, leave on ice 
for 30-60 min, sonicate for 30 sec with a rod-sonicator, and centrifuge for 
10 min at 3500 rpm and 4 °. The supernatant is virus stock and should be 
stored at - 2 0  °. The titer of the virus stocks can be determined by serial 
dilution on RK13 cells. We usually obtain a titer of 10s-109 PFU/ml. 

Use of p2 l r a s  mn 17 Vaccinia  Virus in Analysis  of p21 ras  Involvement  
in ERK2 Activation 

Infection of Fibroblasts Cells 

A14 cells or rat1 cells '~ are grown to confluence in Dulbecco's modified 
Eagle's medium (DMEM)-10% (v/v) FCS. Medium is removed and 1-10 
PFU of recombinant virus per cell is added in serum-free medium. Wild- 
type virus is added to control plates. Swirl gently every 10 min for 30-60 
min at 37 ° and remove the inoculate. Serum-free DMEM is added and 
incubation is continued for 6-8 hr. 

Analysis of Expression of p2] A*'''-I7 

For the analysis of p21ras A~"-w expression, the cells were lysed in 
lysis buffer [25 mM Tris (pH 7.4), 137 mM NaC1, 5 mM KCI, 0.7 mM 
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[i ~ j ~ - h i s - r a s  ~ 
endogenous ras 

FI(~. 2. Expression of p21ras A~n w in AI4  fibroblasts. A14 cells (NIH 3T3 cells overexpress- 
ing the insulin receptor) were either left uninfected or infected with wild-type vaccinia 
virus or vaccinia virus expressing p21ras A~" ~7. After 24 hr of infection, lysates were prepared 
and p2lras was immunopreeipitated, p21ras expression was detected by immunoblotting and 
probing with the p2lras monoclonal antibody Y13-259. Compared to endogenous p21ras, 
the p21ras A~" ~7 protein runs at a slightly slower mobility due to the additional six histidine 
residues (indicated as his-ras). Note that virus infection does not change the expression 
of endogenous p21ras. 

CaC12, 5.5 mM MgC12, 1% (v/v) Triton X-100, 10 mM benzamidine, 
leupeptin (10 /xg/ml), aprotinin (10 txg/ml), soybean trypsin inhibitor 
(10 /~g/ml), 1 mM ATP, 0.1 mM GTP, 0.1 mM GDP, l mM sodium 
pyrophosphate] and p21ras protein was immunoprecipitated using the 
monoclonal antibody Y13-238 (Oncogene Science, Uniondale, NY). The 
immunoprecipitate was electrophoresed on a 15% (w/v) SDS-polyacryl- 
amide gel, blotted onto nitrocellulose, and probed with the monoclonal 
antibody Y13-259. The blot was developed by incubating with rabbit 
anti-rat antiserum as second antibody, followed by three consecutive 
washes and incubation with a goat anti-rabbit antiserum coupled to 
horseradish peroxidase. Peroxidase binding was visualized by enhanced 
chemiluminescence (Amersham, Arlington Heights, IL). A typical result 
is shown in Fig. 2. 

Detection of ERK1 and ERK2 Activity by Electrophoretic Mobility Shift 

p44MAP ki . . . . .  and p42 MAPki ..... , also named extracellular signal-regulated 
kinase 1 and 2 (ERK1 and ERK2), are activated by phosphorylation by dual 
specificity kinases (MEKs) that phosphorylate the TxY (x = E) sequence of 
ERK1 and ERK2, both at tyrosine and at threonine. 14 This phosphorylation 
results in an electrophoretic mobility shift, which is a convenient, but indi- 
rect, assay for ERK activation. The advantage of this procedure over a 
direct assay (e.g., immunocomplex kinase assay) is that both the: inactive 
(higher mobility) and the active (lower mobility) forms are detected. This 
provides this approach with an internal control. 

14 R. J. Davis, J. Biol. Chem. 268, 14553 (1993). 
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Fic;. 3. Inhibition of insulin-induced ERK2 activation by p21ras A~'1-17. A14 cells were 
either left uninfected or infected with wild-type vaccinia virus or vaccinia virus expressing 
p21ras A~" : .  Following infection for 6 hr, cells were either left unstimulated ( - )  or stimulated 
with insulin (+) (1 /zM for 5 min). Lysates were prepared and ERK2 activity was monitored 
by the occurrence of the mobility shift (A), or by an immunocomplex kinase assay (B), as 
described in text. 

Fol lowing infection of  cells for 6 -8  hr, treat the cells with growth fac- 
tor(s) for the desired time period. Then  remove  the medium and wash once 
with ice-cold PBS. Scrape the cells directly in lx Laemmli  sample buffer; 
usually we add 400/,1 of  sample buffer  to a 5-cm dish of  confluent cells. 
Shear  the ch romosomal  D N A  by forcing the sample through a 19-gauge 
needle several times. Spin the D N A  down for 15 min at 4 ° in an E p p e n d o r f  
centrifuge. Transfer  the supernatant  to a new tube and store at - 8 0  °. A 
sample of  30 -50 / , 1  is e lec t rophoresed on a large (25-cm long separat ing 
gel, 1-mm spacer),  discontinuous SDS-polyacrylamide  gel. The separat ing 
gel is 10% (w/v) polyacrylamide (acry lamide:b isacry lamide ,  30:0.8)  in 
0.375 M Tris-HC1 (pH 8.8)-0.2% (w/v) SDS. The  stacking gel is 4% (w/v) 
polyacrylamide in 0.125 M Tris-HC1 (pH 6.8)-0.2% (w/v) SDS. The  gel is 
e lec t rophoresed  overnight  at 170 V until the 30-kDa pres ta ined marker  
(Sigma, St. Louis, MO )  is near  the bot tom.  The part  of  the gel spanning 
f rom 30 to 50 kD a  is blot ted onto  nitrocellulose in 25 m M  Trizma base, 
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190 mM glycine, 20% (v/v) methanol. The blot is blocked in 2% (w/v) 
nonfat dried milk and 0.5% bovine serum albumin (BSA) in TPBS [PBS 
with 0.1% (v/v) Tween 20] for 1 hr at room temperature or 1-3 hr at 4 °. 
Rinse the blot once with TPBS and incubate for 3 hr (or overnight) at 4 ° 
with anti-ERK in TPBS with 0.1% (w/v) BSA. Wash three times for 10 
rain in TPBS at 4 °. Incubate the blot with a secondary antibody, for example, 
goat anti-rabbit coupled to horseradish peroxidase in TPBS with 0.1% (w/ 
v) BSA for 2 hr at 4 °. Rinse the blot once and then wash three times for 
10 min in TPBS at 4 °. Develop the blot using enhanced chemiluminescence. 
Usually a 15-sec exposure is adequate. An example of the mobility shift 
observed for ERK2 is shown in Fig. 3A. 

Measurement of ERK1 and ERK2 activity by phosphorylation of myelin 
basic protein ERK1/ERK2 activity can also be measured with an immuno- 
complex kinase assay using myelin basic protein (MBP) as a substrate. ~s 
After the PBS wash, lyse the cells in 20 mM Tris-HC1 (pH 8.0), 40 mM 
sodium pyrophosphate, 50 mM NaF, 5 mM MgCI2, 100/xM NasVO4, 10 
mM EGTA, 1% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate, 0.1% 
(w/v) SDS, aprotinin (2/~g/ml), leupeptin (1/zg/ml), 1 mM phenylmethyl- 
sulfonyl fluoride (PMSF). The protein concentration of the lysate is deter- 
mined by Bradford analysis and 100 b~g of protein is incubated with nonim- 
mune serum precoupled to protein A-Sepharose beads for 20 rain at 4 °. 
Remove beads by a brief spin and add to the supernatant anti-ERK serum 
precoupled to protein A-Sepharose and incubate for an additional 2-3 hr. 
Collect the beads and wash three times with lysis buffer without MgCI2. 
Wash the beads two times with incomplete kinase buffer [30 mM Tris-HC1 
(pH 8.0), 20 mM MgC12, 2 mM MnC12], and drain off all the fluid using a 
microsyringe. Add immediately 25/xl of complete kinase buffer [incomplete 
kinase buffer supplemented with ATP (10 b~M), 0.4 p~Ci of [y-S2p]ATP, 
and 7.5/xg of myelin basic protein (MBP)]. Incubate at room temperature 
for 30 min in a shaker. Terminate the reaction by adding 7/xl of 5 × Laemmli 
sample buffer and electrophorese the samples on a 15% (w/v) SDS-poly- 
acrylamide gel. Myelin basic protein runs at - 15  kDa. An example of the 
results of an MBP kinase assay is shown in Fig. 3B. We have used this 
vaccinia virus approach to inhibit p21ras-directed ERK2 activation in a 
variety of different cell lines, including ratl cells, NIH 3T3 cells, Swiss 3T3 
cells, and PC12 cells, but also in human primary keratinocytes. In all cases 
the introduction of p21 ras A~n-17 results in the inhibition of the activation of 
ERK2 induced by certain, but not all, growth factors. Cases in which we 
did not observe an inhibition were due to the fact that pathways independent 
of p21ras were operable to activate ERK2. '~ 

t5 S. J. Lcevers and C. J. Marshall, E M B O  ,I. l t ,  569 (1992). 
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[231 I n d u c i b l e  E x p r e s s i o n  o f  R a s  N 17 D o m i n a n t  

I n h i b i t o r y  P r o t e i n  

By H O N G  C A I  a n d  G E O F F R E Y  M .  C O O P E R  

Introduction 

The dominant inhibitory Ha-ras N17 gene encodes a mutant p21 with 
an asparagine substituted for serine at position 17.~ The mutant p21 displays 
a decreased affinity for GTP while maintaining normal affinity for GDP. 
Transfection of NIH 3T3 cells with a ZlPneo vector containing the ras N17 
gene yielded only a small fraction of the G418-resistant colonies obtained 
following transfection with ZIPneo alone, indicating that expression of Ras 
N17 inhibited cell proliferation. The inhibitory activity of Ras N17 was 
reversed by cotransfection with an activated ras or rafoncogene. In addition, 
cotransfection with yeast SDC25 guanine nucleotide exchange factor over- 
comes the Ras NI7 inhibition of NIH 3T3 cell proliferation. 2 The Ras N17 
protein thus appeared to represent a dominant inhibitor of normal Ras 
function, thereby providing a novel reagent capable of interfering with the 
activity of Ras protooncogene proteins. Characterization of physiological 
and biochemical alterations in NIH 3T3 cells that express Ras N17 have 
therefore been undertaken to elucidate the signal transduction pathway in 
which Ras functions. An NIH 3T3 cell line [NIH(M17)] in which Ras N17 
expression is controlled by an inducible promoter, the mouse mammary 
tumor virus (MMTV) long terminal repeat (LTR), has been isolated. 3 These 
cells proliferated normally in the absence of dexamethasone, but induction 
of Ras N17 by addition of dexamethasone to the culture medium signifi- 
cantly inhibited NIH(M17) proliferation and response to mitogenic 
growth factors. 

Method 

Ha-ras Expression Plasmid 

To obtain stable transfectants in which Ras N17 expression is controlled 
by an inducible promoter, an expression plasmid pMMTVras (Asn-17) is 

1 L. A. Feig and G. M. Cooper, MoL Cell Biol. 8, 3235 (1988). 
2 F. Schweighoffer, H. Cai, M. C. Chevallier-Mullon, I. Fath, G. M. Cooper, and B. Tocque, 

Mol. Cell. Biol. 13, 39 (1993). 
3 H. Cai, J. Szeberenyi, and G. M. Cooper, Mol. Cell Biol. III, 5314 (1990). 

Copyright K~ 1995 by Academic Press, Inc. 
METHODS IN ENZYMOLOGY. VOL. 255 All righls of reproductkm in any tk)rm reserved. 
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BamHI / 

FI(;. 1. The pMMTVras(Asn-17) expression plasmid. The origins of the fragments shown 
are described in text. 

used. In this expression vector the Ha-ras N17 gene is expressed via the 
glucocorticoid-regulated MMTV LTR and a Neo r gene is constitutively 
expressed from the simian virus 40 (SV40) early promoter  for selecting 
G418-resistant colonies. The plasmid pMMTVrasH(Asn-17) is constructed 
as follows (Fig. 1). 

1. A B g l I I - B a m H I  ras N17-containing fragment of pXCR(Asn-17) is 
used to replace the thymidine kinase (tk) gene in pLTL34 at B a r n H I - N c o l  
sites with the addition of a B a m H I  linker. 

2. The pBR322 backbone of the above-described plasmid is replaced 
by pSV2neo, 5 which is linearized by digestion with EcoRI ,  blunt ended, 
and ligated to blunt-ended AatII  and KpnI  sites of pLTL3. 

4 K. S. Zaret and K. R. Yamamoto, Cell (Cambridge, Mass.) 38, 29 (1984). 
5 p. j. Southern and P. Berg, J. Mol. Appl. Genet. 1, 327 (1982). 
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In this plasmid, the ras N17 gene is expressed from the MMTV LTR and 
the Neo r gene is expressed from the SV40 promoter.  

Transfection and Isolation o f N I H  3T3(M17) Cell Line 

NIH 3T3 cells are transfected with pMMTVras(Asn-17) plasmid DNA 
together with calf thymus DNA (total of 20/zg) by the calcium phosphate 
precipitation method. 6 Cells are subcultured 3 days after transfection into 
medium containing G418 (200 /~g/ml). The medium is changed every 5 
days. The individual drug-resistant colonies are stained or isolated 14 days 
after transfection. 

Cloned genes are expressed from the MMTV LTR at significant levels 
without dexamethasone induction, making it more difficult to isolate cell 
lines expressing Ras N17. Cells expressing high levels of Ras N17 would 
be growth inhibited even in the absence of dexamethasone, whereas cells 
expressing significantly lower levels might not produce sufficient amounts 
of the mutant protein to interfere with normal Ras function. To obtain 
cells that proliferate normally in the absence of dexamethasone and are 
growth inhibited in the presence of dexamethasone, it is necessary to test 
the optimal amount of pMMTVras(Asn-17) plasmid D N A  for transfection 
before isolation of stable transfectants. For this purpose, NIH 3T3 cells are 
transfected with a series of pMMTVras(Asn-17) plasmid D N A  dilutions, 
that is, 1, 0.1, and 0.01 /~g. NIH 3T3 cells transfected with the pMMTV 
LTR vector or pMMTV ras are used as control. A duplicate transfection 
is required for each dilution. Cells are then subcultured into medium con- 
taining 200/zg of G418 as described above. One of the duplicates is subcul- 
tured into medium containing 5 x 10 7 M dexamethasone. The colonies 
can be viewed and compared by staining with 30% (v/v) methanol and 1% 
(v/v) crystal violet 14 days after transfection. The following is considered the 
optimal transfection condition for isolation of stable transfectants: following 
transfection with pMMTVras(Asn-17), the drug-resistant transformants ob- 
tained are similar to those obtained from control plasmid transfection in 
the absence of dexamethasone, but undergo a greatly reduced growth rate in 
the presence of dexamethasone. We have previously found that transfection 
with 0.1 /zg of pMMTVras(Asn-17) results in the best colony formation in 
the absence of dexamethasone (Fig. 2). The cell line NIH(M17) was isolated 
under this condition. 

The candidate colonies with inducible Ras N17 expression are then 
picked from the cultures that have been transfected with pMMTVras 
(Asn-17) and selected for G418 resistance in the absence of dexamethasone. 

~ N. G. Copeland and G. M. Cooper, Cell (Cambridge, Mass.) 16, 347 (1979). 
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Fl(~. 2. Colony formation by pMMTVras(Asn-17) under different conditions. NIH 3T3 
cells were transfected with different amounts of pMMTVras(Asn-17) plasmid DNA or control 
plasmid, pMMTVras, in which ras(Asn-lT) is replaced by normal ras. The transfection and 
selection were performed as described in text. The plates were stained 14 days after trans- 
fcction. 



234 CELL EXPRESSION AND ANALYSIS in Vitro [23] 

The individual transformants are then screened by comparing growth 
in the absence and presence of dexamethasone. Cells are plated at 100 and 
1000 per 60-mm dish both in the presence and absence of dexamethasone. 
NIH 3T3 cells are plated as described above as a control. The cells are 
grown for 10 to 14 days after plating and stained with methanol-crystal  
violet. The pMMTVras(Asn-17) transformants that grow normally in the 
absence of dexamethasone but are inhibited by dexamethasone treatment 
are stored permanently and used for further characterization (Fig. 3). In 
the initial isolation of the NIH(M17) cell line, we screened more than 100 
transformants for growth with and without dexamethasone. The majority 
were unaffected by dexamethasone, but five showed reduced proliferation 
in the presence of dexamethasone. 

Characterization of  NIH Ras N17 Cells 

Expression of  Ras N17 by Northern Blot Analysis. Cells are grown to 
80% confluence. Dexamethasone (5 x 10 7 M) is added 24 hr prior to 
sample preparation. The total cytoplasmic RNA is isolated as described. 1 
Fifteen micrograms of total cytoplasmic RNA is electrophoresed in each 
lane of a 10% (w/v) agarose-formaldehyde gel and transferred onto Gene 
Screen Plus (New England Nuclear, Boston, MA) membrane. The mem- 
brane is hybridized with nick-translated human Ha-ras probe. A 5.6-kb 

100 
Cells 

NIH 3T3 Cells NIH (M17~ Cells 

-Dex +Dex -Dex +Dex 

1000  
Cells 

FIG. 3. Inhibition of NIH(M17) proliferation by dexamethasone. N1H(M17) or NIH 3T3 
cells were plated at 100 cells/60-mm dish and 1000 cells/60-mm dish in the presence or absence 
of dexamethasone. The cells were grown for 10 days and stained. 



[231 INDUCIBLE EXPRESSION OF Ras NI7 235 

Dex 
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4- 4- 4- 4- + + 
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18S - p21- 

Northern Blot Analysis Western Blot Analysis 

FI(;. 4. Expression of Ras N17 in NIH(M17) cells by dexamethasone  induction. Northern 
blot and Western  blot analysis were carried out as described in text. NIH(ras)  cells are 
transfected with a normal  ras gene in the p M M T V  vector. 

transcript is expected from the expression of pMMTVras(Asn-17). In NIH- 
(ras) cells (transfected with a normal ras gene), addition of dexamethasone 
results in an approximately 5- to 10-fold increase in transcription compared 
to untreated cells (Fig. 4). In NIH(M17) cells, transcription was detectable 
only after dexamethasone treatment. 

Expression of  Ras N17 by Western lmmunoblot Analysis. The cells are 
grown to 80% confluence. Dexamethasone is added as described above. 
The cells are washed with cold phosphate-buffered saline (PBS) and lysed 
by adding 300/xl of buffer containing 1% (v/v) Triton X-100, 2(1 mM Tris 
hydrochloride (pH 7.4), 1 mM MgC12,125 mM NaC1, and 1% (w/v) aprotinin 
with shaking at 4 °. The lysates are centrifuged in a microfuge (11,000 rpm) 
for 10 rain at 4 °. The supernatants (200/xg) are precleared with anti-rat 
immunoglobulin G (IgG)-precoated protein A-Sepharose 4B for 1.5 hr at 
4 °. Protein samples are then immunoprecipitated with anti-Ras monoclonal 
antibody Y13-2597 for 3 hr at 4 °. Anti-rat IgG-precoated protein A beads 
are added to the immunoreaction tubes and incubated for 2.5 hr at 4 ° with 
shaking. The immunoprecipitates are washed three times with lysis buffer 
and one time with PBS. The immunoprecipitated proteins are then electro- 
phoresed in a 7.5-15% (w/v) sodium dodecyl sulfate (SDS)-polyacrylamide 
gel, transferred to nitrocellulose filters, and analyzed with a broadly 
anti-Ras-reactive monoclonal antibody. Blots are developed using goat 
anti-mouse immunoglobulin G-horseradish peroxidase conjugate (Bio-Rad 

7 M. E. Furth,  L. J. Davis, B, Fleurdelys, and E. M. Scolnick, J. Virol .  43, 294 (1982). 
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Fir,;. 5. Inhibition of D N A  synthesis by expression of Ras NI7. NIH(M17) or NIH 3T3 
cells were made quiescent and then stimulated by mitogens as described in text. D N A  synthesis 
was measured  by [3H]thymidine incorporation. Duplicate plates were used for each assay, 
and the ratio of [3H]thymidine incorporation in st imulated cultures to that in unstimulated 
controls is presented. Data are the average of three independent  experiments.  

Laboratories,  Richmond, CA). In these experiments,  p21 was detectable 
only in NIH(M17)  cells after dexamethasone induction. The cells 
transfected with normal Ha-ras expressed a high basal level of p21, which 
was increased about 10-fold after dexamethasone t reatment  (Fig. 4). 
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Effect of Ras N17 Expression on DNA Synthesis in 
Response to Mitogens 

NIH(M17) cells (2 x 105) and normal NIH 3T3 cells (2 >,~ 105) are 
cultured in 60-mm dishes in medium containing 10% (v/v) calf serum with- 
out dexamethasone overnight. The cells are arrested in Go by incubation 
in medium containing 0.5% (v/v) calf serum for 24 hr. The cells are then 
incubated for an additional 8 hr in either the presence or absence of dexa- 
methasone. The mitogens are then added at the following final concentra- 
tion: calf serum, 10% (v/v); epidermal growth factor (EGF), 10 ng/ml; 
fibroblast growth factor (FGF), 20 ng/ml; platelet-derived growth factor 
(PDGF), 5 U/ml; or phorbol ester 12-O-tetradecanoylphorbol 13-acetate 
(TPA), 50 nM. DNA synthesis is assayed 16 hr after mitogen addition 
by labeling with [3H]thymidine (5/,Ci/plate, 6.7 Ci/mmol; New England 
Nuclear) for 3 hr. The cells are then washed three times with PBS. Two 
milliliters of 0.2 N NaOH plus calf thymus carrier DNA (40 /zg/ml) is 
added to each plate. Samples are collected by filtration through a Whatman 
(Clifton, NJ) GF/C glass filter and washed with 10% (v/v) trichloroacetic 
acid. [3H]Thymidine incorporation is determined by scintillation counting. 
3H incorporation is stimulated approximately 8- to 20-fold by addition of 
serum and PDGF, FGF, EGF, or TPA to quiescent NIH 3T3 cells in either 
the absence or presence of dexamethasone (Fig. 5). A similar mitogenic 
response was observed for NIH(M17) cells in the absence of dexamethasone 
(Fig. 5). Induction of Ras N 17 expression by the addition of dexamethasone, 
however, results in an approximately twofold inhibition of the response to 
serum and FGF, a three- to fourfold inhibition of response to PDGF, and 
a virtually complete inhibition of response to EGF and TPA (Fig. 5). 

[24] P r e n y l a t i o n  a n d  P a l m i t o y l a t i o n  A n a l y s i s  

By JOIIN F.  H A N C O C K  

Introduction 

Ras, Rho, and Rab proteins undergo prenylation within one of three C- 
terminal cysteine containing motifs with Cis farnesyl or Cx0 geranylgeranyl.~e 
Following prenylation, CAAX motifs undergo two further processing 

1A. Cox and C. J. Der, CRC Crit. Rev. Oncogen. 3, 365 (1992). 
2 T. Giannakouros  and A. I. Magee, "Lipid Modifications of Proteins" (M. J. Schlesinger, 

ed.). CRC Press, Boca Raton,  FL, 1993. 

Copyright (c 1995 by Academic Pless, Inc 
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events. The A A X  amino acids are removed by an endopeptidase and the 
now C-terminal cysteine residue is o~-carboxylmethylated. 3"4 Certain Ras 
and Rho subfamily proteins are then additionally palmitoylated. Palmitoyla- 
tion occurs on cysteine residues located one to six amino acids upstream 
of a fully processed C A A X  motif. 5 Thus, although the palmitoyltransferase 
has not yet been identified, its substrate motif is a cysteine residue close 
to a prenylated, carboxylmethylated cysteine, namely CX(I 6) C A A X .  This 
motif is not absolute, however, since the requirement for C-terminal preny- 
lation can be circumvented, in certain circumstances by N-terminal myris- 
toylation. 6 As a general rule, however, the presence of a cysteine residue 
upstream of a C A A X  motif should prompt a search for palmitoylation. Ras 
and Rho proteins that do not have palmitoylation sites usually have a 
positively charged C-terminal sequence of repeated lysine and/or arginine 
residues (a polybasic domain) adjacent to the C A A X  motif. 7 In the case 
of Ras the processed C A A X  motif combines with either palmitoylation 
or a polybasic domain to target H-Ras and K-Ras, respectively, to the 
plasma membrane. ~ 

Posttranslational processing can be analyzed using a series of different 
assays. The nature of the lipid modifications at the C terminus can be 
determined. The prenoid group is identified by metabolically labeling intact 
cells with [3H]mevalonic acid, the precursor of the isoprenoids, or metaboli- 
cally labeling in vitro with [3H]mevalonic acid, [3H]farnesyl pyrophosphate, 
or [3H]geranylgeranyl pyrophosphate. The Ras-related protein is purified 
by immunoprecipitation and/or preparative sodium dodecyl sulfate poly- 
acrylamide gel electrophoresis (SDS-PAGE) and the labeled isoprenoid 
cleaved from the protein backbone and analyzed by high-performance 
liquid chromatography (HPLC). ') Protocols for these assays are described 
here and elsewhere in this volume. The assays are complementary and the 
choice of analysis will to some extent depend on the availability of reagents. 
It is therefore worth reading all of the chapters before deciding how to 
proceed. 

L. Gutierrez, A. I. Magee, C. J. Marshall,  and J. F. Hancock, EMBO J. 8, 1093 (1989). 
4 S. Clarke, J. P. Vogel, R. J. Deschenes,  and J. Stock, Proc. Natl. Acad. Sci. U.S.A. 85, 

4643 (1988). 
J. F. Hancock,  A. I. Magee, J. E. Childs, and C. J. Marshall, Cell (Cambridge, Mass.) 57, 
1167 (1989). 
K. Cadwallader, H. Paterson, S. G. Macdonald, and J. F. Hancock, Mol. Cell BioL 14, 
4722 (1994). 

7 j .  F. Hancock and C. J. Marshall, in "The  Ras Superfamily of GTPases"  (J. C. Lacal, ed.). 
CRC Press, Boca Raton, FL, 1992. 

s j. F. Hancock, H. Paterson, and C. J. Marshall, Cell (Cambridge, Mass.) 63, 133 (1990). 
'~ P. J. Casey, P. A. Solski, C. J. Der,  and J. E. Bus, Proc. Natl. Acad. Sci. U.S.A. 86, 8323 (1989). 
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The presence or absence of palmitoylation is determined by metaboli- 
cally labeling intact cells with [3H]palmitic acid and showing that label is 
incorporated into the Ras-related protein as palmitic acid via a thioester 
linkage and not as 3H-labeled amino acids derived from metabolized label. 
Unlike prenylation, which is irreversible, palmitoylation is a reversible 
modification. The palmitic acid moiety turns over rapidly with a half-life 
of 20 rain on N-Ras ~° and 2 hr on H-Ras. 11 At present there is no readily 
available method for studying palmitoylation in vitro. 

Prenylation results in a significant increase in the hydrophobicity of 
Ras-related proteins. This phenomenon can be used to study the dynamics 
of posttranslational processing. The detergent Triton X-114 is soluble in 
aqueous solution at 4 ° but insoluble at 37 °, so warming a 1% (v/v) solution 
of Triton X-114 to 37 ° results in a cloudy suspension. A brief cenlrifugation 
separates the solution into an aqueous, detergent-depleted phase, con- 
taining <1% Triton and a detergent phase containing >99% Triton. The 
aqueous phase can then be removed from the detergent phase. Hydrophilic 
proteins dissolved in the original solution partition with the aqueous phase 
and hydrophobic proteins partition with the detergent phase, w- enabling 
unprocessed, hydrophilic Ras protein to be physically separated from pro- 
cessed, hydrophobic Ras pro te inY Triton X-114 partitioning provides a 
rapid and simple method for separating processed from unprocessed Ras 
protein. 

The extent to which a Ras-related protein is processed in vivo, or in 
vitro, can be determined by Triton X-114 partitioning cell lysates or in vitro 
reactions. The processed (detergent partitioning) form may also have a 
faster mobility in SDS-polyacrylamide gels than the unprocessed (aqueous 
partitioning) form, but the difference can be subtle and does vary from 
one protein to another. The rate of processing can be determined by pulse- 
labeling cells with [35S]methionine, cold chasing over a time course of 0-  
6 hr, and preparing lysates in Triton X-114. The proportion of detergent- 
partitioning protein increases with the duration of the cold chase as the 
newly synthesized protein is prenylated. Protocols for these assays are 
included in this chapter. 

Because prenylation of Ras-related proteins is essential for membrane 
attachment the relative distribution of the protein between $100 and P100 
fractions gives an indirect estimate of the extent of in vivo processing. But 
since RhoGDI (guanine nucleotide dissociation inhibitor) and RabGDI 
solubilize their cognate prenylated Ras-related proteins from mere- 

l0 A. I. Magee, L. Gutierrez,  I. A. McKay, C. J. Marshall, and A. Hall, EMBOJ.  6, 3353 (1987). 
i~ K. Cadwallader and J. F. Hancock,  unpublished data (1992). 
1~ C. Bordier, J. Biol. Chem. 256, 1604 (198l). 
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branes ,  ~3'14 some  p r e n y l a t e d  p ro t e in  can be p re sen t  in the  cytosol ic  SI00 
fract ion.  Tr i ton  X-114 (1%, v/v)  d is rupts  the  in te rac t ion  of  R h o  p ro te ins  
wi th  R h o G D I  and p rec ludes  this p rob lem.  

M e t h o d s  

E x p r e s s i o n  S y s t e m s  

Pos t t r ans la t iona l  p rocess ing  is mos t  easily s tud ied  if the  p ro t e in  of  inter-  
est  can be  ove rexp re s sed  in cells and  if i m m u n o p r e c i p i t a t i n g  an t ibod ies  
a re  avai lable .  W e  have  had  much  success with ove rexpres s ing  R a s - r e l a t e d  
p ro t e ins  in C O S  cells 5a5 using the p la smid  E X V 3  ~ and  s t rongly  r e c o m m e n d  
this or  a s imi lar  system. Pro toco l s  for  D E A E - d e x t r a n  t rans fec t ion  or  elec-  
t r o p o r a t i o n  of  COS cells are  r ead i ly  a v a i l a b l e )  7 If  specific i m m u n o p r e c i p i -  
tar ing an t i se ra  a re  not  ava i lab le ,  cons ide r  tagging the N t e rminus  of  the  
p ro t e in  with an i m m u n o p r e c i p i t a b l e  ep i tope .  The  Myc e p i t ope  TM and Glu-  
Glu  e p i t o p e  l~ work  well  at the  N te rminus  of  Ras  and R h o  and R a b  
proteins.iS,20 22 

M e v a l o n i c  A c i d  L a b e l i n g  

Mevino l in  is an inh ib i to r  of  h y d r o x y m e t h y l g l u t a r y l  ( H M C ) - C o A  reduc-  
tase,  the  ra te - l imi t ing  enzyme  of  the  p r e n o i d  b iosyn the t i c  pa thway .  By 
p re t r ea t ing  the cells with mevino l in  and then  labe l ing  in the  p resence  of  
mevinol in ,  the  i nco rpo ra t i on  of  labe l  into p r e n y l a t e d  p ro t e ins  is inc reased  
since e n d o g e n o u s  synthesis  of  (un l abe l ed )  meva lon ic  acid is b locked .  

1. P la te  the  cells on 60-mm dishes  and grow to confluence,  or  use C O S  
cells 60 hr af ter  e l ec t ropora t ion .  Wash  the cells twice with F A  m e d i u m  
[Dulbecco ' s  modi f ied  Eag l e ' s  m e d i u m  ( D M E M )  + 5% (v/v) d ia lyzed  d o n o r  
calf  s e rum + 5 m M  sod ium pyruva te ]  and  incuba te  for 1 hr  in F A  m e d i u m  

~ M. lsomura, A. Kikuchi, N. Ohga, and Y. Takai, Oncogene 6, ll9 (1991). 
14 S. Araki, A. Kikuchi, Y. Hata, M. Isomura, and Y. Takai, J. Biol. Chem. 265, 13007 (1990). 
~5 F. B6ranger, H. Paterson, S. Powers, J. deGunzburg, and J. F. Hancock, Mol. Cell. Biol. 

14, 744 (1994). 
i~j. Miller and R. N. Germaine, J. Exp. Med. 164, 1478 (1986). 
17 G. Chu, H. Hoyakawa, and P. Berg, Nucleic Acids Res. 15, 131 l (1987). 
is G. Evan, G. Lewis, G. Ramsey, and J. Bishop, Mol. Cell. Biol. 5, 3610 (1985). 
1,~ T. Grussenmeyer, K. H. Scheidtmann, M. A. Hutchinson, and G. Walter, Proc. Natl. Acad. 

Sci. U.S.A. 82, 7952 (1985). 
2o E. Porfiri, T. Evans, P. Chardin, and J. F. Hancock, J. Biol. Chem. 269, 22672 (1994). 
2L p. Adamson, C. J. Marshall, A. Hall, and P. A. Tilbrook. J. Biol. Chem. 267, 20033 (1992). 
-,z p. Adamson, H. F. Paterson, and A. Hall, .L Cell Biol. 119, 617 (1992). 
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supplemented with 50 ttM mevinolin (Merck, Sharp, and Dohme Research, 
Rahway, N J). 

Note: To prepare mevinolin, dissolve 10 mg of inactive lactone in 0.2 
ml of ethanol at 55 ° for 60 min, add 0.1 ml of 0.6 M NaOH and 2 ml of 
water and incubate at 20 ° for 30 rain to complete the conversion to the 
active sodium salt. Adjust the pH to 8.0 with 1 M HC1, taking care not to 
overshoot. Lyophilize the solution and resuspend in dimethyl sulfoxide 
(DMSO) at a final concentration of 0.5 M. Mevinolin is stable in DMSO 
at -20 ° . 

2. Label the cells for 16 hr with 25-50 ttCi of R-[5-3H]meva[onic acid 
per milliliter (e.g., 39 Ci/mmol; New England Nuclear, Boston, MA) in FA 
medium containing 50 ttM mevinolin. 

3. Wash the cells carefully with warm phosphate-buffered saline (PBS). 
(Mevinolin treatment causes cells to round up and remain attached to the 
plate by a few long processes; cells are thus easily dislodged.) Harvest the 
cells on ice in 0.5 ml of lysis buffer [1% (v/v) Triton X-100, 0.5% (v/v) 
deoxycholic acid, 0.1% (w/v) SDS, 0.1 M NaCI, 0.02 M Tris-HC1 (pH 7.5), 
5 mM MgCI~, protease inhibitors]. Incubate on ice for 15 min, vortex, and 
spin at 16,000 rpm at 4 ° in an Eppendorf centrifuge to remove insoluble ma- 
terial. 

4. Immunoprecipitate the Ras-related protein, resolve by SDS-PAGE, 
fix the gel in 10% (v/v) acetic acid-10% (v/v) methanol for 90 min, soak 
in sodium salicylate for 30 min [Enlightening (New England Nuclear) or 
Amplify (Amersham, Arlington Heights, IL)], dry, and fluorograph at -70 °. 

Note: Farnesylated proteins are more extensively labeled in vivo with 
[3H]mevalonic acid than are geranylgeranylated proteins. 

Prenoid Analysis 

1. Using the autoradiogram as a guide, cut out a gel slice containing 
the [3H]mevalonic acid-labeled protein. Wash the gel slice three times with 
50 mM Tris-HCl, pH 7.5 (5 rain), to remove the salicylate. 

2. Digest the protein out of the gel slice for 30 hr with 200 ttg of pronase 
(Sigma, St. Louis, MO) in 200 ttl of 0.1 M NH4HCO3, pH 8.3. The digestion 
is carried out under toluene in a tightly screw-capped Eppendorf tube. 
Reextract the gel slice with 200 ttl of 0.1 M NH4HCO~ (pH 8.3), pool the 
supernatants, clarify by centrifugation at 16,000 rpm, and lyophilize the 
final supernatant. 

Note: If washed extensively, immunoprecipitated proteins can be di- 
gested in pronase directly without first resolving by SDS-PAGE. 

3. Resuspend the pellet in 0.6 ml of 0.5% (v/v) formic acid and count 
10 ttl. (Ideally, at least 30,000 cpm 3H-labeled peptides should be present.) 
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Add 100 ml of methyl iodide and stir in the dark for 48 hr (methyl iodide 
cleaves the thioether linkage between the prenoid group and the cysteine 
side chain). Remove the methyl iodide by evaporation under vacuum. 
Add 30/xl of 35% (w/v) Na2Co3 to quench the reaction and continue the 
incubation in the dark for a further 18 hr. 

4. Extract three times with 400/xl of chloroform-methanol (9 : l, v/v), 
pool the organic extracts, dry under a nitrogen stream, and dissolve in 100/xl 
of HPLC solvent B (100% acetonitrile containing 25 mM phosphoric acid). 

5. Immediately before injection dilute an aliquot with an equal volume 
of distilled water, spike with 10 nmol of standard isoprenoids (all-trans- 
farnesol and all-trans-geranylgeraniol), and inject onto a reversed-phase 
[0.46 x 10 cm] HPLC column. Develop with a 30-rain linear gradient from 
100% solvent A [50% (v/v) aqueous acetonitrile] to 100% solvent B at a 
flow rate of 0.5 ml/min. Monitor the standard isoprenoids at 254 nm and 
count the fractions to determine with which standard the radioactivity co- 
elutes. 

Palmitic Acid Labeling 

1. Plate cells on 60-mm dishes and grow to confluence or use COS cells 
72 hr after electroporation. 

2. Label the cells with 1 mCi of [3H]palmitic acid per milliliter in FA 
medium for no longer than 4 hr. Labeling for longer periods runs the 
risk of the label being metabolized and incorporated into amino acids. If 
available, label cells expressing control proteins such as H-Ras (palmi- 
toylated) and K-Ras(B) (nonpalmitoylated). Note: Palmitic acid is supplied 
in toluene or ethanol and should be dried completed under a stream of 
nitrogen and resuspended in a small volume (25 /xl/mCi) of DMSO or 
ethanol before being added to the FA medium. 

3. Wash the plates twice with PBS and harvest the cells on ice in lysis 
buffer [1% (v/v) Triton X-100, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS, 
0.1 M NaCI, 0.02 M Tris-HCl (pH 7.5), 5 mM MgC12, protease inhibitors]. 
Incubate on ice for 15 min, vortex, and spin at 16,000 rpm at 4 ° in an 
Eppendorf centrifuge to remove insoluble material and immunoprecipitate 
the Ras-related protein. Elute the captured proteins from the immunopre- 
cipitates in Laemmli sample buffer without dithiothreitol (DTT) or mercap- 
toethanol, since reducing agents promote cleavage of thioesters. 

4. Resolve by SDS-PAGE, fix the gels in 10% (v/v) acetic acid-10% 
(v/v) methanol for 90 rain, soak in sodium salicylate for 30 min [Enlightening 
(New England Nuclear) or Amplify (Amersham)], dry, and fluorograph 
at - 70 °. 
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5. The thioester linkage of palmitic acid to the cysteine side chain is 
sensitive to cleavage by hydroxylamine. Therefore,  if the 3H label has 
been incorporated as palmitic acid, treatment of the labeled protein with 
hydroxylamine should result in complete loss of the label. Proceed through 
step 3 to elution with Laemmli sample buffer, then split the sample in two 
and run each half separately on different SDS-polyacrylamide gels. Soak 
one gel for 4 hr in 1 M Tris-HC1 (pH 7) and the other gel for 4 hr in 1 M 
hydroxylamine hydrochloride (pH 7), then fix and fluorograph the gels as 
above. Any immunoprecipitated label evident in the gel soaked in Tris- 
HC1 should be completely absent in the gel soaked in hydroxylamine. 

Preparation of  Triton X-114 

l. A stock solution of Triton X-114 is prepared by taking the commer- 
cially available material through a series of partitions before it is used for 
partitioning proteins. 12 Thus, thoroughly dissolve 1.5 g of Triton X-114 in 
50 ml of ice-cold TBS [50 mM Tris-HCl (pH 7.5), 150 mM NaC1]. The 
solution will be clear. 

2. Incubate at 37 ° for 5 min. The solution will become turbid. Centrifuge 
at 4000 rpm for 5 rain at room temperature. The solution will separate into 
a lower detergent phase and an upper aqueous phase. Aspirate and discard 
the aqueous (upper) phase and replace with fresh TBS. Vortex and incubate 
on ice until the solution is clear. 

3. Repeat  step (2) two more times, except after aspirating the aqueous 
phase for the final time do not replace it with fresh buffer. This stock 
solution, which is 10-11% Triton X-114, can be stored at 4 ° for several 
weeks. 

Triton X-114 Partitioning 

1. Dilute an aliquot of the stock Triton X-114 solution 1 : 9 (v/v) with 
ice-cold TBS and add protease inhibitors. Keep this lysis buffer' on ice. 

2. Wash the cells with PBS and harvest (on ice) by scraping into 1 ml 
of lysis buffer [or add 1 ml of lysis buffer to an in vitro prenylation reaction 
(see [7] in this volume)]. Vortex, incubate on ice for 15 min, and vortex 
again. Centrifuge at 16,000 rpm at 4 ° for 5 min to remove insoluble debris 
and take the supernatant into a fresh Eppendorf  tube. 

3. Incubate the cleared supernatant at 37 ° for 2 min. Then centrifuge 
the turbid solution in a microfuge for 2 rain at room temperature.  There 
will now be two phases. Remove the upper, aqueous phase (approximately 
0.9 ml) into a fresh tube. Take care not to carry over any of the lower 
detergent phase ( -0 .1  ml), then scavenge the interface, removing any traces 
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Fie;. 1. Posnranslational processing of H-Ras. COS cells transiently expressing H-Ras were 
pulse labeled for 5 min with [35S]methionine and either lysed immediately in 1% Triton 
X-114 (P) or chased for 4 hr with cold methionine before lysis (C). The lysates were partitioned 
into aqueous (a) and detergent (d) phases and Ras proteins immunoprecipitated from each 
phase. A third aliquot of the cells was labeled for 4 hr with [3H] palmitic acid and Ras proteins 
immunoprecipitated from the nonpartitioned lysate (pl). The samples were resolved by SDS- 
PAGE and fluorographed. After the pulse label essentially all of the Ras protein is unprocessed; 
the protein is hydrophilic and partitions with the aqueous phase of Triton X-114 (lane P-a). 
Following the cold chase some 50% of the protein has undergone posttranslational processing. 
The processed form of H-Ras is hydrophobic and partitions with the detergent phase of Triton 
X-I14 (lane C-d). There is a significant increase in the mobility of H-Ras in SDS gels following 
CAAX processing. Palmitoylation occurs only on farnesylated H-Ras and therefore only the 
faster migrating form of H-Ras incorporates label from [3H]palmitic acid. 

of  aqueous  phase  f rom the de t e rgen t  phase .  R e t u r n  the  s e p a r a t e d  phases  

to ice. 
4. A d d  0.9 ml of  TBS to the de t e rgen t  phase  and  0.1 ml of  s tock 

10-11% Tr i ton  X-114 to the  aqueous  phase  to br ing bo th  phases  back  to 
1% Tr i ton  X-114. Incuba t e  on ice and vor tex  to dissolve the  de te rgen t .  
I m m u n o p r e c i p i t a t e  or  Wes t e rn  b lo t  each fract ion.  

Pulse-Chase Labeling with Triton X-114 Partitioning 

The  process ing  of  a R a s - r e l a t e d  p ro t e in  can be fo l lowed  in vivo by 
combin ing  p u l s e - c h a s e  labe l ing  with Tr i ton  X-114 par t i t ion ing .  F o r  exam-  
ple,  72 hr  af ter  e l e c t r o p o r a t i o n  pulse  label  two 30-ram pla tes  of  C O S  cells 
for 5 min with 100 b~Ci of  [35S]methionine pe r  mil l i l i ter  in me th ion ine - f r ee  
D M E M .  Lyse one  p la te  i m m e d i a t e l y  in 1% Tr i ton  X-114 lysis buffer .  Cold  
chase  the  second  p la te  for  4 - 8  hr in D M E M ,  then lyse in 1% Tr i ton  X-114 
lysis buffer.  Pa r t i t ion  each  sample  and i m m u n o p r e c i p i t a t e  the  R a s - r e l a t e d  
p ro t e in  f rom each of  the four  samples .  The  newly  synthes ized  Ras  p ro t e in  
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present in the pulse-labeled sample will be predominantly unprocessed and 
partition with the aqueous phase, while 4-8 hr after synthesis some or all 
of the chased protein will be prenylated and partition with the detergent 
phase (Fig. 1). 
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Introduction 

Mitogen-activated protein kinases (MAP kinases) or extracellular sig- 
nal-regulated kinases (ERKs) are serine/threonine-specific kinases that are 
activated in response to diverse agonists that stimulate cell division, differ- 
entiation, and secretion. ~ Several members of the MAP kinase protein 
family have been identified, including p42 mapk (ERK2), p44 mapk (ERK1), 
and p62(ERK3). 2-4 A family of related kinases that phosphorylate Jun and 
are induced by different pathways have been identified and termed Jun 
kinases (JNKs) or stress-activated protein kinases (SAP kinases). 5'~ Activa- 
tion of ERK2 and ERK1 requires phosphorylation on both tyrosine and 
threonine residues, 7 s̀ reactions that are catalyzed by a novel family of dual- 
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specificity kinases named MEKs (MAP or ERK kinases)) ~ 15 MEK1 has 
been identified as a 45-kDa protein that is in turn regulated by reversible 
serine/threonine phosphorylation. 16-19 MEK2 is a 46-kDa protein, and is 
7 amino acids longer and shares 81% identity with MEK1. II A number of 
candidate MEK activators have been reported, notably c-RaM, c-Mos, and 
MEK kinase. 2° 27 

Solid-phase immune complex assays have been used to measure the 
activity of a variety of enzymes such as receptor and nonreceptor-type 
tyrosine kinases, 2s-3s serine/threonine kinases such as c-Raf-1, c-Rmil, 
c_Mos,39 42 lipid kinases, 43'44 protein tyrosine phosphatases, 45,46 and D N A  
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po lymerase  OL 47'48 These assays are not  only simple, quick, and sensitive, 

bu t  are highly specific, as the ant ibodies  can be des igned to select a specific 

kinase or kinase family from a complex mixture  such as a cell lysate. Assays 
that  rely on selection of supposedly specific substrates  (especially pept ide  

substrates)  or on the molecular  weight of the kinase (such as in-gel kinase 
assays) are potent ia l ly  con founded  by the activities of other  enzymes  with 
over lapping  propert ies .  In this chapter  we detail p rocedures  for i m m u n e  

complex kinase assays for ERK1,  ERK2,  MEK1,  and MEK2.  

M a t e r i a l s  a n d  M e t h o d s  

A n t i s e r a  

Rabbi t  polyclonal  and  mouse  monoc lona l  ant ibodies  against  ERK2 are 
raised against  r e c o m b i n a n t  E R K 2  purif ied essential ly as described below 
and then coupled to act ivated K L H  (keyhole l impet  hemocyan in )  (Pierce, 

Rockford,  IL) according to the manufac tu r e r  instruct ions.  We have found  
that coupl ing the pro te in  ant igen  to K L H  increases the f requency of ob- 
ta in ing  immunoprec ip i t a t ing  ant isera  (as opposed to using the purified 

pro te in  as the sole ant igen,  which yields sera sui table only for Wes te rn  
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blotting). To raise antisera against ERK1, MEK1, and MEK2, the following 
peptides are used as immunogens: 

ERKI: ARFQPGPEAP (C terminal) 
MEKI: CSTIGLNQPSTPTHAASI (C terminal) 
MEK2: MLARRKPVLPALTC (N terminal) 

Preimmune serum is obtained from each animal prior to the initial 
immunization. For immunoprecipitation of ERKs 1 and 2, rabbit antiserum 
against ERK2 (TR2) and ERK1 (R1798) and preimmune serum as control 
are used. Monoclonal antibodies against ERK2 (1B3B9) are produced in 
ascites fluid by injection of cells from selected hybridoma cultures into 
BALB/c mice. Rabbit polyclonal antibodies against MEK1 and MEK2 are 
affinity purified by coupling the C-terminal MEK1 peptide or the N-terminal 
MEK2 peptide to SulfoLink gel (Pierce). Affinity purification of the rabbit 
polyclonal anti-MEK antibodies is done according to the manufacturer 
protocol. Antibodies are aliquoted and stored at -20  °. 

Expression and Purification o[ Recombinant Kinase-Negative 
ERK2 (K52R) 

The kinase-defective Lys-52 ~ Arg mutant (K52R) is generated using 
the "Altered Sites" in vitro mutagenesis kit (Promega, Madison, WI) and 
then ligated into the bacterial expression vector pET3a and transformed 
into Escherichia coli HB101 (Novagen, Madison, WI). The expression plas- 
mid pET-MK(K52R) is isolated and transformed into expression host 
E. coli BL21(DE3). For expression of ERK2 (K52R), a 10-ml overnight 
culture of E. coli BL21(DE3)[pET-MK(K52R)] is inoculated into 1 liter 
of Terrific broth medium [1.2% (w/v) Bacto-tryptone (Difco, Detroit, MI)- 
2.4% (w/v) yeast extract-0.4% (v/v) glycerol-17 mM KH2PO4-72 mM 
K2HPO4 (pH 7.6)] containing 0.1 mg of ampieillin per milliliter. The bacteria 
are grown at 37 ° with vigorous shaking (200 rpm) to late logarithmic phase 
(OD600 = 1.5) and isopropyl-/3-D-thiogalactopyranoside (final concentra- 
tion, 0.8 raM) is added for 3-4 hr, and cells are harvested by centrifugation. 

To purify ERK2 (K52R) produced in E. coli, bacterial pellets are resus- 
pended in 30 ml of lysis buffer [25 mM Tris-HC1 (pH 7.5), 25 mM NaC1, 40 
mM p-nitrophenyl phosphate (PNPP), 2 mM EGTA, 2 mM EDTA, 1 mM 
dithothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), leupep- 
tin (1/xg/ml), pepstatin (1/xg/ml), aprotinin (1/xg/ml), 1 mM sodium vana- 
date, lysozyme (1 mg/ml)]. Resuspended pellets are incubated for 10 rain on 
ice and sonicated using a Branson sonifier 450 (45 pulses, duty cycle 90%, 
output 1.5) and centrifuged at 15,000 f (20 min, 4°). K52R MAP kinase is 
batch absorbed to phenyl-Sepharose (Pharmacia, Uppsala, Sweden) equili- 
brated in buffer A [lysis buffer containing 10% (v/v) ethylene glycol] and 
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mixed by rotation (Labquake; Lablndustries, Berkeley, CA) for 1 hr at 4 °. 
The matrix is washed three times with buffer A and the K52R MAP kinase is 
eluted three times with 100 ml of buffer B [lysis buffer plus 60% (v/v) ethylene 
glycol]. The eluate is diluted to 30% (v/v) ethylene glycol with buffer C [25 
mM Tris-HC1 (pH 7.5), 25 mM NaCJ, 2 mM EGTA, 2 mM EDTA, 1 mM 
PMSF, 40 mM PNPP, 1 mM DTT] and applied to a preparative Mono Q 
column (HRI6/10 column; Pharmacia). The column is washed with 180 ml 
of buffer C and K52R MAP kinase is eluted with a 1 100-ml, 25-250 mM NaCl 
gradient (2 ml/min at 4°). Forty-six fractions of 28 ml each are collected and 
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). K52R MAP kinase elutes in a major peak at 90 mM NaC1. 
The Mono Q pool (100 ml) is adjusted to 250 mM NaC1 and applied to a 
phenyl-Superose column (HR10/10 Pharmacia) equilibrated in buffer C con- 
taining 250 mM NaC1. The phenyl-Superose column is washed with 50 ml of 
buffer C containing 250 mM NaC1. K52R MAP kinase is eluted with a 100- 
ml, 250-25 mM NaCI, 0-60% ethylene glycol gradient (0.1 ml/min at 4°). 
Forty-five fractions of 3.5 ml are collected and analyzed by SDS-PAGE. 
K52R MAP kinase elutes in a major peak at 40% ethylene glycol, 100 mM 
NaC1 and is homogeneous as judged by Coomassie blue staining of SDS- 
PAGE gels. Purified K52R MAP kinase is stored at 20 °. 

Preparation of  Cell Extract 

NIH 3T3 murine cells and CCL39 Chinese hamster cells are used [Ameri- 
can Type Culture Collection (ATCC) CRL 1658 and CCL39, ATCC, Rock- 
ville, MD]. The cells are grown as monolayers at 37 ° in a tissue culture incuba- 
tor in 7.5% CO2 atmosphere using Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% (v/v) fetal calf serum (FCS), penicillin G 
(100 units/ml), and streptomycin (100 txg/ml). Cells are maintained in 100- 
ram polystyrene tissue culture dishes, trypsinized, and passaged at a 1 : 5 split 
ratio every third day. For cell starvation, confluent NIH 3T3 cells are incu- 
bated in DMEM containing 0.1% (v/v) fetal calf serum. After 12-15 hr cells 
are stimulated for 5 min by the addition of agonist (e,g., fetal calf serum to 
10%, v/v). The medium is discarded, and the cells are washed twice with ice- 
cold phosphate-buffered saline and scraped into 1 ml of ice-cold Triton lysis 
buffer [50 mM Tris-HCl (pH 7.5), 100 mM NaCI, 50 mM NaF, 5 mM EDTA, 
1% (v/v) Triton X-100, 40 mM/~-glycerophosphate, 40 mM PNPt', 200 p~M 
sodium orthovanadate, 100 ~M PMSF, leupeptin (1 b~g/ml), pepstatin A (1 
/xg/ml), aprotinin (1/xg/ml)]. The lysates are subjected to vortex mixing and 
clarified in an Eppendorf centrifuge (15 rain, 14,000 rpm, 4°). The superna- 
tants are used for immune precipitations. The protein concentration is deter- 
mined using the Coomassie blue dye-binding assay according to Bradford. 4~) 

44 M. M. Bradford. Anal. Biochem. 72, 248 (1976). 
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FIG. l. Activation of ERK1 and ERK2 and M E KI  and MEK2 by serum. CCL39 hamster  
cells were grown to confluence and starved for 15 hr in D M E M  containing 0.1% (v/v) fetal 
calf serum. CCL39 cells were then st imulated by the addition of fetal calf serum [10% (v/v) 
final concentration]. After  serum stimulation, cells were washed with phosphate-buffered 
saline, lysed in 1% (v/v) Triton lysis buffer, and activities of ERKI  and ERK2  and MEK1 
and MEK2 were measured  in immune  complex kinase assays as described in Methods.  Samples 
were electrophoresed, transferred to nitrocellulose, and blotted as described in Methods.  (A) 
Autorad iogram of the nitrocellulose. C (lanes 1 and 10), p re immune  control; lanes 2 and 11, 
unst imulated cells; lanes 3 and 12, 1-min stimulation; lanes 4 and 13, 3-min stimulation; lanes 
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MAP Kinase Assay 

For each immunoprecipitation of MAP kinase, 4 mg of protein A- 
Sepharose (Pharmacia) is swollen for 15 min in Triton lysis buffer. Protein 
A beads are washed in Triton lysis buffer and 10-20/~1 of anti-MAP kinase 
rabbit polyclonal antiserum or 10/zl of preimmune serum and 500/xl of 
cell extract (1 mg of protein) are added. The samples are rotated at 4 °. 
After 2 hr the adsorbed complexes are washed twice with 1 ml of Triton 
lysis buffer and twice with 1 ml of reaction buffer [50 mM N-2-hydroxyethyl- 
piperazine-N'-2-ethanesulfinic acid (HEPES, pH 7.5), 10 mM magnesium 
acetate, 1 mM dithiothreitol). The protein A beads are pelleted in an 
Eppendorf centrifuge (2 rain, 14,000 g, 4°). 

Certain batches of anti-MAP kinase antisera contain an inhibitory com- 
ponent (perhaps a phosphatase) that prevents assay of the MAP kinase 
activity. In these cases we purify the IgG from the serum on a protein G 
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5 and 14, 5-rain stimulation; lanes 6 and 15, 7-min stimulation: lanes 7 and 16, 10-rain stimula- 
tion; lanes 8 and 17, 30-min stimulation. KR  (lane 9, top): autophosphorylat ion of purified, 
recombinant ,  kinase-defective K52R ERK2. MBP (lane 9, bottom): MBP control. Top: Activa- 
tion of MEK1 and MEK2. Bottom: Activation of E R K2  and ERKI .  Because of differences 
in the efficiencies and properties of the antisera, quantitative comparisons between the different 
kinase isoforms are not  possible. (B) Activation of E R K  and MEK by serum stimulation; 1 
unit represents  1 pmol of phosphate  incorporated into MBP or K52R p42 mapk per minute per 
milligram of protein. (©) E R K I  activity; (O) E RK2  activity; (11) M E K I  activity; (11) MEK2 
activity. (C) Same nitrocellulose as shown in (A), probed with monoclonal  an t i -ERK kinasc 
1 and 2 and anti-MEK1 and -MEK2 antibodies as described in Methods.  Positive signals are 
visualized by ECL. HC, Position of the heavy chain of IgG. The ERKI  (p44) runs as a faint 
band immediately beneath  the heavy chain. 
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column or prebind the antibody to the protein A-Sepharose (1 hr, 4°), wash 
the beads, and then use this prebound complex to isolate the MAP kinase. 

For the MAP kinase reaction, 40/xl of kinase reaction buffer [50 mM 
HEPES (pH 7.5), 10 mM magnesium acetate, 1 mM DTT, 20/xM ATP, 
myelin basic protein (MBP, M-1891; Sigma, St. Louis, MO) (0.25 rag/ 
ml), 10 /xCi of [;v-32P]ATP/sample (6000 Ci/mmol; Du Pont Company, 
Wilmington, DE)] is added to start the kinase reaction. The samples are 
incubated for 30 min at 30 ° and the reaction is terminated by the addition 
of 40/xl of 2× electrophoresis sample buffer [100 mM Tris-HC1 (pH 6.8), 
2% (w/v) SDS, 20% (v/v) glycerol, 1.4 M 2-mercaptoethanol]. The samples 
are heated at 95 ° for 5 min and the protein A beads are then pelleted in 
an Eppendorf centrifuge (2 min, 14,000 rpm, 4°). Supernatants are subjected 
to SDS-PAGE using the Laemmli system. 5° Separating gels contain 15% 
(w/v) acrylamide, 0.27% (w/v) N,N'-methylenebisacrylamide; stacking gels 
contain 4% (w/v) acrylamide, 0.11% (w/v) N,N'-methylenebisacrylamide. 
Gels are transferred to nitrocellulose (Schleicher & Schuell, Keene, NH) or 
Immobilon (Millipore, Bedford, MA). Proteins are stained using Ponceau S 
(5 mg/ml) in 1% (v/v) acetic acid (nitrocellulose) or Coomassie blue (1 
mg/ml) in methanol: acetic acid:H20 (50:10:40, v/v) (Immobilon) and 
membranes are destained in 1% acetic acid or 50% methanol, respectively. 
Dried nitrocellulose or Immobilon membranes are exposed to film (X- 
Omat AR; Kodak, Rochester, NY) at -70 °. Stained proteins (MBP) are 
cut out of the membranes and incorporated [32p]phosphate is determined 
by Cerenkov counting in a Beckman (Fullerton, CA) LS 5801 scintillation 
counter. Under these assay conditions the phosphorylation of MBP by 
ERK2 is linear for 30 min (Figs. 1 and 2). 

MAP Kinase Filter Assay 

Extract preparation, immunoprecipitation of MAP kinase, and kinase 
reaction are as described above. Kinase reactions are stopped by the addi- 
tion of 20 p~l of 200 mM EDTA, pH 7.0. Samples are centrifuged (14,000 
g, 2 rain, 4 °) and 50/xl of the supernatant is spotted on p81 cation-exchange 
paper (No. 3698 915; Whatman, Maidstone, England). The p81 filters are 
washed three times (5-10 min each) in 200 ml of 180 mM H3PO4 and once 
in 200 ml of 96% ethanol. After air drying of the filters the radioactivity is 
determined by Cerenkov counting in a Beckman LS 5801 scintillation 
counter (Fig. 2). 

5~ U. K. Laemmli. Nature (London) 227, 680 (1970). 
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Fi(i. 2. Time dependency of MBP phosphorylation by ERK2: Comparison of the p81 filter 
assay with SDS PAGE. NIH 3T3 cells were grown to confluence and starved :for 15 hr in 
DMEM containing 0.1% (v/v) FCS. Cells were then stimulated for 5 rain by the addition of 
FCS [10% (v/v) final concentration]. Immunoprecipitation of ERK2 and kinase reactions were 
performed as described in Methods. Kinase reactions were terminated by the addition of 
electrophoresis sample buffer (SDS-PAGE) or EDTA (filter assay) after 0, 1, 5, 15, 30, 45, 
and 60 rain. Unstimulated (filled circles and squares) and stimulated (unfilled circles and 
squares) samples were electrophoresed using SDS-PAGE and transferred to nitrocellulose 
(squares) or spotted on p81 filter paper (circles) as described in Methods. The activity of 
ERK2 (p42 mapk) is given in picomoles of phosphate incorporated into MBP per milligram of 
protein. The zero-time backgrounds were subtracted from these data: 3500-4000 cpm for the 
filter assay and 100 500 cpm for the SDS gel assay. Because of this difference in background 
radioactivity, the gel assay is recommended when low activity is expected. 

MEK Assay 

F o r  d e t e r m i n a t i o n  o f  M E K  act iv i ty ,  500 p,1 o f  cel l  e x t r a c t  (1 m g  of  p r o t e i n )  

is i n c u b a t e d  wi th  4 m g  (dry  w e i g h t )  o f  s w o l l e n  p r o t e i n  A - S e p h a r o s e  and  1 0 -  

20 /x l  o f  a f f in i ty -pur i f i ed  a n t i - M E K 1  o r  a n t i - M E K 2  rabb i t  p o l y c l o n a l  ant i -  

body .  T e n  m i c r o l i t e r s  o f  p r e i m m u n e  s e r u m  is u sed  as a con t ro l .  T h e  s a m p l e s  

a r e  r o t a t e d  fo r  2 h r  at 4 °. I m m o b i l i z e d  c o m p l e x e s  a r e  w a s h e d  twice  wi th  T r i t o n  

lysis b u f f e r  (1 ml )  and  twice  wi th  r e a c t i o n  b u f f e r  [50 m M  H E P E S  ( p H  7.5), 
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10 mM magnesium acetate, 1 mM dithiothreitol] (1 ml). The protein A beads 
are pelleted in an Eppendorf centrifuge (2 rain, 14,000 g, 4°). 

For MEK assays, 40/zl of reaction buffer (50 mM Hepes pH 7.5, 10 
mM magnesium acetate, 1 mM DTT, 5 /~M ATP, 2/zg purified, kinase- 
defective recombinant K52R MAP kinase and 20/~Ci 32P-T-ATP (6000 Ci/ 
mmol, Du Pont) is added to the immobilized immune complexes. The 
samples are incubated for 30 rain at 30 ° C and the reaction is terminated 
and electrophoresed as described above for the MAP kinase assay. After 
Ponceau S staining and drying, the nitrocellulose membrane is exposed to 
X-ray film and radioactivity incorporated into kinase-defective ERK2 is 
determined by Cerenkov counting of excised membrane pieces. The phos- 
phorylation of kinase-defective ERK2 by MEK1 and MEK2 was linear for 
at least 30 min (Fig. 3). 

Western Blotting with An t i -MAP Kinase and An t i -MEK Antibodies 

Fifty microliters (200/~g of protein) of cell lysate is electrophoresed on 
a 10% polyacrylamide gel, then transferred to nitrocellulose or Immobilon. 
The proteins are stained with Ponceau S in acetic acid (nitrocellulose) or 
Coomassie blue and membranes are destained and then blocked at 37 ° for 
2 hr in blocking buffer [phosphate-buffered saline, nonfat dry milk (0.1 
g/ml), 0.1% (v/v) Tween 20]. Blocking solution is removed, filters are 
washed twice in 20 ml of PBS-0.1% (v/v) Tween 20 and 10 ml of PBS- 
0.1% (v/v) Tween 20, and bovine serum albumin (0.1 g/ml) containing 
monoclonal anti-ERK2 [1 : 10,000 monoclonal antibody (MAb) 1B3B9; Up- 
state Biotechnology, Lake Placid, NY] is added. For ERKI  immunoblotting, 
monoclonal anti-ERK1 antibody (anti-ERK1, 250 #g/ml; Transduction 
Laboratories, Lexington, KY or Upstate Biotechnology, Lake Placid, NY) 
is added at a final dilution of 1 : 1000. For MEKI and MEK2 immunoblot- 
ting, final antibody dilutions are 1 : 1000 of monoclonal anti-MEKl antibody 
(anti-MEK, 250 ~g/ml; Transduction Laboratories or Upstate Biotechnol- 
ogy) and 1 : 1000 of rabbit polyclonal anti-MEK2. Membranes are incubated 
for an additional 2 hr at 37 ° with gentle rocking and washed several times 
with 20 ml of PBS-0.1% (v/v) Tween 20 with vigorous rocking. Horseradish 
peroxidase-linked anti-rabbit or anti-mouse immunoglobulin or horseradish 
peroxidase-linked protein A (Amersham, Arlington Heights, IL) is added 
in 10 ml of PBS-0.1% (v/v) Tween 20 in a final dilution of 1:2000 and 
membranes are incubated for an additional 1 hr at 37 °. After this incubation 
membranes are washed in PBS-0.1% (v/v) Tween 20 several times. The 
membrane-bound peroxidase-labeled antibodies are detected using en- 
hanced chemiluminescent (ECL) Western blotting reagents (Amersham) 
according to the manufacturer protocol. 
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FI•. 3. Time dependency of kinase-defective ERK2 (KR) phosphorylation by MEKI and 
MEK2. NIH 3T3 cells were grown to confluence and starved for 15 hr in DMEM containing 
0.1% (v/v) FCS. Cells were then stimulated for 5 min by the addition of FCS [10% (v/v) 
final concentration], lmmunoprecipitations of MEK1 and MEK2 and kinase reactions were 
performed as described in Methods. Kinase reactions were terminated by the addition of 2× 
electrophoresis sample buffer after 0, 5.15, 30, 45, and 60 min. Samples were electrophoresed 
using SDS-PAGE and transferred to nitrocellulose. (A) Autoradiogram of the nitrocellulose. 
C (lanes 7 and 14), preimmune control; lanes 1 and 8, 0 min: lanes 2 and 9, 5 min; lanes 3 
and 10, 15 min; lanes 4 and 11.30 min: lanes 5 and 12, 45 min; lanes 6 and 13, 60 min. (B) 
Time dependency of the phosphorylation of kinase-defective ERK2 by MEKI and MEK2. 
The activity of MEK1 (O) and MEK2 (@) is given in femtomoles of phosphate incorporated 
into kinase-defective ERK2 (KR) per milligram of protein. 
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For detection of MAP kinase or MEK in immune complexes, MAP 
kinase or MEK is immunoprecipitated and analyzed by S D S - P A G E  as 
described above. Gels are transferred to nitrocellulose or Immobilon and 
immunoblotted with monoclonal anti-ERK1 or -ERK2 or anti-MEK anti- 
bodies. Horseradish peroxidase-linked protein A is used for the detection 
of the antibodies in order to reduce background chemiluminescence caused 
by heavy chains of the immunoglobulins. 

C o m m e n t s  and  Concluding  Remarks  

This chapter has described in practical terms an immune complex kinase 
assay from ERK1 and ERK2 and MEK1 and MEK2. Immune complex 
enzyme assays have been used for the measurement of protein tyrosine 
and serine/threonine kinases, lipid kinases, as well as protein tyrosine phos- 
phatases in cellular extracts. 2~-4s Immune complex kinase assays have sev- 
eral advantages: (1) the technique is specific, quick, and easy to perform; 
(2) the influence of a large number of agonists on the MAP kinase pathway 
can be studied in parallel; (3) only small amounts of cellular extract are 
required; (4) ERK1, ERK2, MEK1, and MEK2 can be studied in parallel 
together with MEK activators such as c-Raf-1, MEK kinase, and c-Mos. 
Other methods are less specific or sensitive or more time consuming. Poly- 
clonal and monoclonal antibodies against ERKs and MEKs have been 
produced using different types of immunogens, including peptides or puri- 
fied recombinant proteins. Peptide antibodies against ERKs were less effi- 
cient for the immunoprecipitation as compared to antibodies prepared 
against purified, recombinant MAP kinase. In addition, antibodies against 
an N-terminal peptide of MEKI or a C-terminal peptide of MEK2 have 
been found to be less efficient for the immunoprecipitation as compared 
to antibodies against the C-terminus of MEK1 and the N-terminus of 
MEK2. The different preparations of anti-ERK and anti-MEK antibodies 
appear to have distinct characteristics. Therefore,  several preparations 
should be tested to determine the optimal reagents for each experimental 
need. Preimmune antiserum or immunoglobulins or the specific competing 
peptides should always be used as negative controls in order to confirm 
the specificity of the immune complex kinase assay. 
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Introduction 

Ras protein plays a pivotal role in a variety of signal transduction and 
differentiation processes. Ras is activated by conversion from the GDP- 
bound inactive form to the GTP-bound active form in response to various 
extracellular signals. 12 However, the target molecule of Ras has not yet 
been identified, except for adenylate cyclase in Saccharornyces cerevisiae. ~ 
Studies indicate that Ras acts upstream of the MAP kinase/extracellular 
signal-regulated kinase (ERK) kinase (MEK)/ERK cascade in Xenopus 
oocytes and mammalian tissues. ~ 8 In this signal cascade, MEK is phosphor- 
ylated and activated by its kinase (MEK kinase). 9 ~5 Activated MEK then 
phosphorylates and activates ERK. c-Raf-1 is one of the MEK kinases) ) ~ 
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Moreover ,  c-Raf-1 directly binds  to G T P - R a s  in a cell-free system 16 1~ and  
to wild-type Ras and d o m i n a n t  active Ras in a yeast two-hybrid  sys tem} °m 
It has been  shown that  Raf  is act ivated as a result  of r ec ru i tment  to the 

plasma membrane .  22'23 However ,  no direct evidence has been  ob ta ined  that 

G T P - R a s  directly activates c -Raf- i  in a cell-free system. To identify a 
direct target molecule  for Ras, we have establ ished a cell-free assay system 

using the cytosol of X e n o p u s  oocyte, in which Ras activates E R K  through 
MEK.  24 By use of this assay system, we have identif ied a novel  prote in  

factor, tenta t ively  n a m e d  R E K S  (Ras -dependen t  E R K  kinase st imulator) ,  
for Ras -dependen t  M E K  activation. 24 We have modified this cell-free assay 

system by use of r ecombinan t  M E K  and E R K Y  
Ras has a un ique  C- terminal  amino  acid structure,  consist ing of a C A A X  

box (C, cysteine; A, aliphatic amino  acid; X, any amino  acid). This s t ructure  
undergoes  pos t t rans la t ional  modifications,  inc luding farnesyla t ion of the 

cysteine residue followed by removal  of the three amino  acids and the 
subsequen t  carboxyl methy la t ion  of the exposed cysteine residue. 26 2s Post- 

t rans la t ional ly  l ipid-modified Ras is far more  effective in the act ivat ion of 
R E K S  and  yeast adenyla te  cyclase than is l ip id-unmodif ied  Ras in cell-free 
systems.29-3 

Here  we describe the procedures  of the part ial  purification of R E K S  
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from Xenopus eggs and its characterization by use of the cell-free assay 
system in which GTP-Ras activates MEK. 

Materials 

EGTA and dithiothreitol (DTT) are purchased from Nacalai Tesque 
(Kyoto, Japan). Leupeptin, aprotinin, and myelin basic protein (MBP) are 
from Sigma (St. Louis, MO). (p-Amidinophenyl)methanesulfonyl fluoride 
(APMSF) is from Wako Pure Chemicals (Osaka, Japan). 4-(2-Hydroxy- 
ethyl)-l-piperazineethanesulfonic acid (HEPES), 3-[(3-cholamidopropyl)- 
dimethylammonio]-l-propanesulfonic acid (CHAPS), and EDTA are from 
Dojindo Laboratories (Kumamoto, Japan). ATP and guanosine 5'-(3-0- 
thio)triphosphate (GTPyS) are from Boehringer Mannheim (Indianapolis, 
IN). [35S]GTPyS is from Du Pont-New England Nuclear (Boston, MA). 
[y-~2P]ATP is from Amersham (Buckinghamshire, England). All other 
chemicals are reagent grade. 

Lipid-modified Ki-Ras and Ha-Ras are purified from the membrane 
fraction of Spodoptera frugiperda cells (Sf9 ceils) that are infected with 
baculovirus carrying the cDNAs of Ki-Ras or Ha-Ras, 32 whereas lipid- 
unmodified forms are purified from overexpressing Escherichia coli. 29 Un- 
less specified, lipid-modified Ki-Ras is used. The GTPyS-bound form of 
lipid-modified or unmodified Ras is made by incubating Ras with 100/~M 
GTPyS at 30 ° for 20 min in a 75-/~1 mixture containing 20 mM Tris-HCl 
at pH 7.5, 1 mM DTT, 10 mM EDTA, 5 mM MgC12, and 0.4% (w/v) 
CHAPS. After the incubation, 1.4/~1 of 1 M MgC12 is added to give a final 
concentration of 23.1 mM and the reaction mixture is chilled on ice in order 
to prevent the dissociation of GTPyS from Ras. A 5-/M aliquot of Ras is 
used for the REKS assay described below. 

A mouse MEK cDNA is cloned from a D9 cDNA library, using the 
polymerase chain reaction (PCR)Y The polymerase chain reaction is per- 
formed with the oligonucleotide primers corresponding to the 5' coding 
region and 3' untranslated region of the reported sequence. ~4 Recombinant 
MEK is purified from overexpressing E. coli as a glutathione S-transferase 
(GST) fusion protein, using a glutathione-Sepharose 4B column as de- 
scribedY A GST expression vector, pGEX-2T, and glutathione-Sepharose 
4B are from Pharmacia P-L Biochemicals, Inc. (Milwaukee, WI). Recombi- 

32 T. Mizuno, K. Kaibuchi, T. Yamamoto ,  M. Kawamura,  T. Sakoda, H. Fujioka, Y. Matsuura,  
and Y. Takai, Proc. Natl. Acad. Sci. U.S.A. 88, 6442 (1991). 

33 j. Sambrook,  E. F. Fritsch, and T. Maniatis,  "Molecular  Cloning: A Laboratory Manual ."  
Cold Spring Harbor  Lab., Cold Spring Harbor,  NY, 1989. 

34 C. M. Crews, A. Allessandrini,  and R. L. Erikson, Science 258, 478 (1992). 
3~ D. B. Smith and K. S. Johnson,  Gene 67, 31 (1988). 



260 CELL EXPRESSION AND ANALYSIS in Vitro [261 

nant ERK2 is also purified as a GST fusion protein from overexpressing 
E. coli. 24 The purified G S T - M E K  and G S T - E R K 2  can be kept at - 8 0  ° 
for at least 1 month and 2 months, respectively, without loss of activity. 

An anti-Xenopus MAP kinase polyclonal antibody was kindly provided 
by E. Nishida (University of Kyoto, Kyoto, Japan).  An anti-Xenopus Raf 
monoclonal antibody was kindly provided by L. T. Williams (University 
of California, San Francisco, CA). An anti-Xenopus M A P  kinase kinase 
polyclonal antibody was raised as described. 25 

Methods  

R EK S  Assay 

The REKS activity is detected by the phosphorylation of MBP as a 
model substrate for E R K  with recombinant  G S T - M E K  and G S T - E R K 2  
in the presence or absence of GTPyS-Ki -Ras .  The sample to be assayed 
is incubated for 10 min at 30 ° in a 50-/xl mixture (20 m M  Tris-HC1 at pH 
8.0, 10 mM MgC12,6 mM E G T A ,  120/zM ATP, 80 nM recombinant  G S T -  
MEK, and 100 nM GTPTS-Ki-Ras) .  After  the 10-min incubation, 10 ~1 of 
3/xM recombinant  G S T - E R K 2  is added. The reaction mixture is incubated 
for an additional 20 rain at 30 °. Twenty microliters of a reaction mixture 
[20 mM Tris-HCl at pH 8.0, 10 m M  MgC12, 6 m M  E G T A ,  100 /zM [y- 
32P]ATP (600 cpm/pmol) ,  220/xM MBP] is then added. Incubation is contin- 
ued for another  10 min at 30 °, after which 30/xl of the reaction mixture is 
spotted onto a phosphocellulose sheet (P81; Whatman,  Clifton, N J). The 
sheet is washed with 75 mM phosphoric acid and the radioactivity is mea- 
sured by liquid scintillation spectrometry.  3~' 

Partial Purification o f  R E K S  from Cytosol o f  Xenopus Eggs 

Eggs are obtained from fully mature  Xenopus laevis females as de- 
scribed. 24,37 Eggs, dejellied with cysteine and washed with modified modified 
Ringer 's  solution (0.1 M NaCI, 2.0 mM KCI, 1.0 mM MgSO4, 2.0 mM 
CaCI2,5.0 mM H E P E S - N a O H  at pH 7.4, and 0.1 mM EDTA) ,  are activated 
by electric shock as described 38 to make them enter into interphase in order 
to inactivate endogenous E R K  activity. 3~)'4° All purification procedures are 
performed at 4 ° . The activated eggs are homogenized with an equal volume 

3~ R. Roskoski, Jr., this series. Vol. 99. p. 3. 
37 K. Kishi, T. Sasaki. S. Kuroda, T. Itoh, and Y. Takai, J. Cell Biol. 120, 1187 (1993). 
3x j. Gerhart, M. Wu. and M. Kirschner..I. Cell Biol. 98, 1247 (1984). 
3'~J. E. Ferrell Jr., M. Wu, J. C. Gerharl, and G. S. Martin, Mol. Cell. Biol. 11, 1965 (1991). 
4o E. K. Shibuya, T. G. Boulton, M. H. Cobb. and J. V. Ruberman, EMBO J. 11, 3963 (1992). 
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of homogenizing buffer [20 mM Tris-HCl at pH 8.0, 1 mM DTT, 10 mM 
EGTA,  5 mM MgC12, 10/xM APMSF, leupeptin (10/xg/ml), and aprotinin 
(20/xg/ml)]. The cytosol fraction is obtained by centrifugation at 300,000 
g for 30 min twice, as described. 24 After ethylene glycol is added to the 
cytosol fraction to give a final concentration of 10% (v/v), the cytosol 
fraction is immediately frozen in liquid nitrogen and stored at -80  ° until 
use. Unless ethylene glycol is added, REKS loses its activity. 

The cytosol fraction (24 mg of protein, 6 ml) is applied to a Mono S 
HR5/5 column (Pharmacia, Piscataway, N J) equilibrated with buffer A (20 
mM H E P E S - N a O H  at pH 7.0, 1 mM DTT, 10 mM EGTA, 5 mM MgC12, 
and 10/xM APMSF) using a fast protein liquid chromatography (FPLC) 
system (Pharmacia). After the column is washed with 24 ml of buffer A, 
elution is performed with a 30-ml linear gradient of NaC1 (0-1.0 M). The 
column is run at a flow rate of 0.5 ml/min and fractions of 1 ml each are 
collected. Fifteen microliters of each fraction is assayed for the REKS 
activity in the presence or absence of 100 nM GTPyS-Ki-Ras.  As shown 
in Fig. 1A, two peaks (peaks 1 and 2) are detected in the absence of Ki- 
Ras. The activity of peak 1 is not affected by Ki-Ras, whereas the activity 
of peak 2 is enhanced by it. In the absence of GST-MEK,  the activity of 
peak 2, but not peak-l,  disappears. These results indicate that peak 1 is MEK 
and ERK, whereas peak 2 is REKS, which we have previously identified. 24 

The indicated fractions of Mono S column chromatography are sub- 
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) [10% (w/v) polyacrylamide] and transferred to nitrocellulose filters 
(BA85; Schleicher & Schuell, Keene, NH) at 2 mA/cm 2 for 60 rain. The 
filters are blocked with Tris-buffered saline (20 mM Tris-HC1 at pH 7.5 
and 200 mM NaC1) containing 0.1% (w/v) Tween 20 and 5% (w/v) dry milk 
(skim milk: Yukijirushi, Sapporo, Japan) at 4 ° overnight. The filters are 
incubated separately at room temperature for 1 hr with an anti-MEK anti- 
body, an anti-ERK antibody, or an anti-c-Raf-I antibody (1 : 1000. 1 : 1000, 
and 1:500 dilution, respectively), and washed five times for 5 rain with 
Tris-buffered saline containing 0.1% (w/v) Tween 20. The filters probed 
with an anti-MEK antibody or an anti-ERK antibody are incubated at 
room temperature for 1 hr with a horseradish peroxidase-coupled anti- 
rabbit antibody (1 : 1000 dilution) and the filter probed with an anti-c-Raf- 
1 antibody is incubated with an alkaline phosphatase-coupled anti-mouse 
antibody (1:7000 dilution). After the filters are washed five times for 15 
min with Tris-buffered saline containing 0.1% (w/v) Tween 20, the filters 
probed with anti-MEK antibody or anti-ERK antibody are developed with 
the enhanced chemiluminescence (ECL) system (Amerisham), and the 
filter probed with anti-c-Raf-1 is visualized with color-developing agents 
(Promega Biotec, Madison, WI). The immunoreactivities against MEK 
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F~c,. 1. (A) Partial purification of REKS from the cytosol of Xenopus eggs by Mono S 
column chromatography. A 15-/xl aliquot of each fraction of Mono S was assayed for REKS 
activity with or without 100 nM GTPyS-bound Ki-Ras. (e )  With Ki-Ras; (©) without Ki- 
Ras; (--), NaC1 concentration; ( ) absorbance at 280 nm. (B) [mmunoblot analysis of 
MEK. (C) Immunoblot analysis of ERK. (D) Immunoblot analysis of c-Raf-1. Forty microliters 
of the indicated fractions from Mono S column chromatography were resolved by SDS- 
PAGE and examined by immunoblot analyses using specific antibodies against MEK, ERK, 
and c-Raf-1. (Adapted from Ref. 25, with permission from the Journal of Biological Chemistry 
and the American Society for Biochemistry and Molecular Biology.) 

and ERK are detected in peak 1, but not peak 2 (Fig. 1B and C). The 
immunoreactivity against MEK is detected as a doublet. The fast-migrating 
protein may be a proteolytic fragment of MEK. These results confirm that 
peak in Fig. 1 is MEK and ERK. The immunoreactivity against c-Raf-1 is 
mainly detected in the fractions other than peaks 1 and 2, but is slightly 
detected in peak 2 (Fig. 1D). This immunoreactivity is most likely to be 
derived from oocyte c-Raf-1. 
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Proper t ies  of REKS 

Activation of  ERK through MEK by REKS 

REKS activity is examined in the presence of various combinations of 
Ras, G S T - M E K ,  and REKS. The results are summarized in Fig. 2. In the 
presence of MEK, GTPyS-Ki-Ras ,  but not GDP-Ki-Ras ,  enhances REKS 
activity. However,  the basal activity is detected in the presence of G D P -  
Ki-Ras, GDP, or GTPyS. This basal activity disappears in the absence of 
MEK or REKS. These results indicate that REKS stimulates ERK through 
the activation of MEK and the basal activity is derived from REKS. It is 
possible that the basal REKS activity observed in the absence of Ki-Ras 
is a real basal activity of REKS or is due to the artificial activation of REKS 
during its preparation. Similar results are obtained when Ha-Ras is used 
instead of Ki-Ras. 
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FIG. 2. Activation of E R K  through M E K  by REKS.  The REKS activity was assayed in 
the presence of various combinat ions of 10/xM GDP,  10 txM GTPrS, 100 nM GDP-Ki-Ras ,  
100 nM GTPyS-Ki -Ras ,  80 nM  G S T - M E K ,  and a 15-/xl aliquot of fraction 44 from the Mono 
S column chromatography (REKS).  
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Effect of Lipid Modifications of  Ki-Ras on Activation of  REKS 

Five microliters of various concentrations of the GTPyS-bound form 
of lipid-modified or unmodified Ki-Ras is assayed with a 15-/xl aliquot of 
fraction 44 from the Mono S column chromatography for the REKS activity 
as described above. Lipid-modified Ki-Ras activates REKS with a Ka value 
(giving half-maximal activation of REKS) of about 10 nM, whereas the 
lipid-unmodified Ki-Ras is far less effective (Fig. 3). The similar results are 
obtained when Ha-Ras is used instead of Ki-Ras. 

C o m m e n t s  

REKS can be separated from MEK and E RK  using Mono S column 
chromatography. If the eggs are not completely activated by electric shock, 
peak 1 (Fig. 1) activity increases and peak 2 activity decreases. The increase 
in peak 1 activity might be due to MEK and ERK,  which are not inactivated 
by electric shock. The reason for the decrease in peak 2 activity is not 
known; however, MEK and/or  ERK may inhibit REKS activity because 
the increase in peak 1 (Fig. 1) is parallel to the decrease in peak 2. The 
activity of peak 2 is lost even in the presence of 10% ethylene glycol or 
bovine serum albumin (1 mg/ml). 
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FIG. 3. Effect of lipid modifications of Ki-Ras on the activation of REKS. A 15-/xl aliquot 
of fraction 44 from the Mono S column chromatography was assayed with the indicated 
amounts  of the GTPyS-bound form of lipid-modified or unmodified Ki-Ras. ( e )  With lipid- 
modified Ki-Ras; (O) with lipid-unmodified Ki-Ras. 
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Several groups have reported that lipid-unmodified Ras activates ERK 
in cell-free systems using crude lysates. 4,6,41 Higher concentrations of Ras 
(4.0-5.0/~M) are, however, needed to activate MAP kinase in their experi- 
ments. These results are consistent with our observation that lipid-modified 
Ras is far more effective than lipid-unmodified Ras in the activation of 
REKS. 

Evidence is accumulating that c-Raf-1 may be a direct target molecule 
for Ras, 16 2~ but it has not yet been shown that purified GTP-Ras directly 
activates purified c-Raf-1 in a cell-free system. We have not succeeded 
in separating REKS from c-Raf-1 by Mono S column chromatography. 
However, REKS in peak 2 (Fig. 1) is further purified by Ha-Ras-linked 
agarose affinity column chromatography to remove contaminating c-Raf- 
1. 42 The immunoreactivity against c-Raf-1 is not detected in this highly 
purified REKS preparation, and this highly purified REKS phosphorylates 
and activates MEK. These results suggest that REKS is a novel MEK 
kinase distinct from c-Raf-1. However, we cannot exclude the possibility 
that REKS is one of the homologs of Raf. Cloning of REKS is necessary 
to address this question. 

at B. VanRenterghem, J. B. Gibbs, and J. L. Maller, J. Biol. Chem. 268, 19935 (1993). 
42 S. Kuroda, K. Shimizu, B. Yamamori, S. Matsuda, K. ImazumL K. Kaibuchi, and Y. Takai, 

J. Biol. Chem. 270, 2460 (1995). 

[27] P r e p a r a t i o n  a n d  U s e  o f  S e m i i n t a c t  M a m m a l i a n  Ce l l s  

fo r  A n a l y s i s  o f  S i g n a l  T r a n s d u c t i o n  

By PAUL DENT, GUILLERMO ROMERO, DAVID CASTLE, 

a n d  THOMAS W.  STURGILL 

Complex systems amenable to biochemical manipulations have proven 
their utility in biology. Prominent examples include the definition of molec- 
ular motors 1 by assays of in vitro sliding of microtubules on glass coverslips 
and the purification of maturation promoting factor 2 from Xenopus using 
an in vitro assay for nuclear envelope breakdown? Success in establishing 
these complex systems has depended on preservation of some structure 
with minimum dilution of cytoplasm. Minimum dilution of cytoplasm is 

i R. D. Vale, T. S. Reese, and M. P. Sheetz, Cell (Cambridge, Mass.) 42, (1985). 
2 M. J. Lohka, M. K. Hayes, and J. L. Maller, Proc. NatL Acad. Sci. U.S.A. 85, 3009 (1988). 
3 M. J. Lohka and Y. Masui, Dev. Biol. 102, (1984). 

Copyright © 1995 by Academic Press, Inc. 
METHODS IN ENZYMOLOGY, VOL. 255 All rights of reproduction in any form reserved. 
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FIG. 1. Electron micrographs showing the appearance of semiintact NIH 3T3 cells after 
Tri ton disruption as used for in vitro activation of the M A P  kinase pathway. At  low magnifica- 
tion (A), boundaries  of  individual cells are recognizable, yet it is clear that extensive segments  
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easily accomplished in the X e n o p u s  systems using crushed oocytes or eggs 
prepared by centrifugation. 4 

Oocyte extracts from X e n o p u s  have been used to study activation of 
the mitogen-activated protein (MAP) kinase pathways by p21 Ras. 5 7 The 
feasibility of the approach was established by Hattori et al., 5 who demon- 
strated that the addition to such systems of p21 Ras complexed to GTP 
activated MAP kinase provided that an ATP-regenerating system was in- 
cluded. 

Here we describe the preparation and use of semiintact cells for dissec- 
tion of p21 Ras signal transduction. This method is essentially that described 
by Dent et al. 8 Emphasis is placed on describing those technical details 
important for successful use of the cellular system. 

Buffers 

All water used is purified by Milli Q (Millipore, Bedford, MA). All 
reagents are of the highest available purity. 

Phosphate-buffered saline (PBS): 5 mM NaPO4, 152 mM NaC1, adjusted 
with HC1 to pH 7.4 at room temperature 

Krebs-Ringer-bicarbonate-HEPES (KRB-HEPES):  120 mM NaC1, 4.7 
mM KC1, 1.2 mM MgSO4, 1.2 mM CaC12, 24 mM NaHCO3, 10 mM 
HEPES, adjusted to pH 7.5 at 37 ° with NaOH 

Cell permeabilization buffer: 10 mM HEPES (pH 7.4) at 4 °, 10 mM 
MgC12, 1 mM MnC12, 0.1 mM EGTA, leupeptin (50 ktg/ml), pepstatin 
(50/,g/ml), 1 mM benzamidine hydrochloride, 0.5 mM phenylmethyl- 
sulfonyl fluoride (PMSF), and 0.5% (v/v) Triton X-100 

4 B. VanRenterghem, J. B. Gibbs, and J. B. Mailer, J. Biol. Chem. 268, 19935 (1993). 
5 S. Hattori, M. Fukuda, Yamashita, S. Nakamura, Y. Gotoh, and E. Nishida, J. Biol. Chem. 

267, 20346 (1992). 
~' M. Pomerance, F. Schwcighoffer, B. Toque, and M. Pierre. J. Biol. Chem. 267, 16155 (1992). 
7 E. K. Shibuya, A. J. Polverino, E. Chang, M. Wiglet, and J. V. Ruderman, Proc. Natl. Acad.  

Sci. U.S.A. 89, 9831 (1992). 
P. Dent, J. Wu, G. Romero, L. A. Vincent, D. Castle, and T. W. Sturgill, Mol. Biol. Cell. 
4, 483 (1993). 

of plasma membranes and underlying cellular contents are missing (arrowheads). Nuclei with 
peripheral heterochromatin are largely retained, as are several patches of rough endoplasmic 
reticulum with interual content (*) and mitochondria (m). At higher magnification (13), the 
focal plasma membrane disruptions are clear, and extensive extraction of cytoplasmic contents 
leaves a residual cytoskeleton and associated organelles. N, Nucleus; G, stacked Golgi cister- 
nae: m, mitochondria. Bars: (A and B) l /~m. (Reproduced from Dent et al., 8 by copyright 
permission of the American Society for Cell Biology.) 
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FIG. 2. Time course of MAP kinase kinase activation by p21 Ras w't ~2, PDGF, GTP-loaded 
p21 c-Ras, and unloaded p21 c-Ras in Triton X-100 disrupted semiintact NIH 3T3 cells? (0 )  
v-ras; (O) control; (m) c-ras (-GTP); ({3) c-ras; (A) PDGF. (Reproduced from Dent  et a l . /  
by copyright permission of the American Society for Cell Biology.) 

Kinase stop buffer: Concentrations for the 20× stock buffer are 500 mM 
EDTA,  100 mM EGTA,  500 mM NaF, 100 mM Na4P2OT, 20 mM 
Na3VO4, pH 8.0 

A TP-Regenerating System. Final concentrations of creatine phosphate, 
creatine kinase, and ATP after addition to semiintact cells are 5 mM, 80 
/xg/ml, and 0.1 mM, respectively. The stock solution (typically 4 0 × - 6 0 × )  
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F~c;. 3. MAP kinase kinase and MAP kinase activities in fractions from Mono Q chromatog- 
raphy of lysates from semiintact cells that had been stimulated by addition of GTP-loaded 
p21 Ras v~'112.s.9 Mono Q chromatography was performed as described? (©) Control (MAPK 
activity); ([~) control (MAPKK activity); ( l )  v-ras (MAPKK activity); (0) v-ras (MAPK ac- 
tivity). 

for addition is prepared fresh, just prior to use, by dissolution of the compo- 
nents (Sigma-Aldrich, St. Louis, MO) in ice-cold water and never reused. 

p21 Ras GTP Loading. p21 Ras proteins 9 are loaded with GTP in a 
final volume of 5/xl containing 12.5 rnM Tris-HC1 (pH 7.5) at 4 °, 2.5 mM 
GTP, 5 mM EDTA,  and 0.1 mM E G T A  for 60 min on ice. 

Cell Culture and Serum Starvation. NIH 3T3 cells are grown (100-mm 
plates) to confluence in Dulbecco's modified Eagle's medium (DMEM) 
and 10% (v/v) fetal calf serum (GIBCO-BRL,  Gaithersburg, MD) in an 
atmosphere of 10% CO2 prior to use. Cells are washed twice with K R B -  
HEPES,  and serum starved for 16 hr in DMEM. 

9 j. B. Gibbs, I. S. Sigal, M. Poe, and F. M. Scolnik, Proc. Natl. Acad. Sci. U.S.A. 81, 5704 (1984), 
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Fl(~. 4. (a) Activation of MAP kinase kinase and MAP kinase in semiintact cells by PDGF, 
and (b) abrogation by anti-Ras antibody Y13-259/~2 (a) (O), PDGF (MAPK activity); (11), 
PDGF (MAPKK activity); (K]), control (MAPKK activity); (©), control (MAPK activity). 
(b) (O), PDGF (MAPK activity) Y13-238; (©), PDGF (MAPK activity) Y13-259; (11), PDGF 
(MAPKK activity) Y13-238: (K]), PDGF (MAPKK activity) Y13-259. (Reproduced from Dent 
et al., ~ by copyright permission of the American Society for Cell Biology.) 

P r e p a r a t i o n  of  S e m i i n t a c t  Cel ls  

Serum-s ta rved  cells are poo led  into a 1.5-ml microcent r i fuge  tube  in 
the following manner .  Med ium is r e m o v e d  by aspirat ion,  and each plate 
is washed  once with 10 ml of  chilled (4 °) PBS. Cells are scraped  into PBS 
with a rubbe r  po l i ceman  and combined  in a total  vo lume  of 50 ml for  
centr i fugat ion (1000 g for  5 min, 4°). The  pellet  is gently r e suspended  in 1 
ml of  PBS and t rans fe r red  to a microcent r i fuge  tube. The  cells are again 
pel le ted by centr i fugat ion (1,000 g for  5 min, 4 °) in an E p p e n d o r f  microcen-  
tr ifuge and the superna tan t  carefully r emoved .  The  vo lume  of the pel let  is 
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estimated by comparison to known volumes of water pipetted into an 
equivalent tube. 

A volume of ice-cold cell permeabilization buffer equal to the estimated 
pellet volume is added to the cell pellet and the cells resuspended by gently 
flicking the tube. The resuspended cells are disrupted briefly using a Tissue 
Tearor (model 985-370; Fisher Scientific, Pittsburgh, PA) at a setting of 
one (the lowest setting) for 2-3 sec. It is important that the shearing be 
only a brief in-and-out procedure. Triton-disrupted cells are placed on ice 
(up to 1 hr) before use. Equal portions (200-300/zl) of Triton-disrupted 
cells (representing approximately two 100-ram dishes) are distributed into 
tubes for assays. 

In Vitro St imula t ion  with Agonists  

Addition volumes should be minimized to avoid appreciable dilution of 
the semiintact cells. Immediately prior to stimulation, the ATP-regenerating 
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system (5/zl) is added and the assay tube vortexed gently, just sufficiently to 
resuspend the cells. Agonists/effectors [e.g., platelet-derived growth factor 
(PDGF; 50 nM final concentration) and p21 Ras vaH2 (75 p,g/ml) or buffer 
control] are added, mixed, and the semiintact cells are incubated for 10 
min at 37 °. The assay tube is flicked every 2.5 rain to ensure a homogeneous 
solution. At the end of the incubation, 10/zl of a 20× stock solution of 
kinase stop buffer is added and mixed. Thereafter  the cells are placed on 
ice and processed at 4 ° for protein purification of MAP kinase kinase and 
MAP kinase for assays as follows. (Adaptations for immune complex kinase 
assays should be possible.) The semiintact cells are centrifuged at 14,000 
g for 5 rain at 4 °, and the protein concentration of the resulting lysate is 
estimated by the method of Bradford. ~° Mono Q chromatography is per- 
formed on 1 mg of protein from each lysate, and the fractions are assayed 
for MAP kinase kinase and MAP kinase activities, s 

MAP kinase kinase can be assayed by methods other than the coupled 
assay for activation of MAP kinase, which uses phosphorylation of myelin 
basic protein, although this method is the most sensitive. MAP kinase 
kinase can also be assayed directly by phosphorylation of kinase-defective 
MAP kinase. ~ 

Rat ionale  and  Ul t r a s t ruc tu re  

The rationale used to prepare semiintact cells and achieve minimal 
dilution of cytoplasm is to shear a cell pellet gently in the presence of 
-0 .25% (v/v) Triton X-100. Because the pellet volume is only approxi- 
mately doubled, the potential for dilution of cytoplasm is minimized. As 
shown in Fig. 1, cell structure is largely preserved with intact organelles, 
nuclei, and a proportion of the plasma membrane. Holes created where 
plasma membrane is denuded are sufficiently large to allow entry of proteins 
at least as large as immunoglobulin G (IgG). The final concentration of 
detergent is sufficient to solubilize the cells more extensively but the deter- 
gent mass-to-cell ratio limits the degree of solubilization. 

Activation of MAP Kinase Cascade  by  p21 Ras TM 12 an d  
Growth  Fac tors  

The MAP kinase cascade in semiintact cells is manipulated by the 
addition of p21 Ras wH2, PDGF, and anti-Ras antibodies, together with an 
ATP-regenerating system. Addition of an ATP-regenerating system is 

l0 M. M. Bradford, Anal  Biochem. 72, 248 (1976). 
u j. Wu, J. K. Harrison, P. Dent,  K. R. Lynch, M. J. Weber,  and T. W. Sturgill, Mol. Cell. 

Biol. 13, (1993). 
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essential to observe stimulation of the MAP kinase cascade; however, 
addition per se also causes an activation of the cascade in semiintact cells, 
which in some experiments can equal that produced by an agonist by 20 
min (Fig. 2). Incubation of semiintact cells in the presence of an ATP- 
regenerating system together with bacterially expressed p21 Ras vaMz or 
PDGF leads to an approximately six-fold stimulation of MAP kinase kinase 
activity within 3-5 min (Fig. 2). Activation of the MAP kinase pathway by 
addition of exogenous bacterially expressed p21 Ras wl-r2 is confirmed by 
chromatography of lysates from semintact cells on Mono Q (Fig. 3). Both 
MAP kinase kinase and MAP kinase are activated approximately two- to 
threefold after 10 min of stimulation. 

The p21 Ras-dependent nature of activation of the MAP kinase pathway 
can be examined by use of two monoclonal antibodies (Y13-238 and Y13- 
259). Antibody Y13-259 neutralizes p21 Ras function by binding to an 
epitope in close proximity to the effector domain. 12 Although antibody 
Y13-238 also binds specifically to p21. Ras, it does not inhibit p21 Ras 
function. Semiintact cells are preincubated with either antibody for 30 min 
to 1 hr on ice prior to agonist/effector stimulation. This is illustrated for 
activation of MAP kinase by PDGF in Fig. 4. Antibody Y13-259, but not 
Y13-238, decreases the activation of MAP kinase kinase and MAP kinase 
by greater than 80%. Inhibition of PDGF responses by antibody Y13-259 
was specifically due to neutralization of p21 Ras function, because antibody 
Y13-238 had no effect on PDGF stimulation of the MAP kinase cascade. 
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[281 Mitogen-Activated Protein Kinase Activation by 
Scrape Loading of p2 l ras  

By C H R I S T O P H E R  J.  M A R S H A L L  a n d  SALLY J. LEEVERS 

The direct introduction of recombinant Ras proteins into tissue culture 
cells has been an important tool in dissecting the role of p21ras in signal 
transduction and oncogenesis. The major advantage of direct protein intro- 

Copyright © 1995 by Academic Press, Inc. 
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duct ion over  expression of  ras gene constructs is that  an essentially synchro-  
nously t reated popula t ion  of  t reated cells is p roduced  that can be regarded  
as analogous to growth factor  st imulated cells. In this way events can be 
analyzed that are rapidly induced by p21ras without  the complicat ion of  
requiring protein synthesis for p21ras expression. 

Originally, p21ras was in t roduced by microinject ion and these studies 
demons t ra ted  that  introduct ion of  oncogenic  p21ras into fibroblasts leads 
to D N A  synthesis and morphological  t ransformation.  12 Such events occur 
6 -20  hr postinjection but  more  rapid effects on m e m b r a n e  ruffling, re- 
flecting changes in the actin cytoskeleton,  were seen within minutes. 3 Al- 
though  at tempts  have been  made  to use microinjected cells for biochemical  
studies, 3 the small number  of  cells that  can be injected limits the application 
of  microinject ion for biochemical  work. For  these reasons we have em- 
ployed the technique of  "scrape- loading"  first described by McNeil  et al. 4 

In this procedure ,  using a rubber  pol iceman to detach cells f rom their 
subst ra tum in the presence of  a protein solution leads to the introduct ion 
of  protein in up to 90% of the cells. The cells retain a high degree of  viability 
and have been  used for studies on protein kinase C activation, inositol 
lipid analysis, 5'6 p repara t ion  of  R N A  samples, 7 M A P  kinase assays, -~-8 or  
potential ly any biochemical  assay. 

R e a g e n t s  

Valine-12 (V12) and the control- inactive valine-12 serine-186 (V12S186) 
recombinant  Ras proteins are purified f rom E s c h e r i c h i a  col i  using ion 
exchange on D E A E - S e p h a c e l  fol lowed by gel permeat ion  on Sephadex 
G-75, essentially as described by Trahey  eta[ .  9 Some prepara t ions  contain 
an unknown inhibitor, so it is advantageous  to pass the pooled  fractions 
containing p21ras over  the Sephadex G-75 column a second time. The  peak  
fractions are then dialyzed against scrape loading buffer  [10 m M  Tris-HCl 
(pH 7.0), 114 m M  KC1, 15 m M  NaC1, 5.5 m M  MgC12], snap frozen and stored 

1 j. R. Feramisco, M. Gross, T. Kamata, M. Rosenberg, and R. Sweet, Cell Cambridge, Mass. 
38, 109 (1984). 

2 D. W. Stacey and H.-F. Kung. Nature (London) 310, 508 (1984). 
3 D. Bar-Sagi and J. R. Feramisco, Science 233, 1061 (1986). 
4 p. L. McNeil, R. F. Murphy, F. Lanni, and D. L. Taylor, ]. Cell Biol. 98, 1556 (1984). 
5 j. D. H. Morris, B, Price, A. C, Lloyd, A. S. Self, C. 3. Marshall, and A. Hall, Oncogene 4, 

27 (1989). 
6 B. D. Price, J. D. H. Morris, C. J. Marshall, and A. Hall, Y. Biol. Chem. 264, 166 (1989). 
7 A. C. Lloyd, H. F. Paterson, J. D. H. Morris, A. Hall, and C. J. Marshall, EMBO J. 8, 

1099 (1989). 
8 S. J. Leevers and C. J. Marshall, EMBO d. 11, 569 (1992). 
9 M. Trahey, R. J. Mulley, G. E. Cole, M. Innis, H. Paterson, C. J. Marshall, A. Hall, and F. 

McCormick, Mol. Cell. Biol. 7, 541 (1987). 
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in liquid nitrogen. Although posttranslational modifications are essential for 
the biological activity of p21ras, 1°1~ bacterially expressed p21ras is rapidly 
posttranslationally modified when introduced into cells and so is fully func- 
tional. The Cys-186 mutat ion to serine blocks all posttranslational modifica- 
tion I~ and scrape loading of proteins containing this mutation can therefore 
be used as a control. 

Preparation o f  Quiescent Swiss 3T3 Cells'. Swiss 3T3 fibroblasts are 
seeded at 8 × 105 cells/100-mm dish and grown for 3 days to confluence 
in Dulbecco 's  modified Eagle 's  medium (DMEM) plus 10% (v/v) fetal calf 
serum (FCS); they are then washed once with D M E M  and incubated at 
37 ° for 15-16 hr. 

P rocedure  

Two 100-mm dishes are used per point. 

1. Cells are rinsed twice in PBSA (Dulbecco's  phosphate-buffered sa- 
line solution A, pH 7.2), covered with 160 /zl of scrape-loading buffer 
with recombinant  p21ras, and detached by scrape loading with a rubber  
policeman. 4 Recombinant  V12 Ras oncoprotein is used at a concentration 
that stimulates maximal [3H]thymidine incorporation in cell proliferation 
assays (usually 0.2-1.0 /~g/ml) and recombinant  V12S186 Ras protein is 
used at the same concentration. 

2. For short t ime periods (up to 1 hr) detached cells from the two 100- 
ram dishes are combined in 4.5 ml of serum-free D M E M  and incubated at 
37 °, 10% (v/v) CO2, in a 25-ml conical-bottomed polystyrene "universal"  
tube (Bibby Sterilin, Ltd., Stone Staffs, U.K.). The incubated cells are then 
pelleted (700 g, 3 min), resuspended, and lysed. For longer time periods 
the cells are replated onto a single 100-ram tissue culture dish coated with 
gelatin and fibronectin as described below. 

Assay  of R e n a t u r a b l e  Prote in  Kinase  Activity in Gels  

Kinases activated by p21ras have been analyzed either by "in gel" kinase 
assays or by immunoprecipitat ion.  The "in gel" method has the advantage 
that it can be used to look for novel kinases. Myelin basic protein (MBP) 
kinase activity of renaturable protein kinases is as described by Kameshita 
and Fujisawa. 12 All incubations are performed on an orbital shaker and at 
room temperature ,  unless otherwise indicated. 

l0 B. M. Wellumsen, N. L. Christensen, A. HubbcrI, A. G. Papageorge, and D. R. Lowy, 
Nature 310, 583 (1984). 

11 j. F. Hancock, A. I. Magee, J. E. Childs, and C. J. Marshall (1989) Cell 57, 1167 (1989). 
12 l, Kameshita and H. Fujisawa, Anal. Biochern. 183, 139 (1989). 
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Procedure 

1. Cells are pelleted and resuspended in ice-cold 20 mM Tris (pH 8.0), 
40 mM sodium pyrophosphate, 50 mM sodium fluoride, 100/xM sodium 
orthovanadate, 10 mM ethylene glycol-bis(/3-aminoethyl ether)-N,N,N',N'- 
tetraacetic acid (EGTA), 5 mM magnesium chloride, leupeptin (20 ~g/ml), 
aprotinin (20/,g/ml), 3 mM phenylmethylsulfonyl fluoride (PMSF); Triton 
X-100 is added to 1% (v/v) and sodium deoxycholate to 0.5% (w/v). Cell 
lysis is allowed to occur on ice for 10 min and then the nuclei are pelleted 
by centrifugation in a refrigerated microcentrifuge at 14,000 rpm for 10 
rain. Supernatants are stored at -70  °. 

2. Cell lysates containing 40 ~g of protein are made to 62.5 mM Tris 
(pH 6.8), 2.3% (w/v) sodium dodecyl sulfate (SDS), 5 mM EDTA, 10% 
(v/v) glycerol, 100 mM dithiothreitol (DTT) and heated at 85 ° for 5 min. 
The gel is a minigel (80 × 50 ram) with a 15% (w/v) acrylamide lower gel 
polymerized in the presence of myelin basic protein (MBP, 0.5 mg/ml; 
Sigma Chemical Co., St. Louis, MO) and a 4% (w/v) acrylamide stacking gel. 
Electrophoresis is at 120 V in sodium thioglycolate-supplemented running 
buffer [running buffer: 25 mM Tris base, 200 mM glycine, 0.1% (w/v) SDS] 
containing 0.002% (w/v) sodium thioglycolate (Sigma Chemical Co.), as a 
precaution against protein oxidation by residual polymerization catalyst 
ammonium persulfate. 

3. The SDS is washed out of the gel with 500 ml of 50 mM Tris-HC1 (pH 
8.0), 0.5 mM 2-mercaptoethanol (twice for 30 min at room temperature). 

4. Proteins in the gel are denatured in 100 ml of 6 M guanidine hydro- 
chloride, 50 mM Tris-HC1 (pH 8.0), 5 mM 2-mercaptoethanol (twice, 30 
min each at room temperature), then renatured in several 500-ml volumes 
of 50 mM Tris-HC1 (pH 8.0), 5 mM 2-mercaptoethanol, 0.04% (v/v) Tween 
40, 0.1% (v/v) Nonidet P-40 (NP-40) for 20 hr at 4 °. 

5. The gel is preincubated in 500 ml of 30 mM Tris-HCl (pH 8.0), 20 
mM MgC12, 2 mM MnC12 (phosphorylation buffer) for 1 hr, then kinase 
activity is assayed by incubation in 10 ml of phosphorylation buffer con- 
taining 50-150 b~Ci of [T-32p]ATP (5000 Ci/mmol; Amersham Life Sciences, 
Arlington Heights, IL) and 10 I*M unlabeled ATP for 1 hr at room temper- 
ature. 

6. The gel is washed extensively in several volumes of 5% (w/v) trichlo- 
roacetic acid (TCA), 1% (w/v) Na2P207 for 20 hr, fixed in 20% (v/v) ethanol, 
7.5% (v/v) acetic acid for 1 hr, then dried under vacuum at 60 ° and autoradio- 
graphed using X-Omat AR X-ray film (Eastman Kodak, Rochester, NY). 

Procedure for Assay of Myelin Basic Protein Kinase Activity 
of Immunoprecipitates 

1. Cell lysates are made as for the in-gel assay described above. 
2. Cell protein (50/~g) is immunoprecipitated with an antibody against 
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MAP kinase (e.g., antiserum 122, anti-ERK2) s captured on 50 p~l of protein 
A-Sepharose 4B beads (Sigma. Chemical Co.). 

3. The beads are washed twice with 1% (v/v) Triton X-100, 0.5% 
(w/v) sodium deoxycholate, 20 mM Tris (pH 8.0), 40 mM sodium pyrophos- 
phate, 50 mM sodium fluoride, 100 p~M sodium orthovanadate, 10 mM 
EGTA, 5 mM magnesium chloride, once with 30 mM Tris (pH 8), and then 
once with 30 mM Tris-HC1 (pH 8.0), 20 mM MgC12, 2 mM MnCl2. 

4. MBP kinase activity is assayed by resuspending the washed beads 
in 30 p~l of 30 mM Tris-HCl (pH 8.0), 20 mM MgCI_~, 2 mM MnC12, 10/zM 
ATP, MBP (0.25 mg/ml), and 33/~Ci of [y-32p]ATP per milliliter (5000 Ci/ 
mmol; Amersham Life Sciences) and incubating with shaking at 30 ° for 
30 rain. 

5. The reactions are terminated by the addition of 8 pA of 5× sample 
buffer B and heated at 100 ° for 5 rain. The reaction products are resolved 
on a 15% (w/v) acrylamide gel electroblotted to polyvinylidene difluoride 
(PVDF) membrane (Millipore, Bedford, MA) and autoradiographed. To 
confirm that the same amount of ERK2 has been immunoprecipitated in 
each sample, the filter is Western blotted with antiserum 122. 

6. Alternatively, incorporation of 32p into MBP can be measured by 
spotting onto 2.5-cm squares of P81 paper (Whatman, Clifton, N J), washing 
five times (2 rain each) in 75 mM phosphoric acid, washing twice in acetone, 
drying, and Cerenkov counting. 

Western Blotting 

To resolve the phosphorylated active form of MAP kinases from the 
inactive dephospho forms by SDS-PAGE we have found that it is necessary 
to use a 20-cm-long polyacrylamide gel in which the final concentration of 
acrylamide is 10% (w/v) and that of bisacrylamide is 0.166% (w/v)~; this 
is a lower proportion of bisacrylamide than is standard in most SDS- 
PAGE recipes. 

All incubations are performed on an orbital shaker and at room temper- 
ature unless otherwise specified. 

1. Western blots are blocked in 20 mM Tris-HC1 (pH 7.5), 150 mM 
NaC1, 1% (w/v) gelatin for 16 hr at 4 ° and for I hr at room temperature. 

2. Incubate for 1 hr in the primary antiserum (e.g., 122 or 124) ~, diluted 
l : 100 in the same buffer. 

3. Wash (three times, 5 min each) in 20 mM Tris-HCl (pH 7.5), 150 
mM NaC1, 0.05% (v/v) Tween 20 (TBST). 

4. Incubate in alkaline phosphatase-coupled goat anti-rabbit immuno- 
globulin G (gG) [Pierce, Rockford, IL] diluted 1 :']500 in TBST for 1 hr. 
Wash (as described above) and develop using ProtoBlot alkaline phospha- 
tase substrate reagents [5-bromo-4-chloro-3-indolylphosphate toluidinium 
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(BCIP) and nitroblue tetrazolium (NBT); Promega, Madison, WI) as di- 
rected. 

For Western blot analysis using enhanced chemiluminescence (ECL) 
reagents (Amersham Life Sciences): 

5. Western blots are blocked for 1 hr in 5% (w/v) nonfat dried milk, 
e.g. Marvel (Premier Brands UK, Ltd.) in TBST (blocking buffer). 

6. Incubate in antiserum 122 or 124, diluted 1 : 15,000 in blocking buffer, 
for 1 hr. 

7. Rinse twice and wash (three times, 5 min each) in TBST. 
8. Incubate for 1 hr in secondary antibody: horseradish peroxide- 

coupled goat anti-rabbit IgG for antisera 122 and 124 (Pierce & Warriner 
(UK), Ltd.), diluted 1 : 15,000 in TBST. The blots are rinsed and washed, 
then developed with ECL reagents 1 and 2 (Amersham Life Sciences) and 
autoradiographed, as directed by the manufacturer. 

Cell Proliferation Assays 

As a way to monitor the quality of oncogenic p21ras preparations, the 
ability of recombinant oncogenic p21ras to synergize with insulin or insulin- 
like growth factor 1 (IGF-1) to stimulate cell proliferation is examined by 
assaying the incorporation of [3H]thymidine into DNA, following scrape 
loading in the presence of different concentrations of p21ras. V12Ras is 
then used in subsequent experiments at a concentration that stimulates 
maximal DNA synthesis and V12S186Ras, which does not stimulate DNA 
synthesis, is scrape loaded at the same concentration. 

Procedure 

1. Swiss 3T3 cells are seeded at 2 x 10 -~ cells/30-mm dish, grown to 
confluence for 72 hr in DMEM-10% iv/v) FCS, then rinsed and incubated 
in serum-free DMEM for 16 hr. 

2. Quiescent cells are rinsed twice in PBSA, covered with 80 /xl of 
scrape-loading buffer with or without recombinant p21ras at a range of 
concentrations (0.1-2.0 mg/ml), and scrape loaded. 

3. Detached cells are resuspended in 2 ml of DMEM, insulin (1 txg/ 
ml), [3H]thymidine (0.25 /xCi/ml) (~30 txCi/mmol, Amersham Life Sci- 
ences) and transferred into central wells of multiwell plate (24 × 10 mm 
wells) that has been precoated by incubation at room temperature for 16 
hr in 0.1% (w/v) gelatin (Sigma Chemical Co.), fibronctin (10/xg/ml; Sigma 
Chemical Co.). The peripheral wells of the plate are filled with DMEM 
alone, to reduce evaporation from the central wells, and the cells are 
incubated for 48 hr. 
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4. Cells in each well are lysed in 1 ml of 1% (w/v) SDS, transferred to 
a 15-ml round-bot tomed polypropylene snap-cap tube (Falcon, Oxnard, 
CA), the wells washed with 0.5 ml of PBSA, and the wash combined with 
the SDS cell lysate. Two millilters of ice-cold 15% (w/v) trichloroacetic acid 
(TCA)  is added to each tube, the contents vortexed, and macromolecules 
precipitated by incubation on ice for 10 min. The precipitate f rom each 
tube is collected on a glass microfiber G F / C  filter (Whatman)  by vacuum 
filtration using a Whatman  membrane  filter holder apparatus (Millipore 
Corporat ion),  washed with 20 ml of ice-cold 5% (w/v) T C A  followed by 5 
ml of ethanol, and the filters dried and counted for 3H in 10 ml of scintillant 
(Emulsifier-safe; Packard, Downers  Grove,  IL). 

[29]  A s s a y  a n d  E x p r e s s i o n  o f  M i t o g e n - A c t i v a t e d  P r o t e i n  

K i n a s e ,  M A P  K i n a s e  K i n a s e ,  a n d  R a f  

B y  DARIO R. ALESSI, PHILIP COHEN, ALAN ASHWORTH, SALLY COWLEY, 
SALLY J. LEEVERS, and CHRISTOPHER J. MARSHALL 

In t roduc t ion  

Raf  protein kinase, mitogen-activated protein (MAP) kinase kinase 
(MAPKK),  and M A P  kinase (MAPK)  lie directly downstream of p21 ~'~s in 
a signal transduction pathway that is activated by growth factors and plays 
a crucial role in cell proliferation and differentiation. The role of p21 .... is 
to recruit Raf  to the plasma membrane ,  ~'2 where it is activated by an as 
yet unidentified mechanism. Raf  activates M A P K K  by phosphorylating it 
at Ser-217 and Set-2213 and M A P K K  then activates M A P K  by phosphory-  
lating Thr-183 and Tyr-185. 4 In this chapter we describe procedures for the 
assay, expression, and purification of these three kinases. 

S. J. Leevers, H. F. Paterson, and C. J. Marshall, Nature (London) 369, 411 (1994). 
2 D. Stokoe, S. G. Macdonald, K. Cadwallader, M. Symons. and J. F. Hancock, "@ience 264, 

1463 (1994). 
:~ D. R. Alessi, Y. Saito, D. G. Campbell, P. Cohen, G. Sithanandam, U. Rapp, A Ashworth, 

C. J. Marshall, and S. Cowley, EMBO J. 13, 1610 (1994). 
4 D. M. Payne, A. J. Rossomando, P. Martino, A. K. Erikson, J. H. Her, J. Shabanowitz, 

D. F. Hunt, M. J. Weber, and T. W. Sturgill, EMBO .1. 10, 885 (1991). 
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Buffers 

Buffer A: 50 mM Tris-HC1 (pH 7.5, 20 °) 0.1% (by volume) 2-mercaptoeth- 
anol, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM tosyl 
phenyl chloromethyl ketone, and 1 mM benzamidine 

Buffer B: 20 mM Tris/acetate (pH 7.5, 20°), 0.27 M sucrose, 1 mM 
EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 10 mM sodium 
/3-glycerophosphate, 50 mM sodium fluoride, 5 mM sodium pyrophos- 
phate, 1% (by mass) Triton X-100, 0.1% (by volume) 2-mercaptoetha- 
nol, 1 mM benzamidine, 0.2 mM PMSF, and leupeptin (5 tzg/ml) 

Buffer C: 50 mM Tris-HC1 (pH 7.5, 20°), 0.03% (by mass) Brij 35, 0.1 
mM EGTA, and 0.1% (by volume) 2-mercaptoethanol 

Buffer D: 50 mM Tris-HC1 (pH 7.5), 0.03% (by mass) Brij 35, 0.1 mM 
EGTA, 0.1% (by volume) 2-mercaptoethanol, 0.66 tzM okadaic acid 
(to inhibit protein phosphatases 1 and 2A), 0.27 mM sodium orthovana- 
date (to inhibit protein tyrosine phosphatases), 13.3 mM magnesium 
acetate, and 0.33 mM ATP. 

Buffers A to D are stored in the absence of 2-mercaptoethanol and 
proteinase inhibitors, which are added from concentrated stocks immedi- 
ately before use. Benzamidine and leupeptin are stored at -20 ° in water 
and phenylmethylsulfonyl fluoride is dissolved in ethanol just before use. 

Measurement of  Protein Concentration. Protein concentration is deter- 
mined by the method of Bradford, 5 using bovine serum albumin as the 
standard. 

Assay of MAPK 

Principle and Definition of  Unit. MAPK is assayed by its ability to 
phosphorylate myelin basic protein (MBP). One unit of activity is that 
amount of enzyme that incorporates 1 nmol of phosphate into MBP in 1 
rain. The MAPK concentration in units per milliliter (U/ml) is calculated 
using the formula 25 CD/S, where C is the 3=p radioactivity incorporated 
into MBP (cpm), D is the fold dilution of the MAPK solution before assay, 
and S is the specific radioactivity of the ATP (cpm/nmol). 

Reagents. All reagents are kept at 0-4 ° unless stated otherwise. Myelin 
basic protein is purchased from GIBCO-BRL (Gaithersburg, MD), dis- 
solved in water to give a 3.3-mg/ml solution, and stored in aliquots at -20 °. 
We recommend that MBP and okadaic acid be purchased from GIBCO- 
BRL. GIBCO-BRL MBP gives at least five-fold higher activity than the 
Sigma (St. Louis, MO) product in the MAPK assay, and the potency of 

5 M. M. Bradford, Anal. Biochem. 72, 248 (1976). 
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okadaic acid as a phosphatase inhibitor from several other commercial 
sources is poor. Sodium orthovanadate is dissolved in water, adjusted to 
pH 10, and heated for 10 rain at 100 °. The pH is readjusted to 10 and 
this cycle repeated once more before dilution with water to give a final 
concentration of 0.1 M. This procedure depolymerizes the vanadate, con- 
verting it into a more potent inhibitor of protein tyrosine phosphatases. 6 
The 20-residue peptide T T Y A D F I A S G R T G R R N A I H D  (PKI), a specific 
inhibitor of cyclic AMP-dependent  protein kinase, can either be synthesized 
or purchased from Sigma. 

Procedure 

Reactions are carried out in 1.5-ml plastic microcentrifuge tubes. MAPK 
diluted in ice-cold buffer B containing bovine serum albumin (1 mg/ml) (5 
~1) is incubated for 3 min at 30 ° with 35 >1 of 36 mM Tris-HC1 (pH 7.0, 
20°), 0.1 mM EGTA,  and MBP (0.47 mg/ml) and the reactions initiated 
by the addition of 10/zl of 50 mM magnesium acetate-0.5 mM [T--3eP] ATP 
(-200,000 cpm/nmol). After 10 min at 30 ° the reaction is terminated by 
pipetting 40/M of the assay mixture onto a 2 × 2 cm square of phosphocellu- 
lose paper (P81; Whatman, Clifton, N J) that binds MBP but not ATP, and 
immersing the paper in a beaker  containing 0.5% phosphoric acid (5 ml/ 
paper). After washing the papers five times with phosphoric acid to remove 
ATP (1 min for each wash), followed by one wash in acetone to remove 
phosphoric acid, the P81 papers are dried with a hair drier and inserted 
into 1.5-ml plastic microcentrifuge tubes. One milliliter of scintillant is 
added and the tubes are analyzed for 32p radioactivity. Control incubations 
are carried out in which MAPK is replaced by dilution buffer., and this 
value is subtracted from the value obtained in the presence of MAPK. 
MAPK activities are linear with time up to an activity of 6 U/ml in the 
assay, and the kinase concentration is therefore kept below this value. 

Activity Measurements qf MAPK in Tissue Extracts 

It is not possible to measure MAPK activity accurately in most cell 
lysates by the phosphorylation of MBP, because the presence of other 
kinases that phosphorylate this protein usually interferes with the assays. 
Only in PC12 (rat adrenal pheochromocytoma) cells, which contain particu- 
larly high levels of MAPK, are the p42 and p44 isoforms of MAPK the 
dominant MBP kinases after growth factor stimulation, in unstimulated 
PC12 cells p42 MAPK and p44 MAPK are inactive, and activity is therefore 

6 j. Gordon, this series, Vol. 201, p. 477. 
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measured by subtracting the MBP kinase activity in lysates from unstimu- 
lated cells from that measured in lysates of growth factor-stimulated 
cells. 7 

In other cell extracts MAPK is measured after immunoprecipitation of 
the p42 and/or p44 isoforms of MAPK from the lysates with noninhibitory 
antibodies. We routinely use an antiserum raised against the C-terminal 
peptide of p42 MAPK (EETARFQPGYRS), which immunoprecipitates 
p42 MAPK specifically. 8 Cell lysate (5 to 30 /~1), prepared as described 
below, is incubated for 90 rain at 4 ° on a shaking platform with 5 /xl of 
protein A-Sepharose conjugated to 1-2/xl of p42 MAPK antiserum. The 
suspension is centrifuged for 1 rain at 14,000 g, the supernatant discarded, 
and the immunoprecipitate washed twice with 1.0 ml of buffer B containing 
0.5 M NaC1, twice with 1.0 ml of buffer C, and then assayed for MBP kinase 
activity as described above. It is important to check that immunoprecipita- 
tion is essentially quantitative by demonstrating that no further MBP kinase 
activity can be immunoprecipitated from the supernatant obtained from 
the first immunoprecipitation. 

MAPK is dephosphorylated and inactivated by protein phosphatases 
present in cell extracts? The lysis buffer (buffer B) therefore contains 
fluoride, pyrophosphate, and/3-glycerophosphate to inhibit protein serine/ 
threonine phosphatases (principally protein phosphatase 2A) and orthovan- 
adate to inhibit protein tyrosine phosphatases. It also contains EDTA and 
EGTA to chelate Mg 2+ and Ca 2~, respectively, and so inhibit MAPKK and 
divalent cation-dependent proteinases and phosphatases. Cells are lysed in 
ice-cold buffer B, centrifuged for 5 rain at 14,000 g (4°), and the supernatants 
decanted, p42 MAPK is then immunoprecipitated and assayed for MBP 
kinase activity as described above, except that the reaction is carried out 
on a shaking platform at 30 ° to keep the immunoprecipitated MAPK/ 
protein A-Sepharose complex in suspension. If the reactions are not shaken, 
the measured activities are reduced considerably. 

Lysates containing 0.5-2 mg of protein per milliliter can be stored at 
80 ° for at least 1 month with no loss of activity if frozen in liquid nitrogen 

immediately after cell lysis. Frozen lysates are thawed only once. The assay 
of MAPK in cell extracts or immunoprecipitates also contains okadaic acid 
(1 /xM) and sodium orthovanadate (0.1 raM) to inhibit protein phospha- 
rases, and PKI (1 /xM) is included to inactivate cyclic AMP-dependent 
protein kinase, which phosphorylates MBP efficiently. 

7 N. Gomez,  N. K. Tonks,  C. Morrison, T. Harmar,  and P. Cohen,  FEBS Lett. 271, 119 (1990). 
S. J. Leevers and C. J. Marshall, E M B O  J. 11, 569 (1992). 
D. R. Alessi, N. Gomez,  G. Moorhead,  T. Lewis~ M. S. Keyse, and P. Cohen,  Curr. Biol. 

5, 283 (1995). 
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Alternative Assays for MAPK 

The activation of MAPK by growth factors has also been assessed in 
cell extracts by several other procedures. These are useful but have the 
limitations and potential dangers described below. 

Decreased Electrophoretic Mobility. The phosphorylation of MAPK by 
MAPKK is accompanied by a decrease in its electrophoretic mobility on 
sodium dodecyl sulfate (SDS)-polyacrylamide gels and this can be detected 
in cell extracts by immunoblotting with suitable anti-MAPK antibodies. 
This assay has been widely used to detect activation, but is only semiquanti- 
tative and unsuitable for detecting low levels of activation of MAPK. Reli- 
able separation of the phosphorylated and dephosphorylated forms of 
MAPK requires 20-cm-long gels containing a final concentration of 10% 
(w/v) acrylamide-0.166% (w/v) bisacrylamide, s There is also the potential 
danger that the electrophoretic mobility may be decreased by phosphoryla- 
tion at sites other than those labeled by MAPKK, rendering the assay 
invalid. This is a particular concern when the activation of MAPK is being 
studied using a stimulus whose effects on MAPK phosphorylation have 
never been analyzed in molecular detail (e.g., heat shock). Care is also 
needed because singly phosphorylated MAPK runs in almost the same 
position as the diphosphorylated form. 

lmrnunoblotting with Anti-Phosphotyrosine Antibodies. The activation 
of MAPK is accompanied by the phosphorylation of a tyrosine residue, 
which can be detected by immunoblotting with a suitable anti-phosphotyro- 
sine antibody. Like the previous method, this assay is semiquantitative and 
unsuitable for detecting low levels of MAPK activation. A potential danger 
is that mammalian cells contain other MAPK homologs, which are compo- 
nents of distinct signaling pathways, and are similar in size to p42 MAPK 
and p44 MAPK. m,~ These homologs are also activated by a dual threonine/ 
tyrosine phosphorylation mechanism in response to stimuli reported to 
activate p42 MAPK and p44 MAPK in some cells. A further potential 
hazard stems from the requirement of threonine phosphorylation, as well 
as tyrosine phosphorylation, for activity. Tyrosine-phosphorylated MAPK 
may sometimes be inactive if the threonine residue is dephosphorylated 
preferentially. 

"In Gel" Kinase Assay. In the in-gel assay, which is described elsewhere 
in this volume, ~2 MAPK is denatured by dissolving cell extracts in SDS, 

mj.  M. Kyriakis, P. Banerjee, E. Nikolakaki, T. Dai, E. A. Rubie, M. F. Ahmad ,  J. Avruch, 
and J. R. Woodgen ,  Nature (London) 369, 156 (1994). 

~ J. Rouse,  P. Cohen,  S. Trigon, M. Morange, A. A. Liamazares,  D. Zamanillo,  T. Hunt,  and 
A. Nebreda, Cell (Cambridge, Mass.) 78, 1027 (1994). 

12 C. J. Marshall and S. J. Leevers,  this volume [28]. 
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and electrophoresed on an acrylamide gel polymerized in the presence of 
MBP. The MAPK is renatured and MBP phosphorylation initiated by 
incubating the gel with Mg[y-32p]ATP. After washing to remove ATP, the 
position of 32P-labeled MBP is located by autoradiography. L3 This assay 
assumes that no other MBP kinases comigrate with p42 or p44 MAPK and 
that the extent of renaturation of MAPK is uniform throughout the gel. 
The method is rather insensitive, because the extent of renaturation is low, 
and it is also expensive because of the large amounts of MBP and 
[y-32P]ATP that are used. 

Assay of MAP Kinase Kinase Activity 

Principle and Definition of" Unit. MAPKK is assayed by its ability to 
activate MAPK, which is then assayed by the phosphorylation of MBP. 
The assay is therefore carried out in two stages. In the first step MAPKK 
is incubated with inactive p42 MAPK and MgATP, and in the second, the 
extent of activation of p42 MAPK is measured by enzyme assay. One unit 
of activity is that amount of enzyme that increases the activity of MAPK 
by 1 U/rain. 

Reagents. The reagents are the same as those used in the assay of 
MAPK, except that an inactive glutathione S-transferase ( G S T ) - M A P K  
fusion protein is also required, the purification of which is described below. 
This fusion protein is activated by MAPKK with high efficiency and cleav- 
age of GST from the fusion protein is unnecessary. Glutathione-Sepharose 
is purchased from Pharmacia (Piscataway, N J). 

Procedure. Reactions are carried out in 1.5-ml plastic microcentrifuge 
tubes and MAPKK is diluted in ice cold buffer B containing bovine serum 
albumin (1 mg/ml). Fifteen microliters of buffer D containing 1.33 /xM 
inactive G S T - M A P K  is incubated for 3 min at 30 ° and the reaction is 
initiated with 5/zl of MAPKK. After 30 min at 30 ° the activation of G S T -  
MAPK is terminated, and the MAPK assay initiated, by adding 2/xl of the 
reaction mixture to 48 /xl of 25 mM Tris/HC1 (pH 7.0, 20°C), 0.1 mM 
EGTA,  MBP (0.33 mg/ml), 10 mM magnesium acetate, and 0.1 mM 
[y-32p]ATP (--200,000 cpm/nmol). After incubation for 10 min at 30 °, the 
incorporation of phosphate into MBP is determined as described for the 
assay of MAPK. A control incubation is carried out in parallel in which 
G S T - M A P K  is omitted from the first part of the assay and this reaction 
blank is subtracted from the value obtained in the presence of G S T-MA P K .  
The activation of G S T - M A P K  is linear with time up to 6 U of MAPKK 

~3 Y. Gotoh, E. Nishida, T. Yamashita, M. Hoshi, M. Kawakami, and H. Sakai, Eur. J. Biochem. 
193, 661 (1990). 
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per milliliter, and the concentration of MAPKK is therefore kept below 
this value. 

Measurement of  MAPKK in Cell Extracts. MAPKK can be measured 
in lysates prepared from virtually all growth factor-stimulated cells without 
the need for immunoprecipitation. Like MAPK, MAPKK is dephosphory- 
lated and inactivated by protein phosphatases (predominantly protein 
phosphatase 2A and to a lesser extent protein phosphatase 2C) 9 and sim- 
ilar precautions are therefore needed for its assay in cell extracts. Cells 
are lysed, centrifuged, and stored in the same phosphatase inhibitor-con- 
taining solution (buffer B) that is used to assay MAPK in extracts. In 
addition, okadaic acid (0.5 /~M) and vanadate (0.2 raM) are included at 
both steps of the MAPKK assay, and PKI (1/~M) is included in the second 
step. 

If the activity of MAPKK in cell extracts is low, the assay can be made 
more sensitive in the following way. After the first stage of the reaction, 
the activation of G S T - M A P K  is terminated by adding a 20-/~1 suspension 
of buffer B containing 5 ~1 of glutathione-Sepharose and 20 mM EDTA, pH 
7.0. After incubation for 15 rain at 4 ° on a shaking platform, the suspension is 
centrifuged for 1 rain at 14,000 g, the supernatant is discarded, and the 
pellet containing G S T - M A P K  (attached to glutathione-Sepharose) is 
washed twice with 1.0 ml of buffer B containing 0.5 M NaC1 and twice with 
1.0 ml of buffer C. It is then assayed for MBP kinase activity as described 
above, except that 20 mM glutathione (pH 7.5, 20 °) is included in the 
MBP kinase assay to dissociate p42 MAPK from the glutathione-Sepharose 
beads. This modified procedure eliminates all interfering MBP kinase activ- 
ity present in the extracts, making it possible to detect low MAPKK activity 
in a cell lysate. 

Assay of Raf  in Cell Extracts  

Principle and Definition of  Unit. Raf is assayed by its ability to activate 
MAPKK, which is then assayed by the activation of MAPK. The assay is 
performed in two stages. In the first step Raf is incubated with inactive 
MAPKK, inactive MAPK, and MgATP. In the second, the extent of activa- 
tion of MAPK is measured by enzyme assay. One unit of activity is that 
amount of enzyme that increases the activity of MAPK by 1 U/rain. 

Reagents. The reagents are the same as those required for the assay of 
MAPKK, except that an inactive GST-MAPKK1 fusion protein is also 
needed, the expression and purification of which is described below. This 
fusion protein is activated efficiently by Raf 3 and cleavage of GST from 
the fusion protein is unnecessary. Cells are lysed and prepared for the assay 
exactly as described for MAPK and MAPKK. 



286 CELL ANALYSIS AND EXPRESSION in Vitro [29] 

Procedure. Raf cannot be assayed in extracts from cells expressing 
normal levels of this kinase. This is because activated MAPKK, activated 
MAPK, and other MBP kinases in the lysates interfere with the assay, and 
in addition other MAPKK activators (such as MEK kinase and Mos) 14 
may also be present. For these reasons Raf can be assayed only after 
immunoprecipitation from extracts. To assay the isoform p74 r~'r ~ we use a 
polyclonal antibody raised in sheep against the C-terminal peptide 
(CTLTTSPRLPVF)  affinity purified on a peptide-Affi-Gel  15 column, j5 
Cell lysate (5-100 t~l) is added to 5 t~l of protein G-Sepharose conjugated 
to 0.5-1.0/~g of affinity-purified p74 r~f-~ and incubated for 60 min at 4 ° on 
a shaking platform. The suspension is centrifuged for 1 min at 14,000 g, 
the supernatant discarded, and the immunoprecipitate washed twice with 
1.0 ml of buffer B containing 0.5 M NaC1, twice with 1.0 ml of buffer C, 
and then assayed as described below. In some cells overexpressing Raf we 
have found that it is sometimes advantageous to add 20 mM n-octylglucoside 
to both the cell lysis buffer and the buffers used to wash the immunoprecipi- 
tates. 

Fifteen microliters of buffer D containing 0.27 ~M G S T - M A P K K 1  and 
1.33 ~M G S T - M A P K  is added to 5 t~l of p74 raf i immunoprecipitate and, 
after incubation for 30 min at 30 ° on a shaking platform, a 2-/,1 aliquot is 
added to 48 tzl of 25 mM Tris-HC1 (pH 7.0, 20°), 0.1 mM EGTA,  MBP, 
(0.33 mg/ml), 10 mM magnesium acetate, 0.1 mM [y-32P]ATP (200,000 
cpm/nmol). After incubation for 10 rain at 30 °, the incorporation of phos- 
phate into MBP is determined as described for the assay of MAPK. Two 
control incubations are carried out in parallel, in which either G S T -  
MAPKK1 or the p74 ra~q immunoprecipitate is replaced by buffer C and 
these reaction blanks are subtracted from the value obtained in the presence 
of GST-MAPKK1 and p74 ~af-1. 

Because the first step of the assay contains both MAPKK and MAPK it 
is not linear with respect to time, the rate of activation of MAPK increasing 
progressively as more MAPKK is activated by Raf. Nevertheless, the activa- 
tion of G S T - M A P K K 1  after 30 min is directly proportional to the amount 
of Raf added to the assay up to 2 U/ml, and this concentration of Raf is 
not exceeded. This assay is extremely sensitive because 2 U/ml corresponds 
to only a 1.0% conversion of MAPKK1 to its activated form and concentra- 
tions of even 0.1 U/ml can be quantified accurately) 

This assay can be used without modification to measure other MAPKK 
activators in cell extracts such as Mos, MEK kinase, and isoforms of Raf 
following their immunoprecipitation with suitable antibodies. We have also 

~4 K. J. Blumer  and G. L. Johnson Trends Biochern. Sci. 19, 236 (1994). 
15 A. Hiraga, B. E. Kemp, and P. Cohen,  Eur. ,1. Biochem. 163, 253 (1987). 
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used this assay to measure p74 r~f-1 activity in lysates from Sf9 (Spodoptera  

frugiperda; fall armyworm ovary) insect cells in which p74 '~f-I has been 
activated by coexpression with v-Ras and the protein tyrosine kinase Lck. 3 
Owing to the high level of expression and activity of p74 rafq in lysates 
derived from these cells no immunoprecipitation is required, and the sensi- 
tivity of the assay is such that the extract must be assayed at a final dilution 
of 50,O00-fold. 

Assay  of Total  MAP Kinase Kinase Kinase Activity in Cell Ex t rac t s  

We have modified the assay for Raf to measure the total MAP kinase 
kinase kinase (MAPKKK) activity in a cell lysate. Cell extracts are diluted 
in buffer B containing 1 mg of bovine serum albumin per milliliter and an 
aliquot (5/xl) is incubated with 15 ~1 of buffer D containing 0.27/xM G S T -  
MAPKK1. After 30 min at 30 ° the activation of G S T - M A P K K 1  is stopped 
by addition of a 20-/,1 suspension of buffer B containing 5/xl of glutathione- 
Sepharose and 20 mM EDTA,  pH 7.0. After incubation for 15 min at 4 ° 
on a shaking platform, the suspension is centrifuged for 1 min at 14,000 g, the 
supernatant discarded, and the G S T - M A P K K 1  (attached to glutathione- 
Sepharose) washed twice with 1.0 ml of buffer B containing 0.5 M NaCI 
and twice with 1.0 ml of buffer C. MAPKK activity is then assayed as 
described above, except that 20 mM glutathione (pH 7.5, 20 °) is included 
in the first step of the MAPKK assay to dissociate G S T-MA P K K 1  from 
glutathione-Sepharose. Control incubations are carried out in which either 
MAPKK1 or cell lysate is omitted, and these (extremely low) values are 
subtracted from those obtained in the presence of MAPKK1 and cell ex- 
tract. This procedure eliminates interference from the MAPKK, MAPK, 
and other MBP kinases present in cell lysates, making it possible to measure 
accurately even a small activation of the added GST-MAPKK1.  

Pitfalls in Assay  of Raf 

Raf is highly specific and, apart from MAPKK, no substrates have 
been found that are phosphorylated at significant rates. ~6 However,  until 
MAP KK was identified as the physiological substrate in 1992, Raf was 
assayed using a variety of substrates that are now known to be phosphory- 
lated poorly by Raf or not at all) 6 The activities being measured in Raf 
immunoprecipitates were therefore probably other growth factor-stimu- 
lated kinases present as trace contaminants, because it has been known for 

~6 T. Force, J. V. Bonventre, G. Heidecker, U. Rapp, J. Avruch, and J. M. Kyriakis, Proc. 
Natl. Acad. Sci. U.S.A. 91, 1270 (1994). 
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many years that even essentially homogeneous proteins are frequently 
contaminated with traces of the protein kinases that phosphorylate them. 
However,  even now, Raf  is frequently assayed in immunoprecipitates not 
by the activation of MAPKK,  but by the phosphorylation of M A P K K  
or Raf  itself. These assays are hazardous, because M A P K K  and Raf  are 
substrates for many protein kinases, such as MAPK,  17 which may be ex- 
tremely active. For example, the level of phosphorylation in vivo of the 
residues on MAPKK1 phosphorylated by Raf  (Ser-217 and Ser-221) is 
much lower than those phosphorylated by M A P K  (Thr-291 and Thr-385)? "Iv 
We therefore recommend that Raf  be measured by the activation, and not 
by the phosphorylation, of MAPKK.  If Raf  is measured by the phosphoryla-  
tion of MAPKK,  it is essential to validate the assay by checking that phos- 
phorylation has actually occurred at Ser-217 and Ser-221 and not at other 
residues, and/or by showing that a M A P K K  in which Ser-217 and Ser-221 
are mutated to alanine is not phosphorylated under these conditions. 

E x p r e s s i o n  of GST-MAPK in Escherichia  coli 

A full-length murine c D N A  encoding the p42 isoform of M A P K  is was 
subcloned into the BamHI  site of pGEX-2T  plasmid 19 to create a fusion 
protein with GST at the N terminus and p42 M A P K  at the C terminus 
separated by a linker region containing a cleavage site for thrombin. This 
construct was t ransformed into Excherichia coli strain BL21 DE3 (pLys S).2° 

Large-Scale Purification o f  Bacterially Expressed GST-p42  M A P K  

Bacteria expressing the GS T-p42  M A P K  fusion protein are grown at 
37 ° in a 25-liter fermenter  until the absorbance at 600 nm is 0.6. The 
tempera ture  of the culture is then reduced to 25 ° and isopropyl-/3-D-thiopyr- 
anoside added to 30/~M. The bacteria are grown for a further 20 hr before 
centrifugation for 10 min at 4000 g. The bacterial pellet is resuspended at 
4 ° in 300 ml of buffer A containing 2 m M  E D T A ,  2 mM E G T A ,  1% (by 
mass) Triton X-100, and 0.25 M NaC1, using a hand homogenizer,  and 
frozen by immersion in liquid nitrogen in 50-ml Falcon (Oxnard, CA) tubes. 
After  5 min, the samples are thawed by immersion in cold water  and 50- 
ml portions are sonicated for 4 min on ice, ensuring that the tempera ture  

17 y. Saito, N. Gomez, D. G. Campbell, A. Ashworth, C. J. Marshall, and P. Cohen, FEBS 
Letr 341, 119 (1994). 

~8 D. Stokoe, D. G. Campbell, S. Nakielny, H. Hidaka, S. J. Leevers, C. Marshall, and P. 
Cohen, EMBO J. 11, 3985 (1992). 

z9 D. S. Smith and K. S. Johnson Gene 67, 31 (1988). 
2o F. W. Studier, J. Mol. Biol. 219, 37 (1991). 
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of the lysate remains below 4 °. The suspension is centrifuged for 30 min 
at 28,000 g and the supernatant decanted and mixed at 4 ° with 80 ml of 
glutathione-Sepharose equilibrated in buffer A plus 0.03% (by mass) Brij 
35. After mixing end over end for 30 min, the suspension is centrifuged 
for 5 min at 4000 g, the supernatant is discarded, and the resin washed 
repeatedly with 400 ml of buffer A containing 0.03% (by mass) Brij 35 and 
0.125 M NaC1 until the absorbance at 280 nm of the supernatant decreases 
to <0.05. The G S T - M A P K  is then eluted from the resin at ambient temper- 
ature with three 80-ml portions of buffer A containing 0.03% (by mass) 
Brij 35 and freshly prepared 20 mM glutathione, pH 8.0. The eluate is 
dialyzed against buffer C, and then against buffer C containing 50% (v/v) 
glycerol and 0.15 M NaC1, and stored in aliquots at - 2 0  °. The G S T - M A P K  
is about 80% pure as judged by SDS-polyacrylamide gel electrophoresis 
and 600 mg is obtained from a 25-liter culture, sufficient for >400,000 assays 
MAPKK or Raf. The enzyme is stable for at least 1 year. 

Express ion  of GST-MAPKK1-H6 in Escherichia coli 

A full-length cDNA encoding rabbit MAPKK121 was expressed in E. 
coli as a GST fusion protein as follows: The 5' end of the cDNA was 
generated by PCR so that a BamHI site was present 16 bp in front of the 
A T G codon. The full-length cDNA was then ligated into BamHI- and 
EcoRI-cut pGEX3X. This construct produces a fusion protein having the 
amino acids GIPRSA between the factor X cleavage site encoded by 
pGEX3X and the initiating methionine of MAPKK1. Six histidine residues 
were also introduced at the C terminus of the G S T-MA P K K 1  fusion pro- 
tein and this G S T - M A P K K 1 - H 6  construct was transformed into lhe bacte- 
rial strain BL21/DES(pLysS),  digested to completion with EcoRI, and then 
partially digested with EagI, which cuts 330 and 10 bp before the termination 
codon. After gel purification, the longer fragment was ligated to annealed 
oligonucleotides encoding the three C-terminal amino acids of MAPKK1, 
the six histidine residues, and a termination codon followed by an EcoRI 
site. 

Large Scale Pur i f icat ion of Bacter ia l ly  Expressed  GST-MAPKK1-H6 

Bacteria expressing the G S T - M A P K K 1 - H 6  are grown in a 25-liter 
fermenter,  induced, and purified on glutathione-Sepharose as described for 
MAPK. After dialysis against buffer C, the G S T - M A P K K 1 - H 6  is concen- 
trated to 50 ml by ultrafiltration through an Amicon 30 membrane (Amicon, 

21 A. Ashworth, S. Nakielny, P. Cohen, and C. J. Marshall, Oncogene 7, 2555 (1!)92). 
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Danvers, MA), then aliquots are snap frozen in liquid nitrogen and stored 
at - 8 0  °. The GST-MAPKK1-H6  is stable for at least 1 year and can be 
freeze-thawed at least five times without any loss of activity. The prepara- 
tions are about 80% pure as judged by SDS-polyacrylamide gel electropho- 
resis and are used for the assay of Raf described above. About 200 mg of 
G ST- MAP KK1-H6  is obtained from a 25-liter culture, an amount sufficient 
for 700,000 Raf assays. 

The six histidine residues at the C terminus of G S T-MA P K K 1 -H 6  were 
originally added to permit the affinity purification of the enzyme on nickel 
nitrilotriacetate agarose, as well as glutathione-Sepharose. This is essential 
to obtain a nearly homogeneous preparation if induction is carried out at 
37 °, because most of the polypeptides appear to terminate prematurely 
and little full-length protein is synthesized) However, it has been found 
subsequently that this problem does not occur at 25 ° , the yield of full- 
length GS T-MAPKK1-H6  is increased 100-fold, and the second affinity 
chromatography is unnecessary. 

[30] A s s a y  o f  M E K  K i n a s e s  

By C A R O L  A .  L A N G E - C A R T E R  a n d  G A R Y  L .  J O f t N S O N  

In t roduc t ion  

Mitogen-activated protein kinases (MAPKs) are rapidly activated in 
response to stimulation of a variety of diverse receptor types including G 
protein-coupled serpentine receptors and growth factor receptor tyrosine 
kinases. MAPKS are positively regulated by phosphorylation on tyrosine 
and threonine by dual-specificity M A P / E R K  kinases (MEKs), 1 of which 
at least three have been cloned. 2 4 MEK kinase (MEKK) is a serine/ 
threonine protein kinase that can phosphorylate and activate MEK-1 inde- 
pendently of Raf family kinases (Raf-1 and B-Raf), the only other known 
direct activators of MEK-1.5 Raf-1 and MEKK phosphorylate similar sites 
on MEK-1 in vitro and these sites are phosphorylated in vivo following 

l R. J. Davis, J. BioL Chem. 268, 14553 (1993). 
2 C. M. Crews, A. Alessandrini,  and R. L. Erickson, Science 258, 478 (1992). 
3 j. Wu,  J. K. Harrison, P. Dent,  K. R. Lynch, M. J. Weber,  and T. W. Sturgill, MoL Cell. 

Biol. 13, 4539 (1993). 
4 M. J. Russell, C. A. Lange-Carter,  and G. L. Johnson,  unpublished data (1994). 
5 C. A. Lange-Cartcr,  C. M. Pleiman, A. M. Gardner,  K. J. Blumer,  and G. L. Johnson,  

Science 260, 315 (1993). 
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growth factor stimulation of cells. In addition to the first cloned MEKK 
(MEKK1), separate genes encode at least three novel MEKK isoforms, 
and splice variants of MEKK1 may also exist. Thus, MEKKs represent a 
growing family of protein kinases capable of regulating MEKs in the MAPK 
regulatory network. 

MEKKs are related to homologous protein kinases present in yeast, 
where multiple distinct MAP kinase pathways regulate diverse processes 
including mating, response to osmotic changes, and cell wall biosynthesis. 
Although little is known about the role of MEKKs in mammalian cell 
growth and differentiation, the development of MEKK assays utilizing 
immunoprecipitation with specific antibodies or fast protein liquid chroma- 
tography (FPLC) ion-exchange, followed by in vitro kinase assay, has begun 
to define their regulation. In PC12 cells, a 98-kDa MEKK was rapidly and 
persistently activated by epidermal growth factor (EGF), nerve growth 
factor (NGF), and tetradecanoyl phorbol acetate (TPA). ~ Activation of 
MEKK by growth factors was Ras dependent and inhibited by protein 
kinase A (PKA) activation. In this chapter, assays for measuring the activity 
of MEKKs are described. Included are protocols for (l) development of 
a recombinant MEKK fusion protein that can be used as an immunogen 
for generating specific antisera or as a substrate for in vitro kinase assays, 
(2) immunoprecipitation of MEKK using specific antisera followed by an 
in vitro kinase assay in which specific MEKK substrates are used to measure 
activity, and (3) fractionation of cell lysates by FPLC Mono Q ion-exchange 
column chromatography, which allows assay of partially purified MEKKs 
for which antibodies are not yet available. 

Express ion and  Purification of Recombinant  MEKK NH2-Tel~ninal 
Fus ion  Protein 

The primary sequence of MEKK1 can be divided into two regulatory 
domains; the kinase domain is located in the COOH-terminal moiety, while 
the NH2-terminal half is rich is serine and threonine residues (Fig. 1). 
Bacterial expression of native full-length MEKK is made difficult by its 
insolubility as a recombinant protein. However, the NH~-terminal half of 
MEKK can be readily expressed as a soluble polyhistidine fusion protein 
in bacteria and purified for use as an immunogen for the development of 
specific MEKK antisera or as a substrate for in vitro kinase assays. 

A construct designed to express the NH2-terminal half of MEKK with 
a polyhistidine sequence at the extreme NH2 terminus is prepared by ligat- 
ing the 858-bp PvuII/NcoI-digested MEKK1 cDNA fragment with PvuII/  

~ C. A. Lange-Carter and O. L. Johnson, Science 265, 1458 (1994). 
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FIG. 1. MEKK1 cDNA. The primary sequence of the MEKK NH2-terminal domain 
(shaded) is rich in serine and threonine residues, while the kinase domain (open) is located 
in the COOH-terminal moiety. Pvull and Ncol are the restriction enzyme sites (arrows) 
used to cut the 858-bp NH2-terminal half of MEKK from the MEKK cDNA for subcloning 
into pRSETA. 

NcoI-digested bacterial expression vector p R S E T A  (Invitrogen, San Diego, 
CA). The pRSET series of vectors is available in three translational reading 
frames (A, B, and C) for T7 promoter-dr iven transcription of inserted 
cDNAs. Use of p R S E T A  will place the NH2-terminal half of M E K K  in 
frame with the polyhistidine sequence located upstream of the polylinker 
region of the expression vector, which allows for rapid purification of ex- 
pressed protein. The M E K K - p R S E T A  construct is transfected into the 
BL21(DE3)LysS strain of Escherichia coli. 7 This strain is deficient in the 
Ion protease and lacks the ompTou ter  membrane  protease that can degrade 
recombinant  proteins during purification. DE3 is a bacteriophage A deriva- 
tive that contains the gene for T7 R N A  polymerase driven by the LacUV5 
promoter ,  which is inducible by isopropyl-/3-D-thiogalactopyranoside 
(IPTG).  Thus, IPTG induces the expression of T7 R N A  polymerase,  which 
then transcribes the MEKK-polyhis t id ine  fusion cDNA in the p R S E T A  
plasmid. Because basal levels of T7 R N A  polymerase activity in the absence 
of IPTG may cause the accumulation of toxic insoluble protein, the LysS 
strain of BL21(DE3) is used. This strain contains a plasmid expressing low 
levels of T7 lysozyme, which inhibits T7 R N A  polymerase and is maintained 
by chloramphenicol (25/zg/ml).  

Escherichia coli BL21(DE3)LysS cultures containing the M E K K  NH2- 
terminal fusion protein construct are grown in Luria broth [10 g of typtone, 
5 g of yeast extract, 10 g of NaCI per liter water  (pH 7.2)] with ampicillin 
(50/ ,g /ml)  and chloramphenicol (25/*g/ml) to an 0D600 of approximately 
0.5. Glycerol stocks are prepared from growing cultures by adding sterile 
glycerol [15-20% (v/v) final concentration[ to 1 ml of culture and stored 
at - 7 0  ° . Glycerol stocks made from overgrown (overnight) cultures may 
not remain viable on thawing and do not induce well. To induce recombi- 
nant protein expression, 50-75/,1 of the frozen glycerol stock is inoculated 

7 F. W. Studier, A. H. Rosenberg, J. J. Dunn, and J. W. Debendorff, this series, Vol. 185, p. 60. 
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into 6 ml of SOB [20 g of tryptone, 5 g of yeast extract, 0.58 g of NaC1, 
0.186 g of KC1 per liter water (pH 7.0)] with 0.4% (w/v) glucose, ampicillin 
(50/xg/ml), and chloramphenicol (25/xg/ml). Cultures are incubated in a 
bacterial shaker at 37 ° until slightly turbid (4 hr). The 6-ml culture is then 
added to a 2-liter flask containing 500 ml of Luria broth, ampicillin (50/xg/ 
ml), and chloramphenicol (25 /xg/ml) and incubation is continued with 
vigorous shaking at 37 ° until an OD600 of 0.45 to 0.5 is reached (5 hr). 
Fusion protein synthesis is induced by immediately adding IPTG from a 
freshly made stock solution in water (0.5 mM final concentration) to the 
cultures, which are incubated for an additional 3 hr. To confirm induction 
of fusion protein synthesis, 500-/xl samples are removed at 0, 1, 2, and 3 
hr, pelleted by spinning briefly in a microfuge, resuspended in 100/xl of 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
sample buffer [2% (w/v) sodium dodecyl sulfate, 5% (v/v) glycerol, 62.5 
mM Tris-HC1 (pH 6.8), 5% (v/v) 2-mercaptoethanol, and 0.001% (w/v) 
Bromphenol Blue], boiled for 3 rain, and subjected to SDS-PAGE and 
Coomassie blue staining. The MEKK NH2-terminal fusion protein migrates 
with an apparent molecular weight of approximately 50,000 on 10% SDS- 
PAGE gels. Induced cultures are harvested by centrifugation at 8,000 g for 
15 rain at 4 ° and bacterial pellets can be stored at -20  ° overnight or 
indefinitely prior to protein purification. 

Bacterial pellets from 500 ml of culture are thawed on ice and resus- 
pended in 40 ml of ice-cold lysis buffer [50 mM sodium phosphate (pH 8.0), 
100 mM KCI, 0.1% (v/v) Tween 20, 10 mM 2-mercaptoethanol, leupeptin (5 
/zg/ml), aprotinin (2.1/xg/ml). To promote complete lysis, the resuspended 
cells are quickly frozen in liquid N2 and thawed rapidly at 37 °. Lysates are 
kept ice cold and sonicated by four to six moderate bursts (10-20 sec each) 
to shear the bacterial DNA. The lysate is centrifuged at 10,000 g for 15 
min at 4 ° and the pellet containing insoluble material is discarded. The 
clear supernatant containing the MEKK NH2-terminal fusion protein is 
mixed with 1.0 ml of a 1:1 slurry (0.5 ml packed) of Ni2+-nitrilotriacetic 
acid (NTA)-agarose beads (Qiagen, Chatsworth, CA) prewashed in lysis 
buffer. The mixture is incubated with end-over-end rotation for 1 to 2 hr 
at 4 °. The beads are pelleted by centrifugation at 1,000 g for 30 sec. The 
supernatant is carefully removed and may be saved and analyzed by SDS- 
PAGE to confirm that binding was complete. The beads are washed three 
times with 10 ml of lysis buffer, pH 8.0, then three times with 10 ml of lysis 
buffer, pH 6.3, and eluted three times with 1 ml of lysis buffer, pH 4.5. 
Each buffer is made fresh and the pH is checked just before use. A portion 
of the eluate (10-20/xl) and of the spent beads (10 ~1) may be analyzed 
by SDS-PAGE and Coomassie staining to confirm he presence of adequate 
levels of fusion protein in the eluate. Some fusion protein often remains 
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Fl(~. 2. Immunoprecipitation of MEKK from growth factor-stimulatd cells. (A) In vitro 

kinase assay showing MEKK activity as measured by phosphorylation of kinase-inactive 
(Kinase )  MEK-1 in immunoprecipitates of 98-kDa MEKK from untreated (control) PC12 
cells or PCI2 cells treated with EGF, NGF, or TPA. Wild-type (wt) MEK-1 was used as a 
positive control to indicate the location of kinase-inactive MEK-I on the gel. (B) MEKK 
immunoblot showing 98-kDa MEKK present in MEKK immunoprecipitates (MEKK IP) and 
in lysates of PC12 cells treated with (+)  or without ( - )  EGF. Only the 98-kDa form of 
MEKK is present in MEKK immunoprecipitates. 

tightly bound to the beads and may be eluted with EDTA (100 mM), which 
releases the Ni2+-chelate, or imidazole (0.5 M). The beads may be washed 
and reused for subsequent purifications, provided they have not been ex- 
posed to EDTA. The eluate containing the MEKK NH2-terminal fusion 
protein is dialyzed against phosphate-buffered saline (PBS) and its protein 
concentration estimated by Bradford protein assay. 8 The purified protein 
preparation is stored in small aliquots (100 /~g each) at -70  °. A typical 
purification of MEKK NH~-terminal fusion protein obtained from a 500- 
ml culture yields approximately 4-6 mg of soluble protein. The MEKK 
NH2-terminal fusion protein is used as an antigen for the development of 
MEKK specific antisera and affinity purification. 

Immunoprecipitation of MEKK and in Vitro Kinase Assay 

Figure 2 illustrates MEKK immunoprecipitation using the affinity-puri- 
fied MEKK antisera raised against the MEKK NH2-terminal fusion protein. 
Kinase activity using kinase-inactive MEK-1 as a substrate is assayed from 
lysates of cultured PC12 cells treated with various agents (Fig. 2A). Immu- 
noblotting with MEKK antisera illustrates immunoprecipitated MEKK, 

s M. Bradford, Anal. Biochem. 72, 248 (1976). 
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which comigrates with 98-kDa MEKK in a cell lysates from treated and 
untreated PC12 cells (Fig. 2B). Cells are grown in 10-cm dishes until they 
reach 70-80% confluence (one or two dishes are used per experimental 
condition) and placed in serum-free medium ]containing 0.1% (w/v) bovine 
serum albumin] 18-20 hr prior to immunoprecipitation. To immunoprecipi- 
tate MEKK, cells (in 10-cm dishes) are treated (or not treated) for 5 rain 
with the indicated growth factor [EGF (30 ng/ml), 100 nM NGF, or 200 
nM TPA], placed on ice, washed twice with 4 ml of cold PBS, and lysed 
by scraping in 0.4 to 0.6 ml of extraction buffer (EB) [1% (v/v) Triton X- 
100, 10 mM Tris-HC1 (pH 7.4), 5 mM EDTA, 50 mM NaC1, 50 mM NaF, 
0.1% (w/v) bovine serum albumin, aprotinin (20/xg/ml), 1 mM phenylmeth- 
ylsulfonyl fluoride (PMSF), and 2 mM Na3VO4]. The lysate is centrifuged 
for 10 min at 10,000 g and the pellet is discarded. The superenatant is 
incubated with the affinity-purified rabbit MEKK antibody (1 : 100 dilution) 
to the MEKK NH2-terminal fusion protein on ice for 1.5 to 2 hr and mixed 
by intermittent inversion of the tubes. Formalin-fixed Staphylococcus aureus 
protein A (sorbin) is prepared by washing with EB (1:2, v/v), spinning at 
2500 rpm for 7 min, and then resuspended in the original sorbin volume with 
EB. Twenty-five microliters of washed sorbin is added to the supernatant- 
antibody mixture, mixed by gentle inversion, and incubated for an addi- 
tional 30 rain on ice. The immune complexes are pelleted by centrifugation 
through a 600-/zl cushion of EB containing 10% (w/v) sucrose in 10 × 75 
mm polystyrene tubes for 15 min at 2500 rpm at 4 °. The immune complexes 
are washed twice with 1 ml of ice-cold radioimmunoprecipitation assay 
(RIPA) buffer [10 mM sodium phosphate (pH 7.0), 150 mM NaC1, 2 rnM 
EDTA, 1% (w/v) sodium deoxycholate, 1% (v/v) Nonidet P-40 (NP-40), 
0.1% (w/v) SDS, 20/xg/ml/aprotinin, 50 mM NaF, 200/xM Na3VO4, 0.1% 
(v/v) 2-mercaptoethanol, 1 mM PMSF], twice with 1 ml of ice-cold PAN 
buffer [10 mM piperazine-N,N'-bis(2-ethanesulforic acid) (PIPES, pH 7.0), 
100 mM NaC1, aprotinin (20 /xg/ml)] containing NP-40 (0.5%, v/v), and 
once with 1 ml of ice-cold PAN. For each wash the immune complexes are 
pelleted by centrifugation at 2500 rpm for 5 rain at 4 ° and resuspended by 
one or two short pulses of gentle vortexing. Following the last PAN wash, 
the pellets are resuspended in 0.5 ml of PAN and transferred to 0.5-ml 
Eppendorf tubes, and repelleted by centrifugation for 3-5 rain and 6000 
rpm. The supernatant is carefully aspirated and the final pellet is resus- 
pended in 8-16/xl of PAN buffer and stored on ice. 

For the in vitro kinase assaY, 8-10 /xl of the PAN immune complex 
suspension is incubated with catalytically inactive MEK-19 (50-100 ng) and 

9 A. M. Gardner, C. A. Lange-Carter, R. R. Vaillancourt, and G. L. Johnson, this series, 
vol. 238, p. 258. 
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10-30/xCi of [T-32p]ATP (2000-5000 dpm/pmol) in i x  universal kinase 
buffer [20 mM PIPES (pH 7.0), 10 mM MnC12, and aprotinin (20/,g/ml)] 
in a final volume of 20-50/xl for 25-30 min at 30 ° with frequent gentle mixing 
by tapping the bottom of each tube to resuspend the sorbin. Reactions are 
stopped by the addition of an appropriate volume of 2× SDS sample buffer 
and vortexed. The samples are boiled for 3 min and spun at maximum 
speed in a microfuge for 5 sec to pellet the sorbin, and the supernatant is 
subjected to SDS-PAGE and autoradiography. Figure 2A illustrates a 
MEKK kinase assay in which MEKK was immunoprecipitated from PC12 
cells treated with EGF, NGF, and TPA. As measured by MEK-1 phosphory- 
lation, MEKK was robustly activated in the EGF-stimulated cells compared 
to unstimulated control cells. Nerve growth factor also activated MEKK, 
while the phorbol ester TPA caused a slight activation. Figure 2B shows 
an immunoblot of the immunoprecipitated MEKK contained in 8-10/xl 
of the PAN suspension used in the kinase assay. The 98-kDa MEKK 
comigrated with MEKK present in PC12 cell lysates. The immunoblot 
was purposefully overrexposed to reveal traces of other immunoreactive 
proteins in lysates and imunoprecipitates. Only the 82- and 98-kDa MEKK 
immunoreactive bands were specifically recognized by the MEKK antisera, 
as measured by the ability of the MEKK NH2-terminal fusion protein to 
block their visualization when included in the primary antibody incubation. 

Use of MEKK NH2-Terminal Fusion Protein as a MEKK Substrate 

The NH2-terminal moiety of MEKK1 is made up of 20% serine and 
threonine residues, while only two tyrosines are present. 5 Recombinant 
MEKK1, when overexpressed in COS cells, rapidly autophosphorylates- 
primarily on serine, and not on tyrosine (Fig. 3A). The autophosphorylation 
of MEKK1 appears to be constitutive with the isolated kinase. Therefore, 
we have used the MEKK NH2-terminal fusion protein as a MEKK-specific 
substrate. Figure 3B illustrates an in vitro kinase assay in which MEKK, 
RaM, and B-Raf were immunoprecipitated from lysates of EGF-stimulated 
cells. Each kinase was tested for its ability to phosphorylate either kinase- 
inactive MEK-1 or the kinase-inactive MEKK NH2-terminal fusion protein. 
The assay conditions are as described above using MEK-1 as a substrate, 
except that the MEKK NH2-terminal fusion protein (0.2-0.5 /,g/sample) 
is substituted. All three kinases are activated by EGF, as measured by their 
ability to phosphorylate MEK-1, but only MEKK is able to recognize the 
MEKK NH2-terminal fusion protein as a substrate. MEKK from both 
stimulated and unstimulated cells robustly phosphorylates the MEKK NH2- 
terminal fusion protein substrate, while activated Raf-1 and B-Raf do not 
appreciably recognize this substrate. Thus, the purified recombinant MEKK 
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FIG. 3. Autophosphorylation of MEKK1 and use of the MEKK NHe-terminal fusion 
protein as a substrate for MEKK activity. (A) Phosphoamino acid analysis depicting autopho- 
sphorylation of purified recombinant full-length MEKK1 (expressed in COS cells) on serine 
and threonine residues, but not tyrosine. (B) In vitro kinase assay showing phosphorylation 
of either kinase inactive (Kinase-) MEK-1 Cleft) or the MEKK NH2-terminal fusion protein 
(right) by MEKK, Raf-1, or B-Raf immunoprecipitated from PC12 (MEKK) or HeLa (Raf- 
1 and B-Raf) cells treated with (+) or without ( - )  EGF. Only MEKK recognizes the kinase- 
inactive MEKK NHe-terminal fusion protein as a substrate for phosphory|ation. 

NH2- terminal  fusion pro te in  is an excellent  substrate  by which to discrimi- 
nate  be tween  M E K K s  and  Raf  family kinases. This substrate  may prove 

useful for the ident if icat ion of M E K K  kinases ( M E K K K s )  or addi t ional  
M E K K  isoforms that  may not  recognize the current ly  k n o w n  M E K s  as sub- 
strates. 

A s s a y  of MEKKs b y  FPLC I o n - E x c h a n g e  C o l u m n  C h r o m a t o g r a p h y  

Immunoprec ip i t a t i ng  M E K K  ant ibodies  are not  widely avai lable and 
several  as yet uncharac te r ized  isoforms of M E K K  exist that  are cell type and 
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tissue specific. MEKK activities are readily identified in column fractions 
following partial purification on ion-exchange columns. Figure 4 illustrates 
the elution profile for 98-kDa MEKK immunoreactivity (Fig. 4A) and 
kinase activity (Fig. 4B) in ion-exchange column fractions of cell lysates 
from EGF-stimulated PC12 cells. Ion-exchange chromatography of cell 
extracts is performed at 4 ° with a Pharmacia LKB Biotechnology, Inc. 
(Piscataway, N J), FPLC system. Cells in 10-cm dishes (70-80% confluent, 
one to three dishes per experimental condition) are serum starved in me- 
dium containing 0.1% (w/v) bovine serum albumin (BSA) for 18-20 hr and 
stimulated with EGF (30 ng/ml) for 5-10 min at 37 °. Dishes are placed on 
ice and the cells are washed twice with 4 ml of ice-cold PBS, and then lysed 
by scraping in 650/~1 of ice-cold lysis buffer [70 mM/3-glycerophosphate 
(pH 7.2), 100 /~M sodium vanadate, 2 mM MgC12, 1 mM EGTA, 0.5% 
(v/v) Triton X-f00, leupeptin (5 /~g/ml), aprotinin (2 p~g/ml), and I mM 
dithiothreitol]. The scraped cell lysate is collected into a microfuge tube 
and spun at maximum speed for 10 min. The soluble supernatant (500 ~1, 
0.5-2 mg of protein) is applied to a Mono Q HR 5/5 FPLC column equili- 
brated in buffer [70 mM/3-glycerophosphate (pH 7.2), 100 /~M sodium 
vanadate, 2 mM MgC12, 1 mM EGTA, and 1 mM dithiothreitol]. The 
column is washed with 2 ml of buffer and the bound proteins eluted in 1- 
ml fractions with a 28-ml, linear, 0-525 mM NaC1 gradient in the equilibra- 
tion buffer. 

For immunoblotting with MEKK-specific antisera, the column fractions 
are concentrated by trichloroacetic acid (TCA) precipitation. Nine hundred 
microliters of column fraction (9 vol) is precipitated by adding 100/~1 (1 
vol) of a solution containing 72% (w/v) TCA and 0.15% (w/v) sodium 
deoxycholate. The mixture is vortexed and allowed to incubate at 4 ° for 2 
hr to overnight. The precipitated proteins are pelleted by centrifugation at 
maximum speed in a microfuge (10,000 g) for 10 min and then washed 
twice with 1 ml of ice-cold acetone. The protein pellet is allowed to air dry 
briefly and resuspended in 75-100/~1 of SDS sample buffer, vortexed, boiled 
for 3-5 min, and subjected to SDS-PAGE and MEKK immunoblotting. 

For the in vitro kinase assay, the reactions are started by adding aliquots 
(30/zl) of each 1-ml column fraction to reaction buffer [50 mM/3-glycero- 
phosphate (pH 7.2), 20 mM PIPES (pH 7.0), 10 mM MnCI2, aprotinin (20 
~g/ml), 10-30/zCi of [T-32P]ATP (2000-5000 dpm/pmol), 50/~g of IP20 
(inhibitor peptide, TTYADFIASGRTGRRNAIHD,  cAMP-dependent 
protein kinase inhibitor) per milliliter, 1 mM EGTA, and 25 mM NaF] 
containing either kinase-inactive MEK-1 (50-150 rig) or the MEKK NHz- 
terminal fusion protein (0.2-0.5/zg) as a substrate in a final volume of 40 
/~1 for 25-30 min at 30 °. Reactions are stopped by the addition of 40 ~1 of 
2× SDS sample buffer, boiled for 3 min, and subjected to SDS-PAGE and 
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Fl(;. 4. FPLC ion-exchange column chromatography of MEKKs. (A) hnmunoblot showing 
98-kDa MEKK in Mono Q column fractions obtained from unstimulated ( -E G F)  and stimu- 
lated (+ EGF) PC12 cells. The 98-kDa MEKK protein shifts from fractions 18 20 in unstimu- 
lated samples to fractions 10-12 in stimulated samples. (B) In vitro kinase assay showing 
MEKK activity as measured by phosphorylation of the MEKK NH2-terminal fusion protein 
(top) or kinase-inactive MEK-1 (middle and bottom) in the same Mono Q column fractions 
depicted in (A) from stimulated (+EGF) and unstimulated ( E G F )  PC12 cells. 
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autoradiography. MEKK activities are best detected using MnC12 instead 
of MgC12 as a cofactor in in vitro kinase assays. 

Figure 4A illustrates an immunoblot (using the MEKK NH2-terminal 
fusion protein antibody) of 98-kDa MEKK present in Mono O FPLC 
fractions from EGF-stimulated and -unstimulated PC12 cells. The 98-kDa 
MEKK shifts to the left, eluting at a somewhat lower NaC1 concentration 
(fractions 10-12; 150-190 mM NaC1), on stimulation of PC12 cells with 
EGF.  The shift in MEKK elution following EGF-mediated activation may 
be due to association of MEKK with other regulatory proteins in unstimu- 
lated versus stimulated cells. Figure 4B shows the in vitro kinase assays 
using the same column fractions depicted in Fig. 4A, in which either the 
MEKK NH2-terminal fusion protein (Fig. 4B, top) or kinase-inactive MEK- 
1 (Fig. 4B, middle and bottom) were used as substrates for MEKK phos- 
phorylation. A broad peak of activity toward the MEKK NH2-terminal 
fusion protein is visible in fractions 8-16 from EGF-stimulated cells. In 
addition to 98-kDa MEKK activity, a portion of this activity may indicate 
the presence of possible MEKK kinase (MEKKK) activities or additional 
MEKKs that also recognize this substrate. MEKK activity as measured by 
phosphorylation of kinase-inactive MEK-1 is present in fractions 10-12 
and coelutes with 98-kDa MEKK immunoreactivity (Fig. 4A). Raf-1 kinase 
is not present in Mono O fractions obtained from PC12 cell lysates. B-Raf 
is abundant in PC12 cells, but resolves poorly on Mono Q columns. B-Raf 
elutes on Mono Q columns after the 98-kDa MEKK peak as a very broad 
and dilute peak of immunoreactivity present in fractions 14-30. Depending 
on the cell type studied, MEKK isoforms may be further separated from 
each other or from Raf kinases by adjustment of the FPLC NaC1 gradient, 
or by additional successive purifications using diverse types of columns. 
To perform successive column purifications, the peak fractions containing 
MEKK activity from the Mono O column are pooled and dialyzed in the 
appropriate buffer to remove the NaC1 prior to loading onto the next 
column. MEKK1 is not stable to freeze-thawing or to overnight cold storage 
in 50% (v/v) glycerol. Thus, all activity assays are performed immediately 
following purification. 

We have found that growth factor-activated MEKKs present in FPLC 
column fractions appear to associate with MAPKs and thus can copurify 
over multiple types of columns. MAPK phosphorylates MEK-1, but this 
phosphorylation does not lead to MEK activation. To ensure that MEKK 
activity as measured by phosphorylation of MEK-1 is due to MEKK, a 
coupled assay using purified recombinant wild-type MEK-1 and catalytically 
inactive MAPK is performed to demonstrate that phosphorylation of MEK 
leads to its activation. The incorporation of p32 into catalytically inactive 
MAPK is then used as a measure of MEK-1 activation in response to 
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activated MEKK. The procedures for performing coupled MEKK assays, 
including synthesis and purification of recombinant wild-type MEK-1 and 
catalytically inactive MAPK, have been described. 9 Alternatively, a mutant 
form of kinase-inactive MEK-1 (MEK-1 T286A/T292A/T386A),  which 
lacks the sites phosphorylated by MAPK but contains those sites necessary 
for MEK-1 activation that are phosphorylated by MEKK or Raf, may be 
used as a substrate for MEKK assays. 1° 
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NOTE ADDED IN PROOF. Subsequent to the writing of this manuscript, we have fotmd thai the 
originally cloned MEKK1 eDNA is a partial clone. We have isolated additional MEKK1 
eDNA sequences extending 5' to our current open reading frame (Fig, 1) and have identified 
a MEKK1 immunoreactive species of 180kD in cell lysates and MEKK immunoprecipitates. 
The 98kD MEKK immunoreactive band (Fig. 2) is most likely derived from a larger 
MEKK species. 

~o A. M. Gardner, R. R. Vaillancourt. C. A. Lange-Carter, and G. L. Johnson. Mol. Biol. 
Cell. 5, 193 (1994). 

[31] Activation of R a f - 1  b y  R a s  i n  I n t a c t  C e l l s  

By D E B O R A H  K.  MORRISON 

In t roduc t ion  

The Ras and Raf-1 protooncogene products are key proteins involved 
in the transmission of many proliferative and developmental signals. 
Raf-I and Ras serve as intermediates in these signaling pathways by con- 
necting upstream tyrosine kinases with downstream serine/threonine ki- 
nases, such as mitogen-activated protein kinase (MAPK or ERK)  and 
MAPK kinase (MKK, also known as MEK.) l Ras is a membrane-localized 
guanine nucleotide-binding protein that is biologically active in the GTP- 
bound state, 2 whereas Raf-1 is a serine/threonine kinase located primarily 
in the cytosol. 3 Genetic and biochemical studies demonstrate that Raf-1 

1T. M. Roberts, Nature (London) 360, 534 (1992). 
2 H. R. Bourne, D. A. Sanders, and F. McCormick, Nature (London) 349, 117 (1991). 
3 D. K. Morrison, Cancer Cells 2, 377 (1990). 
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funct ions  d o w n s t r e a m  of  Ras  in many  s ignal ing pa thways / ' 4  The  fol lowing 
lines of  ev idence  fu r the r  suggest  that  Ras  may  p lay  a role  in the  ac t iva t ion  
of  Raf-1.  Firs t ,  the  ac t iva t ion  of  Raf-1 in many  cases is d e p e n d e n t  on the 
act ivi ty  of  Ras. 5~' Second ,  coexpress ion  of  Raf-1 with v -Ras  in the  baculovi -  
rus express ion  sys tem enhances  the  k inase  act ivi ty  of  Raf- l .7  Final ly ,  Raf-  
1 can in te rac t  d i rec t ly  with G T P - b o u n d  forms of  Ras  in vitro and in vivo.  s lO 

Arg-89  of  Raf-1 is a res idue  r equ i r ed  for  the  R a s - R a f - 1  in terac t ion .  ~ 
Muta t ion  of  this Raf- I  res idue  disrupts  the  assoc ia t ion  with Ras  in vitro and 
in the  yeas t  two-hybr id  system and p reven t s  the  R a s - m e d i a t e d  enzymat ic  
ac t iva t ion  of  Raf-1 in the  bacu lov i rus  express ion  system (Fig. 1). The  b ind-  
ing of  Raf-1 and Ras does  not  i tself  s t imula te  the  k inase  act ivi ty  of  Raf-1,  
but  appea r s  to funct ion by ta rge t ing  Raf - I  to the  p l a sma  m e m b r a n e .  12~3 
The  events  that  occur  at the m e m b r a n e  to ac t ivate  Raf-1 are  unknown;  
however ,  t ryos ine  kinases ,  s e r i n e / t h r e o n i n e  k inases  such as p ro t e in  k inase  
C, and  poss ib ly  l ipid l igands may  con t r ibu te  to Raf - I  act ivat ion.  ~4'~5 F o r  
example ,  as shown in Fig. 1, the  max ima l  s t imula t ion  of  Raf-1 act ivi ty  in 
the bacu lov i rus  sys tem requ i res  coexpress ion  of  bo th  Ras  and an ac t iva ted  
tyros ine  k i n a s e ]  H o w e v e r ,  ty ros ine  k inases  can induce Raf-1 act ivi ty in 
the absence  of a func t iona l  Ras  p ro t e in  7 or  Ras  b i n d i n g ] l s u g g e s t i n g  that  

Raf-1 can be  ac t iva ted  by R a s - i n d e p e n d e n t  pa thways  as well. The re fo re ,  
while the Ras /Raf-1  associa t ion  is i m p o r t a n t  for  cer ta in  aspects  of  Raf-1 
funct ion,  the  exact  mechan i sm(s )  and  p ro te ins  or  factors  d i rec t ly  involved  
in the  ac t iva t ion  of  Raf-1 still r ema ins  to be e luc ida ted .  

R a t i o n a l e  for  U s i n g  B a c u l o v i r u s  E x p r e s s i o n  S y s t e m  

F u r t h e r  s tudies  examin ing  the role  of  Ras in Raf-I  ac t iva t ion  requ i re  
a sys tem that  is easi ly m a n i p u l a t e d  and in which b io logica l ly  act ive Ras  

4 S. A. Moodic and A. Wolfman. Trends Genet. 10, 44 (1994). 
5 B. Dickson, F. Sprenger, D. Morrison, and E. Hafen, Nature (London) 360, 600 (1992). 
~' K. W. Wood, C. Sarnecki, T. M. Roberts, and J. Blenis, Cell (CarnbrMge, Mass.) 68, 

1t)41 (1992). 
7N. G. Williams, T. M. Roberts, and P. Li. Proc. Natl. Acad. Sci. U.S.A. 89, 2922 (1992). 
s A. B. Vojtek. S. M. Hollenberg, and J. A. Cooper, Cell (Cambridge, Mass.) 74, 205 (1993). 
') B. Hallberg, S. I. Rayter, and J. Downward, J. Biot Chem. 269, 3913 (1994). 
m R. E. Finney, S. M. Robbins, and J. M. Bishop, Curr. BioL 3, 805 (1993). 
it j. R. Fabian, A. B. Vojtek, J. A. Cooper, and D. K. Morrison, Pro(:. Natl. Acad. Sci. U.S.A. 

91, 5982 (1994). 
~-~ D. Stokoe, S. G. Macdonald, K. Cadwallader, M. Symons. and J. F. Hancock, Science 264, 

1463 (1994). 
i3 S. J. Leevers, H. F. Paterson, and C. J. Marshall. Nature (Londott) 369, 411 (1994). 
14j. R. Fabian, 1. Daar, and D. K. Morrison, Mol. Cell. Biol. 13, 7133 (1993). 
is W. Kolch, G. Heidecker, G. Kochs. R. Hummel, H. Vahidi, H. Mischak, G. Finkenzeller. 

D. Marme, and U. R. Rapp, Nature (London) 364, 249 (1993). 
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Fu(;. 1. Analysis of the kinase activity of Raf-1 proteins expressed in Sf9 insect cells. (A) 
Wild-type Raf-1 (WT/Raf-1), kinase-defcctive Raf-I (KD/Raf-I) ,  and Raf-1 containing an 
Arg-to-Leu mutation at amino acid residue 89 (Raf-1R'wL) were expressed in Sf9 cells in the 
absence (Alone) or presence of v-Ras (+Ras),  activated Src (+Src), or v-Ras and Src 
(+ Ras/Src). Raf-I proteins were immunoprecipitated from infected cell lysates and in vitro 

kinase assays were performed as described in text. Assays were terminated by the addition 
of gel loading buffer, the samples were resolved on a 7.5% SDS-polyacrylamide gel, and the 
phosphoproteins were visualized by autoradiography. Molecular size markers (in kilodaltons) 
are shown on the left. (B) lmmunoprecipitated Raf-I was detected by immunoblotting analysis 
using antibodies to Raf-I. 

and Raf-I proteins can be overexpressed. In this chapter we describe the 
use of the baculovirus expression system to study the contribution of Ras 
to Raf-1 activity in intact cells. The baculovirus expression system has been 
chosen for this analysis for the following reasons. First, this system allows 
for high levels of recombinant protein expression that facilitate protein 
purification. Second, this is a eukaryotic expression system that, unlike 
expression in bacteria, is conducive to the proper  folding, disulfide bond 
formation, phosphorylation, and other posttranslational modifications re- 



304 CELL EXPRESSION AND ANALYSIS in Vitro [31] 

quired for obtaining biologically active proteins. These features are particu- 
larly important in terms of the Raf-1 protein, because certain serine residues 
must be constitutively phosphorylated in order for the protein to be a 
functionl kinase.16 Third, Sf9 (Spodoptera frugiperda, fall armyworm ovary) 
cells can be simultaneously infected with multiple viruses encoding one or 
more components of a signaling pathway. In addition, the levels of expres- 
sion of these proteins can be easily varied. Finally, this system allows the 
examination of mutant Ras and Raf-1 proteins in the absence of endogenous 
wild-type proteins. While the baculovirus expression system has proved to 
be valuable for the analysis of Raf-1 activity, the protocols for cell lysis, 
immunoprecipitation, and in vitro Raf-1 kinase assays that are presented 
in this chapter can be applied to studies examining the activation of 
Raf-I in various other cell systems, including growth factor-treated mamma- 
lian cells and Xenopus oocytes. 

Genera t ion  of Recombinan t  Baculov i ruses  

The baculovirus system employing the Autographa californica nuclear 
polyhedrosis virus (AcNPV) has been widely used for the expression of 
recombinant, biologically active proteins in Sf9 cells. Protocols and method- 
ology required for setting up this expression system have been thoroughly 
described in the baculovirus laboratory manual by Summers and Smith. 17 
Here,  the procedures for generating recombinant baculoviruses are briefly 
described, with an emphasis placed on those aspects of our techniques that 
differ from the standard protocols. 

To obtain recombinant viruses expressing the Ras and Raf-1 proteins, 
cDNA fragments containing the entire coding sequences for v-Ras and 
Raf-1 are first isolated and inserted into a baculovirus transfer vector. The 
transfer vector places the gene of interest under the control of the AcNPV 
polyhedrin gene promoter  and in the context of flanking viral sequences. 
pVL1393 (Invitrogen, San Diego, CA) and pAcC4 (R. Clark, Chiron, Em- 
eryville, CA) are two transfer vectors that we routinely use for expressing 
the recombinant gene as a nonfused protein. After a recombinant transfer 
plasmid (containing the gene of interest) has been constructed, it is cotrans- 
fected into Sf9 cells together with a modified version of baculovirus genomic 
DNA (BaculoGold baculovirus DNA; PharMigen, San Diego, CA). In vivo, 
the gene of interest is transferred to the viral genome by homologous 
recombination and recombinant viruses are produced by the transfected 

1~ D. K. Morrison, G. Heidecker, U. R. Rapp, and T. D. Copeland. J. Biol. Chem. 268, 
17309 (1993). 

17 M. D. Summers and G. E. Smith, Tex. Agric. Exp. Stn. [Bull] B-1555 (t987). 
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cells. Using BaculoGold baculovirus DNA, which is defective for the pro- 
duction of wild-type viruses, all of the viruses generated should be recombi- 
nant. However,  because - 1 0 %  of the recombinant viruses may not express 
the foreign gene, the viruses produced by the transfected Sf9 cells are 
isolated by plaque purification and monitored for recombinant protein 
expression by immunoblot  analysis. Once recombinant viruses expressing 
Ras and Raf-1 have been identified, high-titer stocks [>108 plaque-forming 
units (PFU)/ml] are prepared. 

Infect ion of Sf9 Cells 

To obtain maximal expression of recombinant proteins with the baculo- 
virus system, it is essential that infection experiments be performed using 
Sf9 cells that are completely viable and in log-phase growth. Routinely, 
Sf9 cells are grown at 27 ° in Grace's medium (GIBCO, Grand Island, NY) 
supplemented with Yeastolate (3.3 g/liter), Lactoalbumin hydrolysate (3.3 
g/liter), and (10% v/v) fetal calf serum. Cell stocks are grown as suspension 
cultures and are maintained at a density of 1-4 × 106. 

For small-scale infections, 2 × 106 Sf9 cells are seeded onto 60-mm 
tissue culture plates in a total volume of 3 ml of complete medium and 
allowed to attach to the plate surface for 1 hr. After the cells have adhered, 
the medium is removed and 1 ml of virus inoculum is added. The virus 
inoculum consists of high-titered, purified virus stocks ( - 1  × 10 s PFU/ml)  
expressing the desired recombinant proteins (in this case, v-Ras and 
Raf-1) diluted in fresh medium. For  these assays, in which maximal protein 
expression and the coexpression of multiple proteins in cells are desired, 
a high multiplicity of infection is required. Routinely, we infect with 5-10 
PFU of each virus per Sf9 cell. However,  the amount of virus may need 
to be adjusted in order to maintain equivalent expression levels of multiple 
proteins in cells simultaneously infected with more than one virus. Once 
the virus inoculum is added, the Sf9 cells are incubated at 27 ° for 1 hr. 
Following the infection period, an additional 3 ml of complete medium is 
added and the cells are incubated at 28 ° for 40-48 hr. For the expression of 
recombinant proteins other than v-Ras and RaM,  time course experiments 
should be performed to determine the time of optimal protein production. 

P repara t ion  of Cell Lysates  

Infected Sf9 cells are dislodged from the tissue culture dish by pipetting, 
transferred to a 15-ml conical tube, and centrifuged at 1000 rpm for 5 min 
at 4 °. The resulting cell pellets are gently resuspended and washed twice 
with cold (4 °) phosphate-buffered saline (PBS, 1 ml/2 × 106 cells). The 
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washed cell pellets are then resuspended in ice-cold radioimmunoprecipita- 
tion assay (RIPA) lysis buffer containing 20 mM Tris (pH 8.0), 137 mM 
NaC1, 10% (v/v) glycerol, 1% (v/v) Nonidet P-40 (NP-40), 0.1% (w/v) 
sodium dodecyl sulfate (SDS), 0.5% (w/v) sodium deoxycholate, 2 mM 
EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM aprotinin, 20 
/,M leupeptin, and 5 mM sodium vanadate (600/,1 of lysis buffer per 2 × 
106 cells) and incubated on ice for 15 min. The celt lysates are transferred 
to a 1.5-ml microfuge tube and centrifuged at 16,000 g for 10 min at 4 ° to 
remove insoluble cellular debris. Aliquots (20-40/,1) of the clarified lysates 
are removed and assayed for recombinant protein production by immu- 
noblot analysis. The remaining clarified lysates are then either used immedi- 
ately for immunoprecipitation assays or are quick frozen in a dry ice- 
ethanol bath and stored at 80 ° . 

Immunoblotting 

Cell lysates prepared as described above are resolved by SDS-polyacryl- 
amide gel electrophoresis (SDS-PAGE) and electrophoretically trans- 
ferred onto 0.2-~m pore size nitrocellulose membranes (Schleicher & 
Schuell, Keene, NH). Residual binding sites on the membrane are blocked 
by incubating the filter with 2% (w/v) bovine serum albumin (BSA, fraction 
V; Sigma, St. Louis, MO) in TBS [10 mM Tris (pH 8.0), 150 mM NaC1] 
for 1 hr at room temperature. The filter is then washed three times (5 min/ 
wash) with TBST [TBS containing 0.2% (v/v) Tween 20] and incubated with 
primary antibody diluted in TBST overnight at 4 ° on a rocking platform. 
Following incubation with the primary antibody, the filters are washed 
three times with TBST (5 min/wash) and probed for 1 hr with a horseradish 
peroxidase-conjugated secondary antibody (Boehringer Mannheim Bio- 
chemicals, Indianapolis, IN) diluted 1 : 20,000 in TBST. The filters are again 
washed three times with TBST (5 min/wash) and immune reactions are 
detected by enhanced chemiluminescence using ECL reagents from Amer- 
sham (Arlington Heights, IL). 

Immunoprecipitation Assays 

The anti-Raf-1 antibody that has been most commonly used for immuno- 
precipitation assays is a peptide antibody generated against the last 12 C- 
terminal amino acid residues of Raf-1. An affinity-purified rabbit antibody 
of this type is commercially available through Santa Cruz Biotechnology, 
Inc. (Santa Cruz, CA). Transduction Laboratories (Lexington, KY) has 
generated an anti-Raf-1 mouse monoclonal antibody using a 24-kDa protein 
fragment corresponding to amino acid residues 162-378 of human Raf-1 
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as an i m m u n o g e n .  Our  labora tory  now exclusively uses this monoc lona l  

an t ibody  to immunoprec ip i t a t e  Raf-1. We find that this an t ibody  is prefera-  

ble to other  Raf-1 ant ibodies  that  we have tested for immunoprec ip i t a t ing  
kinase-act ive Raf-1 with high affinity. Figure 2 shows a compar i son  of the 
anti-Raf-1 monoc lona l  an t ibody  (Transduc t ion  Labora tor ies )  and the anti-  

Raf-1 C- te rmina l  pept ide  an t ibody  (Santa  Cruz Biotechnology,  Inc.) in 
immunoprec ip i t a t i on  exper iments  measur ing  Raf-1 activity f rom un t rea t ed  
and  p la te le t -der ived growth factor ( P D G F ) - t r e a t e d  N I H  3T3 cells. 

To  immunoprec ip i t a t e  Raf-1 from cell lysates, the Raf-1 an t ibody  is first 
p r e b o u n d  to pro te in  A-Sepharose  beads (Pharmacia ,  Uppsala ,  Sweden).  In 
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Frci. 2. Comparison of anti-Raf-1 antibodies for use in immunoprecipitation and in vitro 

kinase assays. Untreated ( ) or PDGF-treated (+) NIH 3T3 cells were lysed and Raf-1 
proteins were immunoprecipitated using l /xg of either of two commercially available anti- 
Raf-1 antibodies. In vitro kinase assays were performed on the Raf-I immunoprecipitates 
and the assays were terminated by the addition of gel loading buffer. The samples were 
resolved on a 7.5% SDS-polyacrylamide gel and the phosphoproteins were visualized by 
autoradiography. The two antibodies used for this comparison were the anti-Raf-1 mouse 
monoclonal antibody generated using a 24-kDa protein fragment corresponding to amino 
acid residues 162-378 of human Raf-I as an immunogen (o~ Raf 24K; Transduction Laborato- 
ries) and the affinity-purified anti-Raf-1 peptide antibody generated against the last 12 C- 
terminal amino acid residues of Raf-I (c~ Raf C': Santa Cruz Biotechnology, Inc.). Molecular 
size markers (in kilodaltons) shown on the left. 
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a 1.5-ml microfuge tube, 1 ml of RIPA lysis buffer, 25 /zl of protein A- 
Sepharose beads (50:50 slurry in RIPA lysis buffer), and 1-5/zg of anti- 
Raf-1 antibody are mixed and incubated on a rocking platform for 1 hr at 
25 ° or overnight at 4 °. When using the anti-Raf-1 monoclonal antibody, it 
is necessary either to add 1-5 tzg of affinity-purified rabbit anti-mouse IgG 
or to use protein G-agarose (Santa Cruz Biotechnology, Inc.) instead of 
protein A-Sepharose. Following the binding reaction, the anti-Raf-l-coated 
beads are gently pelleted and washed twice with RIPA lysis buffer. Cell 
lysates prepared as described above are then added to the washed beads 
and the samples are incubated on a rocking platform at 4 ° for 2-4 hr. 
The immunoprecipitated complexes are collected by centrifugation in a 
microfuge at 2000 rpm for 1 min at 4 °. The supernatant is removed and 
discarded (being careful not to disturb the pelleted beads), and the pelleted 
beads are washed three times with I ml of cold NP-40 lysis buffer containing 
20 mM (pH 8.0), 137 mM NaC1, 10% (v/v) glycerol, 1% (v/v) NP-40, 2 mM 
EDTA, 1 mM PMSF, 1 mM aprotinin, 20/~M leupeptin, and 5 mM sodium 
vanadate, repeating the centrifugation step as described above. 

In  Vi tro  Kinase Assay 

Raf-I proteins are specifically immunoprecipitated and washed as de- 
scribed above. Following the final wash, the immunoprecipitated Raf-1 
complexes are resuspended and incubated for 20 min at 25 ° in 40/xl of kinase 
buffer containing 30 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid (HEPES, pH 7.4), 7 mM MnC12 (made fresh), 5 mM MgC12, 1 mM 
dithiothreitol (DTT), 15 ~M ATP, 20 ~Ci of [y-32p]ATP (3000 Ci/millimol; 
Amersham); [y--~2P]ATP should be less than 1 week old and carefully 
freeze-thawed), and 0.1 ~g of purified 5'-p-fluorosulfonylbenzoyladenosine 
(FSBA)-treated MKK. The MKK (kindly provided by P. Dent and T. 
Sturgill, University of Virginia, Charlottesville, VA) used in our assay is 
purified from Sf9 cells infected with a recombinant baculovirus encoding 
MKK and is treated with FSBA to inactivate the autokinase activity of 
MKK. Is To terminate the kinase assays, 15 /xl of 4× gel sample buffer 
containing 33% iv/v) glycerol, 0.3 M DTT, and 6.7% (w/v) SDS is added 
directly to the samples. The samples are heated for 5 min at 100 ° and then 
analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography. 

Comment s  on Measu remen t  of Raf-1 Activity 

1. The conditions for cell lysis are critical for the proper determination 
of Raf-1 activity. The use of RIPA lysis buffer that contains SDS, NP-40, 

Is p. Dent, Y. H. Chow, J. Wu, D. K. Morrison, R. Jove, and T. W. Sturgill, Biochem. J. 303, 
105 (1994). 
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and sodium deoxycholate is required for maximal solubilization of the 
Raf-1 protein and to prevent the coimmunoprecipitation of associating 
kinases. Contaminating kinase activities in the ant i-RaM immunoprecipi- 
rates have been observed when less stringent cell lysis conditions are used 
(lysis buffers containing only 1% NP-40 or Triton X-100 as detergents). 
The presence of these contaminating kinase activities can be misleading 
and can obscure the determination of authentic Raf-1 activity. 

2. The choice of an exogenous substrate for determining RaM activity 
is another important consideration. In signaling pathways in vivo, activated 
Raf-1 phosphorylates and activates MAPK kinase (MKK). 1'~ Raf-1 has 
been demonstrated to associate directly with MEK in the yeast two-hybrid 
system 2° and to copurify with MKK when coexpressed in inse, ct cells. 2~ 
Because MKK is a target of Raf-1 in vivo, MKK is the substrate of choice 
for the assessment of Raf-1 kinase activity in vitro. Furthermore, MKK is 
the only known well-characterized physiologically relevant substrate of 
RAF-1. However, because MKK is a kinase capable of autophosphoryla- 
tion, kinase-inactive MKK (generated by mutation or by treating with 
FSBA) must be used for these assays. Interestingly, in our studies we 
have consistently found that activation of RaM as measured by MKK 
phosphorylation correlates with activation as measured by Raf-1 autophos- 
phorylation or by phosphorylation of a synthetic peptide containing the 
Raf-1 autophosphorylation site at Thr-268.16 However, while Raf-1 auto- 
phosphorylation is an accurate assay for assessing Raf-1 activity, the levels 
of MKK phosphorylation are usually much greater than those of autophos- 
phorylation. Finally, other substrates that have been previously used to 
measure Raf-1 activity were often assayed using less stringent cell lysis 
conditions, and most likely represent phosphorylation by contaminating 
kinase activities. 

3. A third variable to consider is the stability of the activated R a M  
enzyme. In our studies, we have found that once Raf-1 becomes activated, 
the enzymatic activity is quite stable. Activated Raf-1 can be freeze-thawed, 
incubated for several days at 4 °, and heated to 37 ° for 30 min without 
significant loss of activity. Furthermore, the enzyme is stable in lysis buffers 
containing SDS and can function in kinase assay buffers containing 1% NP- 
40 or Triton ×100. 

4. Finally, when assaying for activators or novel substrates of Raf-1 by 
using the baculovirus system, it is always advisable to include kinase-inactive 

1~) C. M. Crews and R. L. Erickson, Cell (Cambridge, Mass.) 74, 215 (1993). 
2o L. Van Aelst, M. Barr, S. Marcus.  A. Polverino, and M. Wigler, Proc. Natl. Acad. Sci. 

U.S.A. 90, 6213 (1993). 
21 W. D. Huang,  C. M. Crews, A. Alessandinni ,  and R. L. Erickson, Proc. Natl. Acad. Sci. 

U.S.A. 90, 10947 (1993). 
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Raf-1 as a control. This control helps to ensure that activity measurements 
are of Raf-1 and not of contaminating kinases. The kinase-inactive Raf-1 
that we use encodes a lysine-to-methionine mutation at amino acid 375 in 
the ATP-binding site. 
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F o r m e d  in V ivo  

By ROBERT FINNEY a n d  DESIREE H E R R E R A  

Introduction 

A key pathway for transduction of proliferative, developmental, and 
oncogenic stimuli from receptors at the cell surface to transcription factors 
located in the nucleus involves activation of Ras and Raf-1 (Fig. 1). The 
receptors at the cell surface are typically protein tyrosine kinases themselves 
[e.g., the epidermal growth factor receptor (EGF receptor) or the T cell 
receptor (TCR)] or they are associated with the nonreceptor class of protein 
tyrosine kinases (e.g., proteins encoded by the src gene family). In the 
signal transduction pathway, activation of Ras and Raf-1 results in the 
sequential activation of serine/threonine protein kinases that include MEK 
(or mitogen-activated protein kinase kinase, MKK) and MAPK (mitogen- 
activated protein kinase, also known as ERK), and ultimately in activation 
of nuclear transcription factors that include Fos, Jun, and MycJ 5 The 
pathway has been found to function in many cell types and in a diverse 
number of organisms including Caenorhabditis elegans, Drosophila melano- 
gaster, Xenopus laevis, and mammals/~ ~ 

i W. J. Fantl, D. E. Johnson, and L. T. Williams, Annu. Rev. Biochem. 62, 453 (1993). 
2 G. L. Johnson and R. R. Vaillancourt, Curr. Opin. Cell Biol. 6, 230 (1994). 
3 L. A. Feig, Science 260, 767 (1993). 
4j. R. Woodgett. Curr. Biol. 2, 357 (1992). 

J. Blenis, Proc. Natl. Acad. Sci. U.S.A. 90, 5889 (1993). 
B. F. Dickson, F. Sprenger, D. Morrison, and E. Hafcn, Nature (London)  360, 600 (1992). 

7 X. Lu, T. B. Chou, N. G. Williams, T. Roberts, and N. Pcrrimon, Genes Dev. 7, 621 (1993). 
M. Han, A. Golden, Y. Ham and P. W. Sternberg, Nature (London)  349, 426 (1993). 
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FIG. 1. Model for signal transduction mediated by formation of Ras Raf-1 complexes. 
Regulation of Ras activity, formation of Ras-Raf-1 complexes, and activation of Raf-I are 
described (see Introduction for details). R-PTK, Receptor protein-tyrosine kinase: GNEF, 
guanine-nucleotide exchange factor: GDP, guanosine diphosphate; GTP, guanosine triphos- 
phate, P~, inorganic phosphate: Raf-1, inactive Raf-1; Raf-l*, active Raf-l: MEK, mitogen- 
activated protein kinase kinase; MAPK, mitogen-activated protein kinase: GAP, GTPase- 
activating protein. 

Of all the steps in this signal transduction pathway, activation of Raf  
by Ras is perhaps least understood. The ras protooncogenes (H-ras, K-ras, 
and N-ras) encode 21-kilodalton (kDa) guanine nucleotide-binding proteins 
that are activated when G D P  on inactive Ras is replaced with GTP. '~-~ 
Raf-I is a 72- to 76-kDa serine/threonine protein kinase that was first 
identified as the normal  cellular counterpart  of v-raf, the transforming gene 
of murine sarcoma virus 3611. ~2 Previous in vitro studies have shown that 
Ras and Raf-1 form complexes with one another  as if Raf-1 were a direct 
effector of Ras. These in vitro studies included interaction of amino-terminal  
domains of mammal ian  Raf-1 with mammalian Ras in yeast cells and inter- 

~) M. Barbacid, Annu. Rev. Biochem. 56, 779 (1987). 
1~ H. R. Bourne, D. A. Sanders, and F. McCormick, Nature (London) 348, 125 (1991). 
i1 H. R. Bourne, D. A. Sanders, and F. McCormick, Nature (London) 349, 117 (1991). 
~x U. R. Rapp, M. D. Goldsborough, G. E. Mark, T. I. Bonner, J. Groffen, F. H. Reynolds, 

Jr., and J. R. Stephenson, Proc. Natl. Acad. Sci. U.S.A. 80, 4218 (1983). 
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action of recombinant proteins added to mammalian cell extracts. ~3 How- 
ever, simple binding to Ras does not appear to be sufficient for activation 
of Raf-l ,  because it has not yet been possible to demonstrate activation of 
Raf-1 in in v i t r o - a s s e m b l e d  complexes. Instead, it appears that formation 
of native Ras-Raf-1 complexes at the plasma membrane may be required 
for modification and activation of Raf-1. These modifications may include 
either hyperphosphorylation, association with regulatory lipids, or associa- 
tion with other proteins. 

In response to association with GTPase-activating proteins (GAPs) that 
include Ras -Gap  and the product of the neurofibromatosis gene product, 
NF-1, the intrinsic GTPase activity of Ras is augmented and GTP is hy- 
drolyzed. 14 However,  because both Raf-1 and Gap bind to Ras either within 
or close to the Ras effector domain (amino acids 32-42), it is unlikely 
that both of these proteins can simultaneously interact with the same Ras 
molecule. Hence, it appears that dissociation of Ras-Raf-1 complexes prob- 
ably precedes association of Ras with Gaps. 

Point mutations in protooncogenic ras generate oncogenic alleles and 
have been found in 20 to 30% of human tumors. 9'j5 In contrast to protoonco- 
genic Ras, the intrinsic GTPase activity of oncogenic Ras is not augmented 
by GAPs and, hence, oncogenic Ras is constitutively activated. 9,~4 As a 
result, oncogenic Ras is free to constitutively associate with and activate 
Raf-1 and other Ras effectors. The participation of Ras in human tumori- 
genesis, however, may not be limited to tumors expressing activating ras 

alleles, because augmented expression of ras (including both protoonco- 
genic and oncogenic ras)  has been observed in as many as 50% of human 
tumors. 9'15 Hence, rather than simply determining whether oncogenic ras 

alleles exist in tumor cells, a better indication of whether Ras participates 
in a particular neoplasia may be accomplished either by measurements of 
GTP-bound Ras in cells or by measuring the amount of Ras associated 
with Ras effectors that include Raf-1. 

In this chapter, we present methods that have been used to detect native 
Ras-Raf-1 complexes in mammalian cells. Although the methods described 
here are focused on detection of complexes in rodent fibroblasts neoplasti- 
cally transformed by oncogenic Ras, similar methods have been used to 
detect complexes formed after either stimulation of Jurkat T leukemia cells 
with antibody against the T cell receptor or stimulation of Ratl  fibroblasts 
with EGF. L6'w Use of these methods may aid both in discovering how the 

13 S. A. Moodie and A. Wolfman, Trends Genet. 10, 44 (1994). 
14 p. Polakis and F. McCormick, .L Biol. Chem. 268, 9157 (1993). 
15j. L. Boss, Murat. Res. 195, 255 (1988). 
t~R. E. Finney, S. M. Robbins, and J. M. Bishop, Curr. Biol. 3, 805 (1993). 
17 B. Hallberg, S. I. Rayter, and J. Downward, .1. Biol. Chem. 269, 3913 (1994). 
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PREPARATION OF CELL LYSATES 

IMMUNOPRECIPITATIONS WITH 
ANTIBODY AGAINST RAS 

1 
SDS-PAGE 

IMMUNOBLOTTING WITH 
1) ANTIBODY AGAINST RAS 
2) ANTIBODY AGAINST RAF-1 

FIG. 2. Overview of methods for detecting immunoprecipitated Ras and coimmunoprecipi- 
tated Raf-l. Detailed methods for each step are discussed in text. 

activity of Raf-1 is regulated by Ras and to corroborate in vitro findings 
with the in vivo situation. The methods have also been used to detect Ras-  
Raf-1 complexes in human tumor cell lines (our unpublished observations). 

Overview of Methods for Detection of Native Complexes Containing 
Ras and Ras effectors 

To analyze interactions between Ras and Raf-1, crude lysates are pre- 
pared and antibodies directed against Ras are used for immunoprecipita- 
tions. Ras and Raf-1 are then detected by separating the immunoprecipi- 
tated proteins on sodium dodecyl sulfate (SDS)-polyacrylamide gels 
followed by immunoblotting with antibody raised against Ras and antibody 
raised against Raf-1 (Fig. 2). The ability to detect native Ras-Raf-1 com- 
plexes in mammalian cells depends primary on two parameters. First, only 
two antibodies raised against Ras, Y13-238 and LA069, are known to 
immunoprecipitate Ras-Raf-1 complexes. LA069 (Quality Biotech, Cam- 
den, NJ) was raised against the C-terminal portion of H-Rasl and specifi- 
cally recognizes an epitope between amino acids 157 and 181. Similarly, 
the epitope recognized by Y13-238 lies in the C-terminal region of the 
protein and specifically recognizes an epitope between amino acids 120 and 
138. TM Both antibodies immunoprecipitate either rodent or human H-Ras. In 

~s B. M. Willumsen, A. G. Papageorge, H. Kung, E. Bekesi, T. Robins, M. Johnsen, W. C. 
Vass, and D. R. Lowy, Mol. Cell. Biol. 6, 2646 (1986). 
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addition, antibody Y13-238, but not antibody LA069, immunoprecipitates 
human K-Ras. Neither antibody Y13-238 nor antibody LA069 immunopre- 
cipitates either rodent or human N-Ras. The specificities of antibodies Y13- 
238 and LA069 are presented in Table I. Hence, before attempting to 
immunoprecipitate native Ras-Raf-1 complexes, it is important to know 
the predominant Ras family member expressed in the cells to determine 
if it can be recognized by either antibody LA069 or antibody Y13-238. If 
the predominant Ras family member is not known, it can be determined 
by immunoblotting with antibodies specific to H-Ras, K-Ras, or N-Ras 
(available from Oncogene Science, Uniondale, NY). In contrast to antibod- 
ies Y13-238 and LA069, antibodies YI 3-259, ANTI-Ras (Cat. No. R02120; 
Transduction Laboratories, Lexington, KY), pan-ras (Abl) ,  and pan-ras 
(Ab3) (Oncogene Science) are not capable of efficiently immunoprecipitat- 
ing Ras-Raf-1 complexes, presumably because they require an unoccupied 
Ras effector domain for epitope presentation. 

Second, the ability to detect native Ras-Raf-1 complexes is dependent  
on the amount of activated Ras in cells. Hence, the amount of extract and 
antibody against Ras required for immunoprecipitation will vary from cell 
line to cell line. Titration of antibody required for immunoprecipitation of 
native Ras-Raf-1 complexes in various cell lines is therefore recommended. 
Application of these procedures for analysis of Ras-Raf-1 complexes in 
Ras-transformed Ratl  fibroblasts is discussed below. 

TABLE 1 
SPECIFICITIES OF ANTIBOI)IFS Y13-238 AND LA069 

FOR IMMUNOPRE(!IPFIATION OF Ras-eaf-1 
COMPLEXES a 

Complex Y13-238 LA069 

Human H-Ras + + 
Human K-Ras + 
Human N-Ras 
Rodent H-Ras + + 
Rodent K-Ras 
Rodent N-Ras 

" Various Ras family members, and hence corre- 
sponding Ras-Raf-1 complexes, immunopre- 
cipitated with either antibody Y13-238 or 
LA069 arc summarized. +, Positive for immu- 
noprecipitation; -,  negative for immunoprecip- 
itation. 
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Prepara t ion  of Crude  Cell Lysates  

Extracts of cells expressing activated Ras are prepared by washing cells 
with ice-cold Dulbecco's phosphate-buffered saline (calcium- and magne- 
sium-free) (PBS) and harvesting into cold PBS with a rubber policeman. 
Typically, 1.5 to 2 × l0 n cells are harvested. Cells are pelleted at 500 g for 
5 min (4°), washed in cold PBS, and pelleted at 10,000 g at 4 ° for 20 sec in 
a precooled microcentrifuge. The pellets are either quickly frozen in a dry 
ice-ethanol  bath and stored at 80 °, or lysed immediately in ice-cold 
Nonidet P-40 (NP-40) lysis buffer containing protease inhibitors [50 mM 
HEPES (pH 7.5), 150 mM NaC1, 10% (v/v) glycerol, 1.5 mM MgCI2, 1 mM 
EGTA,  100 mM NaF, 1.0% (v/v) NP-40, 10/xM aprotinin, 10/xM leupeptin, 
50 /xM Pefabloc] (1 ml of NP-40 lysis buffer per 5 × 107 cells). Nonidet 
P-40 used in lysis buffer is protein grade (Cat. No. 492017; Calbiochem, 
La Jolla, CA) and is stored at 20 ° prior to preparation of buffer. After 
incubating for 30 min with periodic and gentle vortexing, nuclei and insolu- 
ble particulates are removed by centrifugation at 10,000 g for 5 rain in 1.5- 
ml microfuge tubes in precooled microcentrifuges. Supernatants are then 
either used immediately for immunoprecipitations or frozen at -80 °. 

Immunoprec ip i t a t i on  of Ras-Raf -  1 Complexes  

General methods used for immunoprecipitation and immunoblotting 
stem from those described by Harlow and Lane. ~9 To immunoprecipitate 
Ras-Raf-1 complexes, antibody Y13-238 (or LA067) is incubated with 
crude extract at 4 ° for 2-16 hr. Y13-238 is commercially available from 
several sources including Oncogene Science (Cat. No. OP04) or Santa Cruz 
Biotechnology (Santa Cruz, CA; Cat. No. SC-34). The hybridoma cell 
line is also available from the American Type Culture Collection (ATCC, 
Rockville, MD; Cat. No. ATCC CRL 1741). The amount of antibody re- 
quired for immunoprecipitation and the amount of extract required for 
detection of proteins complexed to Ras appears to depend solely on the 
amount of GTP-bound Ras present in the cells. For most cell lines, 2-5 
mg of protein in crude extracts is sufficient for detection of Raf-1 associated 
with Ras, although some cell lines have required as much as 10 mg of protein. 
The amount of antibody required for immunoprecipitation is determined by 
antibody titration. To maintain low, nonspecific binding, it is important to 
perform these reactions in an ice-water  bath (4°). After incubation with 
Y13-238, 25 /xl of a 50% slurry of protein G conjugated to agarose (Cat. 

> E. Harlow and D. Lane, "Antibodies: A Laboratory Manual." Cold Spring Harbor Lab., 
Cold Spring Harbor, NY, 1988. 
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No. IP08; Oncogene Science) is added and incubated for an additional 30 
min at 4 °. Other suppliers of protein G-agarose or protein G-Sepharose 
are also adequate. Complexes containing Ras are pelleted at 15,000 g in a 
precooled microcentrifuge for 20 sec and washed three times with ice-cold 
NP-40 lysis buffer containing protease inhibitors. Immunoprecipitated Ras 
and Ras-associated proteins are then solubilized into 50/zl of 2× Laemmli 
sample buffer 2° and boiled for 5 min. Protein G-agarose is removed by 
centrifugation at 15,000 g for 3 min and the supernatant is either immedi- 
ately applied to SDS-polyacrylamide gels or stored at -80  °. Controls in- 
clude (1) protein G-agarose without addition of primary antibody and 
(2) competitive inhibition of immunoprecipitation using primary antibody 
preincubated with Ras antigen prior to incubation with crude extracts. 

Detection of Ras and Coimmunoprecipitated Raf-1 

S D S - P A  G E  and Electrophoretic Transfer to Nitrocellulose Membranes 

To detect immunoprecipitated Ras and coimmoprecipitated Raf-1, sam- 
ples in SDS-sample buffer are applied to polyacrylamide gels together with 
prestained molecular weight markers [either Cat. No. 6041LA (GIBCO- 
BRL, Grand Island, NY) or Cat. No. LC5625 (Novex Experimental Tech., 
San Diego, CA)]. Typically 10/zl of sample is applied to 12% (w/v) gels 
for analyses of Ras and 40/~1 is applied to 8% (w/v) gels for analyses of 
Raf-1. Alternatively, all 50 t~l can be applied to a step gradient gel containing 
a one-third running gel volume at 12% (w/v) polyacrylamide (on the bot- 
tom) and a two-thirds running gel volume at 8% (w/v) polyacrylamide (on 
top). Electrophoresis is halted when the Bromphenol Blue reaches the 
bottom of the running gel. Transfer of protein from the polyacrylamide 
gels to nitrocellulose membranes (Cat. No. 00860; Schleicher & Schuell, 
Keene, N J) is accomplished on a semidry transfer apparatus (Cat. No. 6000; 
E & K Scientific Products, Saratoga, CA) or by wet electrophoretic transfers 
as described by the manufacturers. Following transfer, the nitrocellulose 
filters are blocked in immunoblotting buffer [Tris-buffered saline (TBS, 
8 g of NaC1, 0.2 g of KCI, 3 g of Tris, pH 8.0 per liter] containing 0.5% (v/v) 
NP-40 (Cat. No. N-3268; Sigma, St. Louis, MO), 0.1% (v/v) polyoxyethylene 
sorbitan monolaurate (Tween 20) (Cat. No. P-1379; Sigma), and 5% (w/v) 
bovine serum albumin (BSA, fraction V, Cat. No. 810034; ICN Biomedicals, 
Costa Mesa, CA) for either 2 hr at room temperature or overnight at 4-  
7 °. Depending on the antibodies used for immunoblotting, 5% (w/v) nonfat 

20 U. K. Laemmli, Nature (London) 227, 680 (1970). 
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milk can sometimes be substituted for BSA (check manufacturers specifica- 
tions). 

Detection of Imrnunoprecipitated Ras 

For immunoblotting Ras, blocked nitrocellulose filters are incubated 
for either 2 hr at room temperature or overnight at 4-7 ° with 1/zg of ANTI- 
Ras monoclonal antibody per milliliter (Cat. No. R02120/L!; Transduction 
Laboratories, Lexington, KY) in immunoblotting buffer containing 5% 
(w/v) BSA. We have found that the primary antibody can be used to blot 
four or five filters and can be stored at 4-7 ° with 0.02% (w/v) azide. Follow- 
ing incubation, the nitrocellulose filters are washed free of primary antibody 
with five changes of immunoblotting buffer over a 1-hr period (room tem- 
perature). The filters are then incubated with a 1:10,000 dilution of sheep 
anti-mouse secondary antibody conjugated to horseradish peroxidase 
(HRP) (Cat. No. NA.931; Amersham, Arlington Heights, IL) for I hr using 
immunoblotting buffer containing 5% (w/v) BSA (room temperature). 
After washing the filters free of nonbound secondary antibody with five 
changes of immunoblotting buffer over a 1-hr period, the presence of bound 
secondary antibody is detected by enhanced chemiluminescence (ECL) 
(Cat. No. RPN. 2106; Amersham) according to manufacturer specifications. 

Although we typically use ANTI-Ras monoclonal antibody from Trans- 
duction Laboratories for analyses of Ras as just described, initial studies 
to detect immunoprecipitated Ras used pan-ras (Ab2) (Cat. No. OP22; 
Oncogene Science). The antibody from Transduction Laboratories is pre- 
ferred because it is equally selective and more sensitive for Ras than pan- 
ras (Ab2). Immunoblotting antibodies specific for particular oncogenic Ras 
proteins can also be used [e.g., pan-ras Glu-12 (Abl); Oncogene Science]. 
In contrast to the aforementioned immunoblotting antibodies, antibodies 
Y13-238 and Y13-259 are neither specific nor sensitive for immunoblot- 
ting Ras. 

Detection of Coimmunoprecipitated Raf-1 

Early studies to detect Raf-1 coimmunoprecipitating with Ras used a 
rabbit polyclonal antibody raised against the carboxy end of Raf-1 (kindly 
provided by R. Shatzmann, Syntex, Palo Alto, CA) for immunoblotting. 
A commercially available ANTI-Rafl monoclonal antibody from Transduc- 
tion Laboratories (Cat. No. R19120/L1) has been utilized. We have found 
this antibody to be both more sensitive and specific for Raf-1 immunoblot- 
ting than the polyclonal antibody. The antibody is used at l /zg/ml in 
immunoblotting buffer containing 5% (w/v) BSA. Incubations with primary 
and secondary antibodies are as described above for detection of Ras. 
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FI(~. 3. Analysis of Ras-Raf-I complexes from either nontransformed or NMU-H-rasl- 
transformed Ratl  fibroblasts. (A) Coimmunoprecipitation of Raf-1 using 5 mg of protein in 
crude extracts and 2.5/zg of antibody Y13-238. lmmunoprecipitated proteins were separated 
on discontinuous SDS-polyacrylamide gels. The upper portion of the gel was immunoblotted 
with polyclonal antibody against Raf-1. (B) Immunoprecipitation of Ras. Immunoprecipita- 
tions and SDS-PAGE were as in (A). The bottom portion of the gels was immunoblotted 
with antibody pan-ras (Ab2). (C) Competitive inhibition of Raf-1 coimmunoprecipitation 
with Ras. Assays were performed as in (A), using Ras-transformed Ratl fibroblasts and either 
antibody Y13-238 or antibody Y13-238 preincubated with 4/zg of wild-type Ras antigen for 
2 hr prior to addition to extracts, lmmunoblotting was with polyclonal antibody against 
Raf-l. (D) Competitive inhibition of Ras immunoprecipitation. Assays were performed as in 
(C). Immunoblotting was with pan-ras Glu-12 (Abl).  

Detection of bound secondary antibody was performed using ECL (as 
described above). 

Immunoprec ip i t a t ion  of Native Ras-Raf-1  Complexes  from Normal  or 
Ras -Trans fo rmed  Ra t l  Fibroblas ts  

The methods described above were used to immunoprecipitate native 
Ras-Raf-1 complexes from either Rat1 fibroblasts or Ras-transformed Ratl  
fibroblasts. The immunoprecipitated proteins were then analyzed by immu- 
noblotting (Fig. 3A and B). The Ras-transformed cell line, previously re- 
ferred to as Me l2 /+ ,  was derived by homologous recombination so that 
one copy of normal H-rasl was replaced with a single copy of NMU-H- 
rasl expressed from the strong promoter  in the long terminal repeat of the 
murine leukemia virus (MLV LTR). 2~ NMU-H-rasl  contains a single point 
mutation in codon 12 and encodes glutamic acid instead of glycine. Because 
of this mutation, the mutant protein is constitutively activated. 22 

2L R. E. Finney and J. M. Bishop, Science 260, 1524 (1993). 
22 S. Sukumar, V. Nortario, D. Martin-Zanca, and M. Barbacid, Nature (London) 306, 658 

(1983) 
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In these experiments, 5 mg of protein in crude extracts was immunopre- 
cipitated with 2.5/xg of Y 13-238 for 2 hr at 4 °. Detection of immunoprecipi- 
tated Ras was with antibody pan-ras (Ab2) while detection of Raf-1 was 
with the polyclonal antibody against Raf-1. As indicated in Fig. 3B, the 
amount of Ras immunoprecipitated from Ras-transformed fibroblasts was 
considerably more than that immunoprecipitated from parental Ratl fi- 
broblasts and is consistent with expression of the mutant allele from the 
strong promoter within the MLV LTR. Raf-1 was not detected in extracts 
prepared from Ratl fibroblasts but was readily detected in extracts con- 
taining constitutively activated Ras (Fig. 3A). 

Competitive Inhibition of Ras-Raf- 1 Immunoprecipitation 

To demonstrate that coimmunoprecipitating Raf-1 was not simply non- 
specifically binding to the reagents used for immunoprecipitation, competi- 
tive inhibition assays were employed. In these experiments, 5 mg of protein 
in crude extracts prepared from Ratl fibroblasts expressing NMU-H-rasl 
was utilized. For immunoprecipitation, 2.5/xg of antibody YI 3-238 or 2.5/xg 
of antibody Y13-238 preincubated with Ras antigen was used. Preincubation 
was performed for 2 hr at 4 ° with 4/xg of wild-type Ras (p21H-rasGIY-12; 
Oncogene Science) in NP-40 lysis buffer containing protease inhibitors. To 
determine if preincubation of antibody Y13-238 with wild-type Ras affected 
immunoprecipitation of mutant Ras from cell extracts, immunoblotting was 
done with an antibody specific to NMU-H-Rasl (pan-ras Glu-12 (Abl) 
(Cat. No. OP37; Oncogene Science). Detection of coimmunoprecipitated 
Raf-1 used the polyclonal antibody against Raf-1. 

Mutant Ras protein was immunoprecipitated with antibody Y13-238 
and was not efficiently immunoprecipitated with antibody preincubated 
with Ras antigen (Fig. 3D). Similarly, Raf-1 was coimmunoprecip'.'tated 
with antibody Y13-238 but was not coimmunoprecipitated with antibody 
preincubated with Ras antigen (Pig. 3C). Therefore coimmunoprecipitation 
of Raf-i with Ras was not due to nonspecific binding to reagents used for 
immunoprecipitation. Instead, coimmunoprecipitation of Raf-I with Ras 
appeared to depend on specifc immunopreeipitation of Ras. 

Titration of Antibody Y 13-238 

Because different cell lines express different amounts of activated Ras, 
the amount of primary antibody against Ras required for maximal immuno- 
precipitation of native Ras-Raf-1 complexes will vary from cell line to cell 
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line. In Fig. 4, titration of antibody Y13-238 required for immunoprecipita- 
tion of mutant H-Rasl (specifically human HRas61L) expressed in NIH 
3T3 cells is described. The HRas61L protein contains a point mutation in 
codon 61 and encodes leucine instead of valine (kindly provided by A. Cox 
and C. Der, University of North Carolina, Chapel Hill, NC). In these 
experiments, 5 mg of protein in crude extracts was immunoprecipitated 
with various amounts of antibody YI 3-238 ranging from 0 keg (protein G) 
to 10 keg. The amount of coimmunoprecipitating Raf-1 is shown in Fig. 4. For 
comparison, various amounts of protein in crude extracts were converted to 
SDS-sample buffer and immunoblotted with antibody against Raf-1. In 
this case, immunoblotting was performed with ANTI-Rafl monoclonal 
antibody (1 keg/ml). 

As the amount of antibody Y13-238 added to crude extracts increased 
from 0 to 5 keg, the amount of coimmunoprecipitated Raf-1 also increased, 
indicating that antibody Y13-238 was limiting. Above 5 keg of Y13-238, the 
amount of coimmunoprecipitated Raf-1 did not increase further. Instead, at 
5 to 10 keg of antibody Y13-238, the amount of native Ras-Raf-1 complexes 
present in the crude extract was now limiting. Because the maximal density 
of the Raf-1 band coimmunoprecipitated with antibody Y13-238 (at either 
5, 7.5, or 10 keg of Y13-238) was approximately equal to the density of 

m u 2 o  "2 m o  ¢° m d , ~ -  

Rat 

Flo. 4. Titration of immunoprecipitation of native Ras-Raf-1 complexes using antibody 
Y13-238 compared to immunoprecipitation using Y13-259. Coimmunoprecipitation of Raf-1 
from 5 mg of protein in crude extracts of Ras-transformed (HRas61L) Rat 1 fibroblasts using 
various amounts of either antibody Y l 3-238 or antibody Y13-259. Extracts immunoprecipitated 
using 10 /xg of antibody Y13-259 followed by 5 /xg of antibody Y13-238 are also included 
(Y13-259, Y13-238). For comparison, various amounts of protein in crude extracts were also 
analyzed. SDS-PAGE was performed in 8% (w/v) polyacrylamide gels and immunobloning 
was performed with ANTI-Raft (Transduction Laboratories). As shown in these gels, the 
sheep anti-mouse (HRP-conjugated) antibody cross-reacts with the Y13-259 subclass of heavy 
and light chains but not the Y13-238 subclass. 
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Raf-1 found in crude extracts containing between 3.5 and 7/xg of protein, 
it can be estimated that between 0.1 and 0.2% of Raf-1 found in these 
cells was complexed to Ras. Using similar methods in Ratl fibroblasts 
transformed with N M U - H - r a s l ,  we previously found that 1 to 3% of total 
Raf-1 was associated with Ras (our unpublished observation). 

Immunoprecipitation of Native Ras-Raf- 1 Complexes by Antibody 
Y13-238, but  Not Antibody Y13-259 

Antibody Y13-259 has long been used for immunoprecipitation of Ras 
from mammalian cells. This antibody recognizes an epitope between amino 
acids 63 and 73 and is believed to directly inhibit Ras interaction with 
Ras effectors.18'23"24 To determine if antibody Y13-259 immunoprecipitated 
native Ras-Raf-1 complexes, a titration curve for Ras-Raf-1 immunopre- 
cipitation was performed. Using 5 mg of protein in crude extracts of NIH 
3T3 cells containing constitutively activated Ras (V61L, H-Rasl), immuno- 
precipitations were performed using various amounts of antibody Y13-259 
ranging from 0/~g (protein G control) to 10/~g (Fig. 4). Although consider- 
able amounts of Ras were immunoprecipitated (data not shown; refer to 
Ref. 15), Raf-1 could not be detected using ANTI-Rafl monoclonal anti- 
body. To demonstrate further that antibody Y13-259 did not recognize 
native Ras-Raf-1 complexes, Ras protein remaining in extracts previously 
immoprecipitated with antibody Y13-259 were immunoprecipitated with 
5 tzg of antibody Y13-238. As shown in Fig. 4, immunoprecipitation with 
antibody Y13-238 coimmunoprecipitated Raf-1 in extracts previously im- 
munoprecipitated with antibody Y13-259. Hence, antibody Y13-238 re- 
vealed native Ras-Raf-1 complexes unrecognized by antibody Y13-259. 

Comparison of Various Buffers for Coimmunoprecipitation of Native 
Ras-Raf- 1 Complexes 

Extracts were prepared fi'om NIH 3T3 cells expressing constitutively 
activated Ras (V61L, H-Rasl) in various buffers. Antibody Y13-238 (7.5 
/~g) was then used for immunoprecipitations using 5 mg of protein in 
the crude extracts. Immunoprecipitating proteins were separated by SDS- 
PAGE and immunoblotted with either the ANTI-Rafl monoclonal anti- 

23 A. G. Papageorge, B. M. Willumsen, M. Johnsen, H.-F. Kung, D. W. Stacey, W. C. Vass, 
and D. R. Lowy, Mol. Cell. Biol. 6, 1843 (1986). 

24 I. S. Sigal, J. B. Gibbs, J. S. D'Alonzo, and E. M. Scolnick, Proc. Natl. Acad. S~i. U.S.A. 
83, 4725 (1986). 
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body (Fig. 5A) or the ANTI-Ras monoclonal antibody (Transduction Labo- 
ratories) (Fig. 5B). Gold lysis buffer (GLB) [20 mM Tris (pH 7.9), 137 mM 
NaC1, 5 mM Na2EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 1 mM 
phenylmethylsulfonyl fluoride, 1 mM aprotinin, 1 mM leupeptin, 1 /zM 
pepstatin A, 1 mM sodium orthovanadate, 1 mM EGTA,  10 mM NaF, 
1 mM tetrasodium PP~, 100/zM/3-glycerophosphate],  NP-40 lysis buffer 
[50 mM HEPES (pH 7.5), 150 mM NaC1, 10% (v/v) glycerol, 1.5 mM 
MgC12, 1 mM EGTA,  100 mM NaF, 1.0% (v/v) NP-40, 10 # M  aprotinin, 
10 # M  leupeptin, 50/~M Pefabloc], RIPA buffer [50 mM Tris (pH 8.0), 
150 mM NaC1, 1% (v/v) NP-40, 0.5% (w/v) deoxycholate, 0.1% (w/v) SDS, 
10/~M aprotinin, 10 /~M leupeptin, 50 /~M Pefabloc], and CHAPS lysis 
buffer (same as NP-40 lysis buffer but contains 0.5% (w/v) CHAPS deter- 
gent instead of NP-40) were all tested. The protein G control was performed 
in NP-40 lysis buffer. GLB was chosen for these analyses because it has 
been used for analysis of Raf-I kinase activity in mammalian cells. RIPA 
buffer was chosen because it contains a low concentration of ionic detergent, 
and CHAPS lysis buffer was chosen because this detergent has a low critical 
micelle concentration (cmc). 

The most efficient extraction and immunoprecipitation of Ras was ob- 
served using either GLB or RIPA buffer (Fig. 5B). NP-40 lysis buffer 
also immunoprecipitated consid4,.rable amounts of Ras, while CHAPS lysis 
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FiG. 5. Comparison of various buffer for imruunoprecipitation of Ras and coimmunopre- 
cipitation of Raf-l. (A) Coimmunopreclpitation of Raf-1. Extracts were prepared in either 
Gold lysis buffer (GLB), NP-40 lysis buffer (NP40), RIPA buffer (RIPA), or CHAPS lysis 
buffer (CHAPS). Extracts containing 5 mg of protein were immunoprecipitated with 5/xg of 
antibody Y13-238 and boiled in 50/xl of Laemmli sample buffer. 40 pA was separated on 8% 
polyacrylamide gels. Immunoblotting was perh)rmed with ANTI-Rafl (Transduction Labora- 
tories). (B) lmmunoprecipitation of Ras. Extracts were prepared as in (A) and protein in 
10 bd of sample was separated on 12% gels. Immunoblotting was with ANTI-Ras (Transduc- 
tion Laboratories). 
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buffer was relatively inefficient at extracting Ras protein. In contrast to 
immunoprecipitation of Ras, coimmunoprecipitation of Raf-1 was most 
efficient using NP-40 lysis buffer although GLB was also reasonably good. 
Both RIPA buffer and CHAPS lysis buffers were relatively poor at coimmu- 
noprecipitating Raf-1 with antibody Y13-238. Because Ras is efficiently 
immunoprecipitated with RIPA buffer, these results suggest that the Ras-  
Raf-1 complex is dissociated with ionic detergent present in the RIPA 
buffer. In contrast, the lack of coimmunoprecipitating Raf-1 in CHAPS 
lysis buffer appears to correlate with poor extraction of Ras. Indeed, when 
extraction in CHAPS lysis buffer is allowed to proceed for 1 to 2 hr prior 
to centrifuging out nuclei and other insoluble cellular debris (see Prepara- 
tion of Crude Cell Lysates), coimmunoprecipitation of Raf-I with Ras was 
achieved, although not as efficiently as in extracts prepared in NP-40 lysis 
buffer (our unpublished observations). Other buffers using Triton X-100 
detergent have also been utilized. 17 

Conclus ions  

We have reviewed methods for immunoprecipitation of native Ras-  
Raf-1 complexes from mammalian cells. These methods have been used 
successfully in our laboratory to detect complexes induced following ligand 
binding to membrane receptors for growth factors and to detect complexes 
formed in cells expressing constitutively activated Ras. The methods also 
detect native Ras-Raf-1 complexes in human tumor cells (our unpublished 
observations). 

[33] R a s - R a f  C o m p l e x e s  in  V i t ro  

By XIAN-FENG ZHANG, MARK S. MARSHALL, and JosEph AVRUCH 

Introduct ion 

The discovery that normal and oncogenic forms of ras form a direct 
complex with the protooncogene rafprovided a significant advance in the 
effort to understand the molecular mechanism of the Ras-dependent signal 
transduction pathway controlling cell growth and differentiation in mam- 
malian cells. 1 ~' In sire, Ras protein changes from the GDP- to GTP-bound 

X. F. Zhang, J. Senleman, J. M. Kyriakis, E. T. Suzuki, J. E. Ellege, M. S. Marshall, J. T. 
Bruder, U. R. Rapp, and J. Avruch, Nature (London) 364, 308 (1993). 
A. B. Vojtek, S. M. Hollenberg, and J. A. Cooper, Cell (CambrMge, Mass.) 74, 205 (1993). 
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state in response to cell surface receptor stimulation and only the GTP- 
bound form is competent  for signal transduction. The "effector"  domain 
on Ras necessary for downstream signaling had been identified on the basis 
of mutagenesis; in vitro studies subsequently showed that Ras binds to 
Raf in a GTP-dependent  fashion and an intact effector domain on Ras is 
indispensable for the binding. Previous biochemical and genetic data have 
positioned Raf as a signal transducer downstream of Ras. The demonstra- 
tion of direct Ras -Raf  complex formation both in vitro and in vivo strongly 
suggests that Raf is a downstream target directly regulated by Ras in mam- 
malian cells. It seems that the function of GTP-dependent  Ras -Raf  associa- 
tion is to recruit inactive Raf to the plasma membrane,  where it is activated 
by an at present unknown mechanism. 7's 

The Raf domain involved in binding Ras is located in the amino-terminal 
region known to be responsible for regulation of the serine/threonine pro- 
tein kinase activity of Raf. Amino acid sequence comparison of the raf 
gene family revealed three highly conserved domains, indicated from the 
amino terminus as CR1(61-194), CR2(254-269), and CR3(335-627) in c- 
Raf-l ,  the ubiquitously expressed form of the Raf family in mammalian 
cells. CR3 is the kinase catalytic domain. Both CR1 and CR2 seem to be 
involved in the regulation of c-Raf-1 activity. Overexpression of c-Raf(1-  
257) in mammalian cells inhibits the activation of c-Raf-1 in situ, which 
suggests that an activating element that binds to this region is titrated by 
this mutant. The smallest Raf structure capable of binding Ras so far 
identified is residue 51-131. 9,1° This chapter describes the methods em- 
ployed to study the Ras -Raf  complexes in vitro. 1"~ 

Express ion  and  Purif icat ion of G S T - R a f  Fus ion  Prote ins  

The prokaryotic expression vector p G E X - K G  is used to express the 
glutathione S-transferase ( G S T ) - R a f  fusion proteins. The constructs ex- 

3 p. H. Warne, P. R. Viciana, and J. Downward, Nature (London)  364, 352 (1993). 
4 8. A. Moodie, B. M. Willumsen, M. J. Weber, and A. Wolfman, Science 260, 1658 (1993). 
5 L. V. Aelst, M. Barr, S. Marcus, A. Polverino, and M. Wiglet, Proc. Natl. Acad. Sci. U.S.A. 

90, 6213 (1993). 
6 B. Hallenberg, S. I. Rayter, and J. Downward, J. Biol. Chem. 269, 3913 (1994). 
7 D. Stokoe, S. G. Macdonald, K. Cadwallader, M. Symons, and J. F. Hancock, Science 264, 

1463 (1994). 
S. J. Leevers, H. F. Paterson, and C. J. Marshall, Nature (London)  369, 411 (1994). 

9 E. Chuang, D. Barnard, L. Hettich, X. F. Zhang, J. Avruch, and M. S. Marshall, Mol. Cell. 
BioL 8, 5318 (1994). 

10 S. Ghosh, W. Q. Xie, A. F. G. Quest, G. M. Mabrouk, J. C. Strum, and R. M. Bell, J. Biol. 
Chem. 269, 10000 (1994). 
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pressing various GST-Raf  fusion proteins are made using the polymerase 
chain reaction to amplify the corresponding coding region of human c-Raf- 
1, followed by subcloning into the vector. For expression of the GST-Raf  
fusion proteins, an overnight culture is diluted (1:100) into fresh 2× YT 
medium containing ampicillin (100/~g/ml) and grown at 37 ° to an OD600 
of 0.5. The culture is equilibrated to 30 ° before addition of 0.4 mM isopropyl- 
/3-D-thiogalactopyranoside (IPTG) to induce the expression. After 3 hr of 
induction at 30 °, the cells are pelleted and resuspended (5 ml/liter culture) 
with the buffer containing 50 mM Tris-HC1 (pH 7.5), 50 mM NaC1, 2 mM 
EDTA, 1 mM EGTA and 20% (w/v) sucrose. Lysozyme is added to a final 
concentration of 5 mg/ml. After incubation on ice for 30 rain, the lysate is 
diluted with 3 vol of the buffer containing 50 mM Tris-HC1 (pH 7.5), 
150 mM NaC1, 1% (v/v) Triton X-100, 5 mM benzamidine, and 1 mM 
phenylmethylsulfonyl fluoride (PMSF) and sonicated (microtip, five times, 
20 sec each) to reduce the viscosity before being cleared by centrifugation 
[Ti 45 (Beckman, Palo Alto, CA) 20,000 rpm, 25 mini. The cleared lysate 
is mixed with glutathione-Sepharose beads (3 ml of settled beads/liter 
culture) and tumbled at 4 ° for 30 rain. The beads are then washed four 
times with TBST [50 mM Tris-HC1 (pH 7.5), 150 mM NaC1, 1% (v/v) Triton 
X-100, and 1 mM dithiothreitol (DTT)] and eluted with 12.5 mM reduced 
glutathione (pH 8.0). The eluted GST-Raf  fusion proteins are dialyzed 
against TBS (TBST minus Triton X-100), aliquoted, snap frozen with liquid 
nitrogen, and stored at -80  °. The GST-Raf(1-257) is partially degraded 
(about 50% intact; the degradation is much greater if the induction is carried 
out at 37°). Addition of a (His)6 tag to the carboxy terminus of GST-Raf( 1 - 
257) allows purification of pure, full-length polypeptides with an additional 
step of nickel-agarose affinity chromatography. The GST-Raf(1-149) and 
GST-Raf(51-149) polypeptides have greatly increased stability with no 
degradation and high yields. GST-Raf(1-131) and GST-Raf(71-149) are 
insoluble when expressed in Escherichia coli RRllaciq, but they are success- 
fully expressed in soluble form using E. coli DH5c~ and on an induction 
temperature of 20 ° . 

Detecting in Vitro Ras-Raf  Complexes by Coprecipitation Followed 
by Immunoblott ing 

Nucleotide Loading of  Ras Polypeptides 

Baculoviral or bacterial recombinant Ras polypeptides (0.075 mg/ml, 
expressed and purified using the protocols described in detail by other 
authors in this volume) are mixed with an equal volume of the 2x: loading 
buffer [100 mM Tris-HCl (pH 7.5), 15 mM EDTA, bovine serum albumin 
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(BSA, 1 mg/ml), 2 mM DTT, and 1 mM GTPyS or GDPBS). After 15 rain 
of incubation at 37 °, MgC12 is added to 12.5 mM to stop the loading reaction. 
The loaded Ras polypeptides are kept on ice before use. The extent of 
loading is checked by including tracer amount of radioactive guanine nucle- 
otides and separating the bound from the unbound nucleotides over a small 
Sephadex G-25 column. The loading extent is usually greater than 75%. 

Detection of in Vitro Ras-Raf Complexes 

The specific precipitation of GST fusion proteins by glutathione-Sepha- 
rose beads is employed to recover the Ras/Raf complexes formed in vitro. 
In one format, free G S T - R a f  fusion proteins are mixed with loaded Ras 
in solution, and the Ras -Raf  complexes formed on incubation are harvested 
by binding G S T - R a f  to glutathione-Sepharose beads. In another format, 
the G S T - R a f  fusion proteins are first bound to glutathione-Sepharose 
beads and the bead-bound G S T - R a f  proteins are incubated with loaded 
Ras polypeptides. The second format is used to obtain the results described 
in Fig. 1 as follows. The appropriate amounts of GST-Raf(1-257)  or GST 
alone are thawed quickly and mixed with glutathione-Sepharose beads at 
a ratio of 7 mg of polypeptides per milliliter of settled beads at 4 ° for 30 
min. The beads are then washed four times with buffer A [50 mM Tris- 
HC1 (pH 7.5), 150 mM NaC1, 1 mM DTT, 1% (v/v) Triton X-100] to remove 
the unbound polypeptides and resuspended in the binding buffer [buffer 
A plus 5 mM MgC12, 25/xM ZnCI2 and 0.2% (w/v) BSA] as a 50% (v/v) 

~1 Ras: 

GTP-~/S GDP-BS 

R a s - ~  

1 1213 141516 [7 [81 9110ll l i12113114 

FIG. 1. Ras  binds specifically to the amino-terminal  regulatory segment  of c-Raf-1 in a 
GTP-dependent  fashion. Various amounts  of GTP-y-S or GDP-~-S loaded Ras were mixed 
with GST-Raf(1 257) or GST alone, preimmobilized on g lu ta th ione-Sepharose  beads. The 
proteins eluted from the beads after washing were run on S D S - P A G E  and transferred to 
PVDF membrane .  The Ras protein was detected by the enhanced chemiluminescence method 
(Amersham)  using the pan-Ras  monoclonal  antibody-2 (Oncogene Science), (Reproduced 
from Zhang  et al. I) 
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suspension. Fifty microliters of the bead suspension with bound GST- 
Raf(1-257) or GST alone is mixed with various amounts of either GTPTS- 
or GDP/3S-loaded Ras polypeptides, and the binding buffer is added to 
each tube to make the final volume equal to 0.6 ml. All the tubes are 
tumbled at 4 ° for 6 hr (the tumbling time could be shorter; 2 hr of tumbling 
has also been used). The Ras-Raf complexes formed on the beads are 
brought down by centrifugation (Microfuge, 12,000 rpm, 1 min). The beads 
are washed five times with 1 ml of the cold binding buffer. The polypeptides 
retained on the washed beads are eluted by boiling the beads in 50/xl of 
3x sodium dodecyl sulfate (SDS) sample buffer for 5 min. The eluted 
polypeptides are run on SDS-polyacrylamide gels; a ratio of acrylamide- 
bisacrylamide of 150:1 at a final acrylamide concentration of 20% (w/v) 
provides good resolution. The separated polypeptides are transferred to 
polyvinylidene difluoride (PVDF) membrane (Immobilon; Millipore, Bed- 
ford, MA) using the submarine transfer apparatus (Hoefer, San Francisco, 
CA). The transfer buffer contains 20 mM Tris, 150 mM glycine, 20% 
(v/v) methanol, and 0.1% (w/v) SDS. After transfer, the blot is stained 
with Coomassie blue and destained with 50% (v/v) ethanol to verify efficient 
transfer. For immunodetection of Ras, nonspecific binding sites are first 
blocked by incubation in a "blocking" solution [50 mM Tris-HC1 (pH 7.5), 
150 mM NaCI, 0.5% (v/v) Tween 20, and 5% (w/v) nonfat milk] for 1 hr 
at room temperature, followed by two brief rinses with fresh blocking 
solution. The blot is incubated with the "pan-Ras" monoclonal antibody- 
2 (Oncogene Science) at a concentration of i / ,g/ml in the blocking solution 
for 1 hr. The blot is then washed three times, each time for 10 rain, with 
the blocking solution and incubated in the blocking solution with the horse- 
radish peroxidase-coupled rabbit antibody against mouse IgG (Amersham, 
Arlington Heights, IL) at a dilution of 1 : 5000. After 1 hr, the blot is washed 
four times (10 min each time) with the wash solution [50 mM Tris-HC1 
(pH 7.5), 150 mM NaC1, and 0.5% (v/v) Tween 20] and the bound antibody 
is visualized using enhanced chemiluminescence reagents (Amersham) ac- 
cording to the manufacturer suggested protocol. Figure 1 shows that Ras 
binds specifically to GST-Raf(1-257), but not GST alone, and that GTP-,/S- 
loaded Ras binds better than GDP/3S-loaded Ras. A mutation (C186S) in 
one of the two putative zinc fingers in GST-Raf(1-257) impairs the binding 
of both GTP'yS- and GDPfiS-loaded Ras to the GST-Raf fusion protein. 

Quantitative Coprecipitation Competition Assay for Determination of 
Binding Affinities of Ras Mutants  for GST-Raf 

Comparison of the relative affinities of Ras mutant proteins for GST- 
Raf requires a more quantitative Ras-Raf binding assay. The amount of 
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Ras protein bound to a G S T - R a f  fusion protein is therefore measured by 
labeling Ras with [32p]GTP prior to incubation with GST-Raf .  After mixing 
the two proteins, R a s - G S T - R a f  complexes are precipitated by glutathione- 
Sepharose beads. The amount of radioactivity bound to the beads repre- 
sents the amount of Ras bound to GST-Raf .  By using a fixed concentration 
of [32p]GTP-Ras and increasing the concentration of GST-Raf ,  saturation 
binding curves can be obtained. The affinities of Ras mutant proteins for 
G S T - R a f  are estimated by carrying out such a binding isotherm with 
[32p]GTP-loaded mutant Ras in comparison to [32p]GTP-loaded wild-type 
Ras, under conditions of minimal GTP hydrolysis. Alternatively, a competi- 
tion assay can be employed more conveniently to determine the relative 
binding affinities of Ras mutant protein for GST-Raf .  In this format, only 
one Ras protein is loaded with radioactive GTP (we chose wild-type c- 
Ras), and the competitor Ras mutant proteins are loaded with nonradioac- 
tive GTP. Each of the nonradioactively loaded Ras proteins is added at 
increasing concentrations to a fixed mixture of [32p]GTP-Ras/GST-Raf.  
Increasing concentrations of nonradioactive G T P - R a s  inhibit the amount 
of [32P]GTP-Ras precipitated by glutathione-Sepharose beads; the IC50 
(50% inhibitory concentration) reflects the relative affinity of the competitor 
for GST-Raf .  The following conditions are used to obtain the results listed 
in Table 1. Normal Ras polypeptides are loaded with the radioactive GTP 

TABLE I 
RELATIVE BINDING AFFINITIES OF VARIOUS Ras PROTEINS FOR GST-Raf(I-257)" 

H-Ras mutant 

Relative 
IC50 binding Transformation 

(/xM) affinity efficiency 

GTP Ras[G12] 9 +_ 2 1.00 0.10 
GDP-Ras[G12] >300 <0.03 --  
GTP-Ras[L61] 7 + 1 1.29 >1.00 
GTP-Ras[V12] 4 _+ 2 2.25 1.00 
GTP-Ras[E30K31] 7 + 4 1.28 0.14 
GTP-Ras[G26127] 10 + 2 0.90 0.04 
GTP-Ras[N38] >300 <0.03 0.01 
GTP-Ras[A34A38] >200 <0.05 <0.001 
GTP-Ras[N33] 210 -+ 47 0.04 0.1-0.01 
GTP-Ras[S35] 183 +_ 56 0.05 <0.001 
GTP-Ras[E45] 21 + 3 0.43 <0.001 

"The average IC50 concentration for competition of Ras-Raf coprecipitation 
by guanine nucleotide-loaded Ras proteins is presented with the standard 
deviations derived from three to five experiments. For easier comparison, the 
values are also normalized against GTP-Ras and compared to the published 
transformation efficiency for each mutant. (Adapted from Chuang et al. 9) 
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using the following protocol: 132 pmol of Ras polypeptides and 44 pmol 
of [T-32p]GTP (specific activity, 4500 Ci/mmol) are mixed in 0.1 ml of 25 
mM Tris-HC1 (pH 7.5), 2 mM EDTA, 1 mM DTT, and BSA (0.1 mg/ml) 
(the loading buffer) and incubated at 30 ° for 15 min. The loading reaction 
is terminated by the addition of 0.4 ml of 20 mM HEPES (pH 7.4) and 1 
mM MgCI2. Free guanine nucleotides are removed by chromatography 
over a PD-10 column. A similar loading reaction is done with competitor 
Ras proteins with nonradioactive GTP or GDP. To approximately 12 mg 
of purified Ras protein is added 2.4 mM GTP or GDP in a 5-ml volume 
of the loading buffer; this is incubated at 30 ° for 20 min. The loading is 
halted by placing the reaction on ice. The loaded Ras protein is concentrated 
in a Centricon-10 microconcentrator, and the free guanine nuleotides are 
removed by washing twice with an excess of ice-cold buffer containing 20 
mM HEPES (pH 7.4), 1 mM MgC12. For the competition assay, 4 /xM 
GST-Raf(1-257), 12 nM [y-32P]GTP-Ras, and an increasing amount of 
nonradioactive GTP-loaded Ras mutant proteins are mixed in 0.03 ml of 
the binding buffer containing 20 mM HEPES (pH 7.4), 1 mM MgCI2, BSA 
(1 mg/ml), and 0.3% (v/v) Triton X-100. After incubation at 30 ° for 15 min, 
0.2 ml of a 12.5% (v/v) suspension of glutathione-Sepharose beads is added 
and the mixture tumbled at 4 ° for 30 min. After the tumbling, 0.5 ml of 
the binding buffer is added, followed by filtering through a glass fiber filter 
(GF/F; Millipore). The filters are then washed four times with l ml of the 
binding buffer and the amount of radioactivity retained by the filter is 
measured by Cerenkov counting. Background is determined using GST 
instead of GST-Raf(l-257) and subtracted from each sample. As shown 
in Table I, GTP-Ras competes with an IC50 value of about 9/xM, while 
little inhibition is detected with GDP-Ras at concentrations up to 300/xM, 
indicating that binding of GTP-Ras to GST-Raf(1-257) is at least 35-fold 
higher in affinity than that of GDP-Ras. Although the numerical IC50 values 
obtained by this method are higher than by competition of GAP stimulation 
of Ras GTPase (9/xM vs 150 nM for GTP-Ras)] ,9 binding affinities can 
be estimated for the oncogenic and effector domain mutant Ras proteins 
that do not interact normally with GAP. Comparable ICf0 values (200 nM 
for GTP-Ras) can be obtained using the coprecipitation competition assay 
by reducing the concentration of GST-Raf(I-257) from 4 txM to 20 nM, 
although the sensitivity and reproducibility are greatly diminished for 
poorly binding Ras mutants. Using the coprecipitation competition assay 
we have measured relative binding constants for GST-Raf(1-257) with the 
oncogenic Ras[V12] and Ras[L61] proteins as well as for seven transforma- 
tion-defective Ras effector domain mutant proteins. As can be seen in 
Table I, both oncogenic forms of Ras bind Raf with affinities similar to 
normal GTP-Ras. With the exception of the Ras[E45] mutant, all the 
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t r ans fo rma t iona l l y  defec t ive  Ras  ef fec tor  mu tan t s  are  i m p a i r e d  for  Ra f  
binding.  These  resul ts  a re  cons is ten t  with the  hypo thes i s  tha t  R a f  funct ions  
i m m e d i a t e l y  d o w n s t r e a m  of  Ras  as a d i rec t  e f fec tor  molecule .  

M e a s u r e m e n t  of  R a s - R a f  A s s o c i a t i o n  b y  C o m p e t i t i v e  I n h i b i t i o n  
of  GAP 

The  two m e t h o d s  desc r ibed  above  bo th  used  g l u t a t h i o n e - S e p h a r o s e  
beads  to p rec ip i t a t e  the  R a s - R a f  complexes .  W e  also d e v e l o p e d  a th i rd  
m e t h o d  for  m e a s u r e m e n t  of  in vitro R a s - R a f  associa t ion  that  did  not  
e m p l o y  i so la t ion  of  the  R a s - R a f  complexes ,  ba sed  on the obse rva t ion  tha t  
R a s - R a f  assoc ia t ion  causes  inh ib i t ion  of  the  GT Pa se - a c t i va t i ng  act ivi ty  of  
G A P  t o w a r d  Ras.  A l t h o u g h  str ict ly speak ing  an ind i rec t  me thod ,  we have  
found  tha t  this assay is m o r e  sensi t ive than  the  d i rec t  p rec ip i t a t ion  me thods  
in measu r ing  the  smal l  d i f ferences  in R a s - R a f  affinities. The  basis  for  Ra f  
inh ib i t ion  is tha t  the  Ras  doma ins  r e spons ib le  for  b ind ing  R a f  and  G A P  
are  par t i a l ly  or  c o m p l e t e l y  over lapp ing ;  cer ta in ly  the  Ras  ef fec tor  d o m a i n  
has been  shown to be  d i rec t ly  invo lved  in b ind ing  bo th  Ra f  and G A P .  W e  

CR1 Zn CR2 CR3 

I ~ m I 

IC50  

1-257 [ ~,,~==.~"--=---~ ] 115 T 7 nM 

1-149 ~ 76 ~-29 nM 

1-131 I ~ 1,100 -T-100 nM 

51-149  12 -T- 6 nM 

m 51-131 42 -T- 10 nM 

71-149 ~ >1,000 nM 

Fic. 2. Localization of a small domain within the amino-terminus of c-Raf-1 that demon- 
strates high-affinity binding to GTP-Ras. A schematic full-length c-Raf-I is presented with 
major structural features presented. CRI represents the regulatory amino terminus of Raf 
containing two putative zinc fingers and a site for Ras association. CR2 is rich in serine and 
threonine residues. CR3 is the kinase catalytic domain. The various c-Raf-1 mutants (all fused 
to GST) are presented with their relative binding affinity for GTP-Ras. The IC~0 here is 
defined as the concentration of GST-Raf fusion protein required to inhibit the GAP-stimulated 
GTP hydrolysis by 50%. (Adapted from Chuang et al. 9) 
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used the R a f - G A P  competition method to compare a series of Raf frag- 
ments for their abilities to bind Ras, so as to identify a minimal c-Raf-1 
fragment competent in binding Ras. c-Raf-1 fragments were all expressed 
and purified as GST fusion proteins. Both the full-length GAP (baculo- 
virally expressed) or GAP(702-1044), the catalytic domain alone (bacteri- 
ally expressed), have been successfully used. The following conditions were 
used to obtain the results in Fig. 2. In 0.05 ml of the reaction volume 
containing 0.2 nM [TYP]GTP-Ras,  20 mM HEPES (pH 7.4), 1 mM MgCI2, 
and BSA (1 mg/ml), GST-Raf  fragments were added to the desired concen- 
trations. The mixture was prewarmed for 2 rain at 30 ° and the reaction was 
initiated by the addition of GAP(702-1044). The amount of GAP chosen 
was that which provided hydrolysis of 50% of the [y?2p]GTP bound to 
Ras in the absence of any Raf fragments during a 10-rain incubation at 
30 °. The reactions were terminated by addition of 0.2 ml of ice-cold 5% 
activated charcoal in 50 mM NaHzPO4, and an aliquot of the supernatant 
was removed after centrifugation at 12,000 g for 3 min. 32p radioactivity 
observed in the absence of added GAP(702-1044) was used as the 0% 
control value. The concentration of a competitor Raf fragment required 
to inhibit GAP-stimulated Ras GTPase activity by 50% (ICs0) was used as 
the comparative value. Figure 2 shows that the GST-Raf  fusion proteins 
containing residues 1-149, 51-149, 1-131, and 51-131 all bound GTP-Ras  
well compared to Raf(1-257). Deletion of the first 50 amino acids of c- 
Raf-I increased the affinity nearly 5-fold, whereas removal of the first 70 
amino acids of c-Raf-1 completely eliminated the ability of Raf to compete 
with GAP. 

[34] R a s - R a f  I n t e r a c t i o n :  T w o - H y b r i d  A n a l y s i s  

By ANNE B. VOJTEK and STANLEY M. HOLLENBERG 

Int roduct ion  

The two-hybrid system is a genetic method for detecting interactions 
between proteins in the yeast Saccharomyces cerevisiae.1 Two-hybrid library 
screens have been used to identify partners for an increasing number of 
proteins including serum response factor, 2 basic helix-loop-helix leucine 

i S. F i e l d s  a n d  O .  S o n g ,  Nature (London) 340,  245 (1989) .  

-~ S. D a l t o n  a n d  R.  T r e i s m a n .  Cell (Cambridge, Mass.) 68,  597 (1992) .  
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zipper proteins, 3 a yeast transcriptional repressor, 4 and helix-loop-helix 
proteins. 5 Using a modified two-hybrid system, we have identified domains 
of Ras-interacting proteins from a mouse embryo library. These protein 
domains and their corresponding full-length counterparts, which include 
members of the Raf family of serine/threonine kinases, meet molecular, 
biochemical, and genetic criteria that suggest that these proteins mediate 
the biological effects of Ras. Here we describe in detail the use of the 
modified two-hybrid system, developed by Hollenberg and Weintraub, 5 to 
identify and characterize effectors for H-Ras. 6 

Materials 

Plasmids 

pBTM116, the LexA DNA-binding domain fusion vector, contains the 
following components: (1) the TRP1 gene, a selectable marker for yeast, (2) 
the complete LexA coding sequence, with a downstream polylinker for clon- 
ing genes of interest to generate in-frame protein fusions to LexA, expressed 
from the yeast A D H I  promoter, (3) a yeast 2p~ origin of replication, and (4) 
a bacterial origin of replication and/3-1actamase gene, a selectable marker 
for Escherichia coli. pBTMll6 was constructed by Bartel and Fields. 6a The 
sequence of the polylinker of the plasmid is shown in Fig. 1A. 

pVP16, the VP16 activation domain fusion vector, contains the following 
components: (1) the LEU2 gene, a selectable marker for yeast and E. coli, 
(2) the simian virus 40 (SV40) large T antigen nuclear localization sequence 
(NLS) fused to the VP16 acidic activation domain, with a downstream 
polylinker for cloning genes of interest to generate in-frame protein fusions 
to VP16, expressed from an A D H I  promoter, (3) a yeast 2/~ origin of 
replication, and (4) a bacterial origin of replication and/3-1actamase gene. 
The sequence of the polylinker of this plasmid is shown in Fig. lB. 

A library of cDNA fragments derived from mRNA from mouse embryos 
at 9.5 and 10.5 days of development was cloned into pVP16 at the NotI 
site. This library contains size-selected inserts, ranging from 350 to 700 
nucleotides, generated by random-primed cDNA synthesis. The construc- 

3 A. S. Zervos, J. Gyuris, and R. Brent, Cell (Cambridge, Mass.) 72, 223 (1993). 
4 C. Chien, P. L. Bartel, R. Sternglanz, and S. Fields, Proc. Natl. Acad. Sci. U.S.A. 99, 

9578 (1991). 
S. M. Hollenberg, R. Sternglanz, and H. A. Weintraub, Mol. Cell. Biol., in press (1995). 
A. B. Vojtek, S. M. Hollenberg, and J. A. Cooper, Cell (Cambridge. Mass.) 74, 2(15 (1993). 

~ P. Bartel. C. Chien, R. Sternglanz, and S. Fields, in "Cellular Interactions in Development: 
A Practical Approach" (D. A. Hartley. ed.), pp. 153-179. Oxford University Press, Ox- 
ford, 1993. 
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A 
E F P G I R R P A 

GAA TTC CCG GGG ATC CGT CGA CCT GCA G 

EcoRI Smal BamHI SalI PstI 

B W I P G Y R A Q 

TGG ATC CCC GGG TAC CGA GCT CAA 
BamH I 

L R P L D S * 
TGG CGG CCG CTA GAT AGA TAG AAG 

NotI 

CTA GCT CGA ATT C 
EcoRI 

F~¢;. 1. The polylinker and reading frame for pBTM116 (A) and pVP16 (B) are shown. 
Only restriction enzyme sites unique to the vectors are listed. 

tion of this library will be described in detail elsewhere. 5 The rationale for 
using a random-primed short insert size library is to represent amino- and 
carboxy-terminal coding sequences of proteins equally and to facilitate 
rapid sequence analysis. 

The following primers can be used for Taq thermal cycle sequencing: 
(1) the BTMll6 sense primer, 5' CAGAGCTTCACCATTGAA 3', primes 
49 nucleotides upstream of the BamHI site of pBTMll6; (2) the BTM116 
antisense primer, 5' GAAATTCGCCCGGAATT Y, primes 19 nucleotides 
downstream of the BamHI site of pBTMll6; (3) the VP16 sense primer, 
5' GAGTTTGAGCAGATGTTTA 3', primes 39 nucleotides upstream of 
the BamHI site of pVP16: and (4) the VP16 antisense primer, 5' 
TGTAAAACGACGGCCAGT 3', primes 54 nucleotides downstream of 
the BamHI site of pVP16. 

Strains and Media 

The genotype of the L40 strain is Mata his32x200 trpl-901 h'u2-3,112 
ade2 L YS2::(lexAop)4-HIS3 URA3::(lexAop)8-1acZ GAL4; this genotype is 
incomplete. 5 The expression of the HIS3 and lacZ coding seque, nces are 
driven, respectively, by minimal HIS3 and G A L l  promoters fused to multi- 
merized LexA-binding sites. The expression of HIS3 enables yeast to grow 
in the absence of histidine, while the expression of/3-galactosidase activity 
from the lacZ gene can be detected by a color assay using 5-bromo-4- 
chloro-3-indolyl-/3-o-galactoside (X-Gal). 

Two strains have been used for mating analysis: JC1 and AMR70. JC1 
is Matee leu2 ade2 ura3 trpl his3 lys2, and does not contain integrated copies 
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of either the HIS3 or LacZ reporter  constructs. 7 AMR70, constructed by 
R. Sternglanz (State University of New York, Stony Brook),  is Mata  his3 

lys2 trpl leu2 URA3::(lexAop)8-1acZ GAL4;  this genotype is incomplete. 
YC medium contains the following components per liter: 1.2 g of yeast 

nitrogen base, without amino acids and ammonium sulfate (Difco, Detroit,  
MI); 5 g of ammonium sulfate; 10 g of succinic acid; 6 g of NaOH; 0.75 g 
of amino acid mix lacking tryptophan (W), histidine (H), uracil (U), leucine 
(L), and lysine (K); 2% (w/v) glucose; and, as required, 20 g of agar (Difco), 
0.l g of W, 0.05 g of H, 0.1 g of U, 0.1 g of L, 0.1 g of K. Amino acid mix 
lacking W H U L K  is composed of the following: 1 g each of adenine sulfate, 
arginine, cysteine, and threonine; and 0.5 g each of aspartic acid, isoleucine, 
methionine, phenylalanine, proline, serine, and tyrosine. 

YPAD medium contains 10 g of yeast extract, 20 g of Bacto-peptone, 
0.1 g of adenine, 2% (w/v) glucose, and 20 g of agar, as required, per liter. 
YPA medium is YPAD without glucose. 

Cons t ruc t ion  of pBTM1 16 Bait  P lasmids  and  Presc reen  Tes t ing  

A well-behaved bait (i.e., a protein fused to LexA) should not trans- 

activate the reporter  constructs in the L40 strain nonspecifically and should 
not interact with either the NLS or the VP16 acidic activation domain. 
Therefore,  when the bait plasmid is introduced alone into the L40 yeast 
strain or together with pVP16, the strains that contain the bait plasmid 
alone or the bait plasmid with pVP16 should not grow in the absence of 
histidine and should not contain detectable/~-galactosidase activity. 

The first step in construction of pBTM116 bait plasmids is to decide 
whether to fuse a full-length protein or a particular domain in-frame to 
LexA. Screens employing full-length proteins fused to LexA tend to have 
a lower background of false positives. However,  in the event that the full- 
length protein activates the reporter  constructs, domains or fragments of 
the protein should be fused to LexA and tested. 

Test the extent of nonspecific activation of the reporter  constructs by 
the bait plasmid with the following protocol. 

1. Introduce the bait plasmid into the L40 yeast strain alone and to- 
gether with pVP16, using a small-scale transformation protocol, such as 
that described by Gietz et al. 8 or Hill et al. 9 Plate the transformed yeast on 
YC-W or YC-LW plates (bait alone or bait with pVP16, respectively) and 
incubate the plates at 30 ° for 3 days. It is important to note that the activity 

v j. Colicelli and M. Wigler, unpublished data. 
D. Gietz, A. St. Jean, R. A. Woods, and R. H. Schiestl, Nucleic Acids" Res. 20, 1425 (1992). 

9 j. Hill, K. A. Donald, and D. E. Griffins, Nucleic Acids" Res. 19, 5791 (1991). 
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of unfused LexA from pBTM116 is high enough to give a background of 
histidine prototrophs and detectable /3-galactosidase activity; fusions to 
LexA usually decrease this background. Therefore,  introduction of 
pBTM116 alone or with a VP16 fusion plasmid into the L40 strain does 
not provide an appropriate negative control; however, introduction of 
pBTM116 alone into the L40 strain can provide a positive control for low- 
level activation of the reporter  constructs. A plasmid expressing the L e x A -  
lamin fusion protein does not activate either reporter  and thus can be used 
as a negative control. ~° 

2. To assay histidine prototrophy, pick individual transformants from 
step l and streak for isolated colonies to plates lacking histidine and lacking 
the appropriate additive(s) to maintain selection for the plasmid(s) and 
integrated reporter  constructs: YC-WHUK or YC-WHULK plates (bait 
alone or bait with pVP16, respectively). Monitor growth at 30 ° for 2 to 
3 days. 

3. To assay activation of the lacZ reporter  construct, transfer individual 
transformants from step 1 to a YC-W or YC-LW plate; arrange the colonies 
in a gridlike pattern. Incubate the plates 2 to 3 days at 30 °. Assay /3- 
galactosidase activity as described in the section /3-Galactosidase Filter 
Assay (below). 

A well-behaved bait will not enable the yeast to grow in the absence 
of histidine and the yeast containing this bait will not express detectable 
/3-galactosidase activity. In the event that the yeast containing the bait of 
choice does grow on YC-WHUK plates, 3-aminotriazole (3-AT; Sigma, St. 
Louis, MO) can be added to YC-WHUK plates, after autoclaving, to sup- 
press growth. Although screens have been successfully completed with the 
inclusion of 3-AT at concentrations of 1 to 5 raM, the number of false 
positives arising from the screen tends to be higher. Thus, we strongly 
recommend that if a particular bait plasmid trans-activates the reporter  
constructs, additional protein fusions to LexA be constructed and tested. 
Identifying a fusion construct that does not activate is likely to require less 
effort than analyzing clones arising from a screen with a high background 
of false positives. However,  if such a fusion cannot be identified, then 3-AT 
should be used at the lowest possible concentration. 

In addition to determining the degree of nonspecific reporter  trans- 

activation by a bait construct, it is highly advisable to test the interaction 
of the bait with a known partner. This step ensures that a functional fusion 
has been made and that at least some of the protein is localized to the 
nucleus. To test the function of the Ras bait, the ability of LexA-Ras  to 

mp. Bartel, C. T. Chien, R. Sternglanz~ and S. Fields, BioTechniques 14, 920 (1993). 
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interact with VP16 fusions to the yeast CDC25 gene product, a Ras exchange 
protein, 1~ and to adenylyl cyclase, a yeast Ras effector, 12 was examined. 
The L e x A - R a s  fusion protein interacted with VP16 fusions of both yeast 
proteins, indicating that, indeed, the Ras fusion protein was functional and 
was present in, or could be translocated to, the nucleus. 

Baits that do not contain an NLS are a special concern in the modified 
two-hybrid system used here, because LexA does not contain an NLS. 13 
In the event that a particular bait does not enter the nucleus, the bait can 
be cloned into a derivative of pBTM116 containing an NLS, pNLX. 14 The 
NLS is positioned between LexA and a polylinker. Because of this position, 
the NLS may not function in all bait fusions. 

In addition, nonnuclear localization of bait fusion proteins may occur 
if the proteins contain signal sequences that direct them to discrete cellular 
compartments, such as the plasma membrane. In a different reporter back- 
ground, alteration of the Ras sequence responsible for membrane localiza- 
tion, the C A A X  motif, 15 was essential to detect an interaction between Ras 
and adenylyl cyclase or Raf fusion proteins. 16 In contrast, in the modified 
version of the two-hybrid system used here, wild-type Ras interacts with 
adenylyl cyclase and Raf fusion proteins and alteration of the C A A X  motif 
does not enhance the interaction. 

f l -Galactosidase Filter Assay  

The following protocol is a modification of the method described by 
Breeden and Nasmyth. ~v 

1. Transfer yeast colonies or patches to a dry nitrocellulose filter circle 
(BA85 or BA-S85; Schleicher & Schuell, Keene, NH). 

2. Lift the filter and place colony side up on a precooled aluminum 
boat floating on liquid nitrogen. After 20 sec, immerse the boat and filter 
for 5 sec. Remove the filter from the boat (the filters are fragile) and place 
at room temperature, colony side up, until thawed. 

3. In the lid of a petri dish, place 1.5 ml of Z buffer [60 mM Na2HPO4, 

ii D. Broek, T. Toda, T. Michaeli, L. Levin, C. Birchmeier, M. Zoller, S. Powers, and M. 
Wigler, Cell (Cambridge, Mass.) 48, 789 (1987). 

~2 T. Toda, I. Uno, T. Ishikawa, S. Powers, T. Kataoka, D. Broek, S. Cameron, J. Broach, K. 
Matsumoto, and M. Wigler, Cell (Cambridge. Mass.) 40, 27 (1985). 

t3 p. Silver, R. Brent, and M. Ptashne, Mol. Cell. Biol. 6, 4763 (1986). 
14 A. B. Vojtek and J. A. Cooper, unpublished data. 
15 C. J. Marshall, Science 259, 1865 (1993). 
~6 L. Van Aelst, M. Barr, S. Marcus, A. Polverino, and M. Wigler, Proc. Natl. Acad. Sci. 

U.S.A. 90, 6213 (1993). 
17 L. Breeden and K. Nasmyth, Cold Spring Harbor Symp. Quant. Biol. 50, 643 (1985). 
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40 mM NaH2PO4, 10 mM KC1, 1 mM MgSO4 (pH 7.0)] containing 10 to 
30 /~1 of X-gal (50 mg/ml) in N,N-dimethylformamide. Lay a Whatman 
(Clifton, NJ) No. 1 filter circle in the Z buffer, followed by the nirocellulose 
filter, colony side up, avoiding air bubbles at each step. CoveT with the 
bottom of the petri dish. Incubate at 30 ° for 30 rain to overnight. Monitor 
the color development over time. 

Library Transformat ion  

The following library transformation protocol is a modification of pub- 
lished methods. 8"9'1s 

1. Grow a 5-ml culture of the L40 yeast strain containing the pBTM 
bait plasmid in YC-WU (overnight). 

2. Inoculate 100 ml of YC-WU with an aliquot of the overnight culture. 
The goal is to find a dilution that places the 100-ml culture at midlog phase 
the next day (OD600 not greater than 4). 

3. Dilute the culture from step 2 to an OD600 of 0.3 in 1 liter of YPAD, 
prewarmed to 30 °. Grow at 30 ° for 3 hr. 

4. Pellet the cells by centrifugation at room temperature (1500 g, 5 
rain). 

5. Wash the pellet in 500 ml of 1× TE [10 mM Tris, 1 mM EDTA 
(pH 7.5)]; resuspend the pellet in TE, then centrifuge. Resuspend the pellet 
in 20 ml of 1× lithium acetate, 0.5x TE ]made from 10× filter-sterilized 
stocks; 10x lithium acetate: 1 M lithium acetate, pH 7.5, adjusted with 
dilute glacial acetic acid; 10x TE: 100 mM Tris, 10 mM EDTA (pH 7.5)]. 
Transfer to a sterile l-liter glass flask or beaker. 

6. Add a mixture of 500 /zg of library plasmid DNA and 1.0 ml of 
denatured salmon sperm DNA (10 mg/ml) (see Schiestl and Gietz is for 
preparation). The library DNA can be prepared with Qiagen (Chatsworth, 
CA) columns or by cesium chloride gradients. Alternatively, DNA can 
be prepared by alkaline lysis, followed by phenol-chloroform extraction; 
RNase treatment is not required. 

7. Add 140 ml of 1 × lithium acetate, 40% polyethylene glycol (PEG) 
3350, 1× TE. Mix and incubate for 30 rain at 30 °, with occasional mixing. 

8. Add 17.6 ml of dimethyl sulfoxide. Swirl to mix. Heat Shock in a 
42 ° water bath for 6 min, with occasional mixing. Immediately dilute with 
400 ml of YPA medium and rapidly cool to room temperature in a wa- 
ter bath. 

9. Pellet the cells at room temperature. Wash with 500 ml of YPA 

~s R. H. Schiestl and R. D. Gietz. Curr. Genet. 16, 339 (1989). 
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medium. Resuspend the pellet in 1.0 liter of prewarmed YPAD. Incubate 
at 30 ° for 1 hr, with gentle shaking. 

10. Pellet the cells from 1 ml. Resuspend in 1 ml of YC-UWL. Plate 
10- and 1-tzl aliquots (1/105 and 1/106 of total) on YC-UWL to measure 
the primary transformation efficiency. This protocol should yield 10 to 100 
million transformants. 

11. Pellet the cells from the remaining 999 ml. Wash the pellet in 500 
ml of YC-UWL. Resuspend in 1.0 liter of prewarmed YC-UWL. Incubate, 
with shaking, at 30 ° for 16 hr. 

12. Pellet the cells. Wash twice with 500 ml of YC-WHULK. Resuspend 
the final pellet in 10 ml of YC-WHULK. 

13. Plate 1/106 and 1/107 of the total on YC-UWL plates to compare 
to the number of primary transformants from step (10). This allows a 
calculation of the number of doublings and the number of his + colonies that 
should be screened to roughly cover the number of primary transformants. 

14. Plate aliquots on YC-WHULK plates and incubate at 30 ° for 2 to 
3 days. Because his + colonies grow poorly if the density on the plates is 
too high, the optimal plating volume depends on the recovery time in 
YC-UWL and on the efficiency of the transformation. With a 16-hr recov- 
ery, plate 10 plates each of 5, 10, 25, and 50/xl. Save the remainder of the 
10 ml at 4 ° as a backup in the event the dilutions are inappropriate; the 
yeast are stable for at least 1 week when stored in this fashion. 

15. Transfer his ~ colonies to two YC-WHULK plates (a master plate 
and a duplicate plate for the/~-galactosidase filter assay); arrange the colo- 
nies in a gridlike pattern. In the Ras screen, 44% of his + transformants 
were also LacZ+; this percentage depends on the bait. 

Charac te r iza t ion  of His + LacZ t Library Isolates 

A common strategy to eliminate false positives and to identify clones 
of interest is to test the library clones for interactions with LexA fusion 
proteins distinct from the bait used in the screen. True positives should 
interact specifically with the original bait, but not with other LexA fusions. 
A fusion of LexA to lamin has been used predominantly for this purpose, 
since it seems to reveal many, but not all, false positives, l° 

We have found that versions of the original bait that incorporate point 
mutations known to affect biological properties of the bait are useful tools 
for eliminating false positive and identifying clones of interest. For example, 
point mutations within the Ras effector domain affect the ability of Ras 
to interact with downstream targets, such as the yeast Ras effector adenylyl 
cyclase. In mammalian cells, these point mutations affect the ability of Ras 
to transform cells, but do not effect the stability of the Ras protein in 
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vivo or its ability to bind guanine nucleotides; therefore, the defect in 
transformation is expected to result from a defect in the interaction of Ras 
and one or more downstream targets. 19 In the search for Ras effectors, 21 
clones were identified that interacted with Lex A -Ras  but did not interact 
with LexA-lamin.  Of these 21 clones, 12 did not interact with the mutant 
Ras effector domain fusion protein. Because these 12 require an intact 
Ras effector domain for the interaction with Ras to occur, they are likely 
candidates for Ras effectors. Nine of these 12 clones encode amino terminal 
domains of c-Raf and A-Raf  family members. Several independent fusions 
of each of the Raf family members of VP16 were isolated. The genetic and 
biochemical characterization of these isolates, coupled to existing genetic 
data, indicated that Raf family members are major effectors of Ras. The 
remaining clones fall into three classes by sequence analysis. These clones 
meet biochemical, genetic, and molecular criteria that suggest that they 
also play a role in Ras signal transduction. Therefore,  point mutations that 
affect known biological properties of bait proteins appear to be powerful 
tools for identifying clones of interest. A similar strategy can be employed 
for proteins with separable domains (i.e., by deleting or mutating a given 
functional domain and analyzing the interaction of the mutant protein with 
the library isolates). 

The recommended approach to eliminate false positives is first to segre- 
gate the bait plasmid from the library clone and then to introduce tester 
LexA fusion proteins by mating. Tester fusion proteins could include L e x A -  
lamin, domains of modular bait proteins with well-characterized functions, 
as well as bait proteins with point mutations affecting biological functions of 
interest (the equivalent of the Ras effector domain mutant). The interaction 
between the original bait and the library isolate should also be retested. 

Plasmid Segregat ion  to Remove Original Bait  Plasmid 

1. Inoculate 5 ml of YC-L with LacZ + His + transformants. Grow for 2 
days at 30 ° . 

2. Plate to YC-L plates to achieve a density of 100 to 200 cells/plate 
(approximately 100 ~1 of a 1 : 10,000 dilution of the 2-day cultures). Incubate 
the plates for 2 days at 30 °. 

3. Replica plate the YC-L plates from step 2, first to YC-LW and then 
to YC-L plates. Incubate for 1 to 2 days at 30 °. Identify colonies that require 
W for growth {i.e., colonies that grow on YC-L but not on YC-LW) and, 
therefore, have segregated the bait plasmid. 

I~ B. M. Willumson, A. G. Papageorge, H. P. Kung, E. Bekesi. T. Robins, M. Johnsen, 
W. C. Vass, and D. R. Lowy, Mo[. Cell. Biol. 6, 2646 (1986). 
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Mat ing Assay  

1. Introduce tester baits into a Mata  yeast strain by transformation. 
Generic yeast strains (those lacking reporter  constructs), such as JC1, as 
well as specialty strains (those containing a LacZ reporter  construct), such 
as AMR70,  have been used successfully. Note that, in contrast to L40, JC1 
and AMR70 require lysine for growth; in addition, JC1 requires uracil. 

2. Inoculate 5-ml cultures for the Ma t s  tester strains as well as the L40 
library clone segregants. Maintain appropriate  selections for the plasmids. 
Grow for 1 to 2 days at 30 ° . 

3. On a Y P A D  plate, spot 1 /M of each of the Matc~ tester strains to a 
grid. Overlay each tester strain with 1/xl of each L40 library clone segregant. 
Incubate overnight at 30 ° . 

4. Replica plate to YC-LW plates to select for diploids. 
5. After  2 days at 30 °, transfer diploids to Y C - W H U L K  plates in a grid, 

to test trans-activation of the histidine reporter  construct, and to YC-LW 
plates for/3-galactosidase filter assays. 

Occasionally, a library isolate does not interact with the original bait part- 
ner. If this occurs, then the possibility that the original His + LacZ + clone 
was transformed with multiple library plasmids and that the library plasmid 
expressing an interacting protein was subsequently lost during the segrega- 
tion process should be examined. 

Analys i s  of Positive Clones  

To determine if an interaction between a bait plasmid and a library 
isolate is "real ,"  molecular, biochemical, and/or  genetic criteria can be 
assessed. Each of these criteria are discussed below. 

Molecular analysis of the library isolate includes sequencing the cDNA 
insert and then searching a translated sequence database for proteins related 
to the domain encoded by a particular isolate. The mouse embryo library 
contains short inserts ranging from 350 to 700 nucleotides in length and, 
therefore, the sequence of the inserts can be readily determined with two 
reactions (forward and reverse directions). Such an analysis was productive 
for all of the Ras-interacting proteins that require the Ras effector domain 
for their interaction. The library clones can be recovered from yeast as de- 
scribed .2o 

An interaction observed in the two-hybrid system indicates that the two 

20 M. D. Rose, F. Winston, and P. Hieter, "Laboratory Course Manual for Methods in Yeast 
Genetics." Cold Spring Harbor Lab., Cold Spring Harbor, NY, 1990. 
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protein domains involved can form a complex. The protein domains could 
interact directly or, alternatively, their interaction could be mediated by a 
yeast protein. To  determine whether  a direct interaction occurs, biochemical 
approaches,  such as assessment of the interaction with bacterial fusion 
proteins, are necessary. In addition, association as assessed by coimmuno- 
precipitation from cell lines may be useful in establishing a biological rele- 
vance to the interaction. 

Genetic  criteria for assessing the relevance of an interaction are rela- 
tively straightforward with a well-characterized bait such as Ras. Numerous  
biochemical and genetic studies both in yeast and in higher eukaryotic cells 
revealed the importance of the GTP-bound  state of Ras as well as the Ras 
effector domain in signal transduction. 2~ Hence,  the expectations for the 
R a s - R a s  effector interaction were well defined: the interaction of Ras and 
an effector is expected to require active (GTP-bound)  Ras and an intact 
Ras effector domain. Moreover,  point mutations affecting the guanine 
nucleotide bound to Ras 22'23 as well as the ability of Ras to interact with 
downstream targets ~9 had been previously identified and extensively charac- 
terized. Introduction of mutant  Ras proteins altered in their guanine nucleo- 
tide-binding propert ies and in the Ras effector domain into the two-hybrid 
system greatly facilitated the genetic characterization of the R a s - R a f  inter- 
action. Using these mutant  Ras proteins, the R a s - R a f  interaction was 
shown to require active GTP-bound  Ras and an intact effector domain for 
the interaction to occur. Thus, through the use of well-characterized mutant  
Ras proteins, the biological relevance of the R a s - R a f  interaction was estab- 
lished by genetic analysis. 

S u m m a r y  

The identification of proteins mediating Ras effects, such as the serine/ 
threonine kinases of the Raf  family, has advanced our understanding of 
how signals are transmitted from the extracellular milieu to the nucleus. 
The modified two-hybrid system has proved to be a powerful tool for 
identifying specific protein interactions, such as those between Ras and 
Raf. We hope that the insight gained from the Ras screen, as well as insights 
from other two hybrid screens, will prove valuable in the application of 
this system to other enigmatic questions in biology. 

~t H. R. Bourne, D. A. Sanders, and F. McCormick, Nature (London)  349, 117 (1991). 
22 S. Powers, K. O'Neill, and M. Wigler, Mol. CelL BioL 9, 390 (1989). 
-~ C. Lai, M. Bogulski, D. Broek, and S. Powers, Mol. Cell. Biol. 13, 1345 (1993). 
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[35] M e t h o d s  for  A n a l y z i n g  c - J u n  K i n a s e  

By J O H N  K .  W E S T W I C K  and DAVID A. B R E N N E R  

Introduction 

Intracellular signaling pathways are stimulated by growth factors, cytok- 
ines, and oncogenes. A number of the kinases responsible for translocation 
of cytoplasmic signals to the nucleus of the cell, where changes in gene 
expression result, have been elucidated. These kinases include the well- 
characterized mitogen-activated protein kinases [MAPKs, also known as 
extracellular signal-regulated kinases or ERKs 1'2 [25, 29], this volume)] and 
a more recently described family of kinases, the c-Jun nuclear kinases 
(JNKs, also referred to as stress-activated protein kinases or SAPKs). 3-5 

The c-Jun protein is a member of the AP-I family of transcription 
factors and activates transcription as a dimer with other Jun or Fos proteins. 
c-Jun is composed of functionally separate DNA-binding and transcrip- 
tional-activating domains. 6 These domains are phosphorylated differently 
in response to extracellular and oncogenic stimulation. Phosphorylation of 
three amino acids adjacent to the DNA-binding domain, T231, $243, and 
$249, decreases DNA binding by the c-Jun protein, presumably through 

i E. Nishida and Y. Gotoh, Trends Biochem. Sci. 18, 128 (1993). 
2 j. Blenis, Proc. Natl. Acad. Sci. U.S.A. 90, 5889 (1993). 
3 M. Hibi, A. Lin, T. Smeal, A. Minden, and M. Karin, Genes Dev. 7, 2135 (1993). 
4 B. Derijard, M. Hibi, I.-H. Wu, T. Barrett, B. Su, T. Deng, M. Karin, and R. J. Davis, Cell 

(Cambridge, Mass.) 76, 1025 (1994). 
5 j. M. Kyriakis, P. Banerjee, E. Nikolakaki, T. Dai, E. A. Ruble, M. F. Abroad, J. Avruch, 

and J. R. Woodgett, Nature (London) 369, 156 (1994). 
t, A. Lin, T. Smeak T. Deng, J.-C. Chambard, and M. Karin, Adv. Second Messenger Phospho- 

protein Res. 28, 255 (1993). 
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charge repulsion, v,s Phosphorylation of two amino acids in the activation 
domain, $63 and $73, increases transcriptional activity and occurs in re- 
sponse to several agonists, 9-1~ oncogenes, 9,~2 partial hepatectomy, 13 cellular 
stress, 5 and ultraviolet (UV) irradiation. 3,4 Several transcription factors are 
potentiated by phosphorylation in this manner. While the mechanisms 
involved are not clear, it appears that phosphorylation in the activation 
domain increases interaction of these enhancer binding proteins with the 
basal transcriptional apparatus. 

The JNKs are members of a growing family that is distantly related to 
the MAPKs, sharing approximately 42% sequence identity, 5 which can 
be grouped as mitogen-activated proline-directed kinases. 3,~4 While both 
MAPKs and JNKs are activated by phosphorylation on threonine and 
tyrosine by dual-specificity kinases, the target site in MAPKs is T*-E-Y*, 
while in JNKs it is T*-P-Y*. 4-5 It has been conclusively demonstrated with 
both biochemical and functional assays that the JNKs and MAPKs show 
distinct patterns of activation in response to many stimuli 5'1~15 and have 
distinct target specificities. 3.~4,~ MAPKs phosphorylate the consensus se- 
quence P-L-S*/T*-P, while the JNKs phosphorylate peptides containing the 
sequence L/A-S*-P-D/E. 4,5 Thus, analysis of each of these kinase activities 
separately in a given system is necessary. 

This chapter begins by expanding on existing protocols for mapping the 
c-Jun phosphorylation pattern in cultured cells (In Vivo Labeling and Two- 
Dimensional Phosphopeptide Mapping). Once a given cell type is deter- 
mined to phosphorylate the trans-activation domain of c-Jun in response 
to a given factor, the kinase activity can be expeditiously studied (In Vitro 
c-Jun Kinase Assay and Immune Complex c-Jun Kinase Assay). Finally, 

7 W. J. Boyle, T. Smeal, L. H. K. Defize, P. Angel,  J. R. Woodgen,  M. Karin, and T. Hunter,  
Cell (Cambridge, Mass.) 64, 573 (1991). 
A. Lin, J. Frost, T. Deng, T. Smeal, N. AI-Alawi, U. Kikkawa, T. Hunter.  D. Brenner,  and 
M. Karin, Cell (Cambridge, Mass.) 70, l (1992). 
T. Smeal, B. Binetruy, D. Mercola, A. Grover-Bardwick, (3. Heidecker, U. R. Rapp, and 
M. Karin, Mol. Cell Biol. 12, 3507 (1992). 

m V. Adler,  C. C. Franklin, and A. S. Kraft. Proc. Natl. Acad. Sci. U.S.A. 89, 5341 (1992). 
J~ J. K. Westwick, C. Weitzel, A. Minden,  M. Karin, and D. A. Brenner.  J. Biol. Chem. 269, 

26396 (1994). 
12 B. Binetruy, T. Smeal, and M. Karin, Nature (London) 351, 122 (1991). 
~ J. K. Westwick, C. Weitzel, H. L. Leffert, and D. A. Brenner ,  J. Clin. Inw, st. 95, 803 (1995). 
~4 S. J. Baker, T. K. Kerrpota, D. Luk, M. T. Vandenberg,  D. R. Marshak,  T. Curran, and C. 

Abate,  Mol. Cell Biol. 12, 4694 (1992). 
15 B. Su, E. Jacinto, M. Hibi, T. Kallunki, M. Karin, and Y. Ben-Neriah,  Cell (C?lmbridge, 

Mass.) 77, 727 (1994). 
~' J. K. Westwick, A. D. Cox, C. J. Der, M. H. Cobb, M. Hibi, M. Karin, and D. A. Brenner.  

Proe. Natl. Acad. Sci. U.S.A. 91, 6030 (1994). 
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to demonstrate the functional significance of c-Jun phosphorylation, tran- 
scriptional activation assays that focus directly on the amino terminus of 
c-Jun are performed (Functional Analysis of c-Jun Transcriptional Ac- 
tivity). 

In Vivo Labeling and  Two-Dimensional  Phosphopept ide  Mapping 

Background and General Principles 

The conditions for tryptic phosphopeptide mapping of the c-Jun protein 
have been optimized and validated by numerous researchers since they 
were first reported, w The method consists of immunoprecipitating 32p~_ 
labeled c-Jun from cultured cells, purifying the c-Jun after sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),  tryptic digestion, 
and two-dimensional mapping to resolve the peptides. When comparing 
different cell lines, or cells treated for extended periods of time, it is neces- 
sary to have parallel cultures labeled with 3-~S-labeled amino acids to control 
for variations in total cellular c-Jun protein. 

Method 

Materials 

Methionine-free or methionine- and cysteine-free tissue culture medium 
Phosphate-free tissue culture medium (GIBCO-BRL, Grand Island, NY) 
32pi (H3PO4 in H20, HC1 free, carrier free, 500 mCi/ml; ICN, Irvine, CA) 
Trans35S - label (ICN) 
Preimmune serum or normal rabbit serum 
Specific antibody (e.g., sc-45; Santa Cruz Biotechnology, Santa Cruz, 

CA): Other commercially available antibodies are reported to be ac- 
ceptable for this application, e.g., Oncogene Science Ab 18 (Union- 
dale, NY) 

Protein A-Sepharose (Pharmacia, Piscataway, N J) or protein A- plus 
protein G-agarose (Oncogene Science) 

RIPA buffer: 0.15 M NaCI, 50 mM Tris (pH 7.2), 1% (w/v) deoxycholic 
acid, 1% (v/v) Triton X-100, 0.1% (w/v) SDS 

RIPA buffer with 1 M urea; RIPA buffer with 1 M NaCI 

~7 W. J. Boyle, P. van der Geer, and T. Hunter, this series, Vol. 201, p. 110. 
is S. Kamada, K. Toyoshima, and T. Akiyama, J. Biol. Chem. 269, 4565 (1994). 
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Protease inhibitors: Aprotinin (2/~g/ml), bestatin (40/zg/ml), leupeptin 
(0.5 /~g/ml), Pefabloc (0.5 raM), pepstatin A (0.7 ~g/ml) (all from 
Boehringer Mannheim, Indianapolis, IN) 

Phosphatase inhibitors: 20 mM/3-glycerophosphate, 50/zM Na3VO4 (van- 
adate), 10 mM p-nitrophenol phosphate (all from Sigma, St. Louis, 
MO) 

Reagents for SDS-PAGE 1'~ 
Sample elution buffer (2×) 
Prestained protein molecular weight markers [high molecular weight 

prestained markers (GIBCO); Rainbow molecular weight markers 
(Amersham, Arlington Heights, IL)] 

Nitrocellulose membranes (MSI, Westboro, MA) 
Polyvinylpyrrolidone, 0.5% (w/v) (PVP-360; Sigma) 
NH4HCO3, pH 7.3-7.6 (0.05 M) 
Tosyl phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Wor- 

thington, Freehold, N J) 
Performic acid 
TLC plates, cellulose precoated [Cat. No. 1756 (Merck, Rahway, NJ) 

available from EM Science, Gibbstown, NJ] 
Hunter thin-layer electrophoresis apparatus (CBS Scientific, Del Mar, 

CA) 
Chromatography tank (small glass brick variety suitable for two plates) 
Electrophoresis buffer, pH 1.9 [50 ml of formic acid (88%, v/v), 156 ml 

of glacial acetic acid, 1794 ml of deionized water] 
Phosphochromatography buffer: 750 ml of n-butanol, 500 ml of pyridine, 

150 ml of glacial acetic acid, 600 ml of deionized water 
Procedure. The conditions listed below have worked for all cells we 

have tested (including primary hepatocyte cultures) and may be used as a 
starting point; for suspension cultures use 10-20 million cells per condition. 
The amount of c-Jun protein may be increased by the transient transfection 
of an expression vector for c-Jun into the cells, such as RSV-c-Jun. 2° 

Adherent cells are seeded in complete medium in 100-mm tissue culture 
plates. After reaching late log-phase growth, cells may be rendered quies- 
cent by incubation in medium containing 1/20 of the normal serum concen- 
tration, or in serum-free medium when possible. Cells are incubated in this 
medium for 24-48 hr, depending on the viability of the particular cell type. 
Before radiolabeling, plates should be washed two times with 8 ml of 
prewarmed serum-free medium, which is either methionine free (or methio- 

19 D. W. Cleveland, S. G. Fischer, M. W. Kirschner, and U. K. Laemmli,  J. Biol. Chem. 252, 
1102 (1977). 

2o p. Angel,  K. Hanor i ,  T. Smeal, and M. Karin, Cell (Cambridge, Mass.) 55, 875 (1988). 
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nine or cysteine free) or phosphate free. Medium is then replaced with 
2.5-3 ml/plate of the same serum-free medium, and plates are returned 
to incubators for 30 rain. If cells require serum at this stage, it should 
be dialyzed. 

32p i o r  35S-labeled amino acids are then added to the medium. We have 
found 1 mCi of 32pi per milliliter to be suitable under most conditions; 
published methods range from 0.5 to 5 mCi/ml for peptide mapping. Subse- 
quent steps require Plexiglas shielding (CBS Scientific) for the plates con- 
taining 32p i . Plates are generally incubated for 3 hr; equilibration of intracel- 
lular 32p~ or 35S-labeled amino acids is desired, but this must be balanced 
with poor viability of some cell types in phosphate-free medium. It may 
be helpful to test the viability of cells in serum-free, phosphate-free medium 
(without addition of radioactivity) prior to performing a labeling experi- 
ment. Cell lysis buffer including protease inhibitors should be prepared in 
advance of cell treatment. 

If cells are to be treated with agonists these should be added directly 
to the medium following the 3-hr (or longer) incubation. In general, the 
phosphorylation of c-Jun in response to agonist treatment occurs rapidly; 
thus preliminary assays should include time points as short as 5-10 min. 
Following treatment, the medium is aspirated, cells are washed two times 
with ice-cold PBS and then the cells are lysed in 1 ml of ice-cold radioimmu- 
noprecipitation assay (RIPA) buffer containing protease and phosphatase 
inhibitors. All subsequent steps in the protocol are performed at 4 °. Plates 
should be incubated on ice for 5 min to lyse the cells, and lysates are 
transferred to 1.5-ml screw-cap tubes. Alternatively, nuclei may be prepared 
for the subsequent isolation of nuclear proteins. 21 However, this increases 
the number manipulations with the radioactive samples and is in general 
unnecessary for achieving clean immunoprecipitates. 

Five microliters of nonimmune rabbit serum is added to each sample 
followed by 50/~1 of protein A-Sepharose [10% (v/v) in RIPA] or 20/xl 
of protein A plus protein G-agarose. Samples are incubated at 4 ° with 
constant mixing (using a turning wheel or, end-over-end apparatus) for 30 
min, then microfuged at top speed for 5 rain. Precleared supernatants are 
transferred to new labeled screw-cap microfuge tubes, to which anti-c-Jun 
serum (or preimmune serum for control tubes) has been added. We have 
found that 0.5/Jog (5/xl) of commercially obtained anti-c-Jun (Santa Cruz 
Biotechnology) is sufficient for immunoprecipitating c-Jun from the 2 to 5 
million cells typically growing in a 100-ram plate. Tubes are incubated at 
4 ° for 1 hr with constant mixing, then 50/xl of protein A-Sepharose or 20 

~1 j. D. Dignam, R. M. Lebovitz, and R. G. Roeder, Nucleic Acids Res. 11, 1475 (1983). 
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/xl of protein A plus protein G-agarose is added and incubation is continued 
for an additional 30 rain. 

Samples are then microfuged at top speed for 1 min to pellet immune 
complexes. Supernatants may be transferred to new labeled tubes and 
frozen for subsequent immunoprecipitation with other antisera (for anti- 
gens other than c-Jun), or discarded to radioactive waste. Pellets are washed 
with 1 ml of RIPA buffer, 1 ml of RIPA buffer containing 1 M urea, 1 ml 
of RIPA buffer containing 1 M NaC1, and finally twice with 1 ml of RIPA 
buffer. Each wash consists of adding the indicated buffer, vortexing the 
samples to resuspend Sepharose-ant ibody complexes, microfuging for 1 
min at top speed to pellet complexes, and removing supernatant to radioac- 
tive waste. Increased purity of immunoprecipitates can be obtained by 
incubating resuspended beads in wash buffer at each step for 5 rain with 
turning at 4 °. The Sepharose pellets should be visible, but do not adhere 
well to the tubes. Supernatants are carefully removed with a disposable 
blue pipette tip. After the final wash, pellets are respun and residual liquid 
is removed with a yellow pipette tip. Pellets are resuspended in 25/xl of 
2x  sample buffer, put in a heat block at 96 ° for 5 min, then loaded onto 
sodium dodecyl sulfate-10% (w/v) polyacrylamide gels. 19 Prestained molec- 
ular weight markers should be included in outside lanes. 

Gels are run until the 46-kDa marker has migrated 50% of the distance 
through the resolving gel; then proteins are transferred to nitrocellulose 
in a standard Western transfer. 22 For [35S]methionine-labeled samples, a 
separate gel is run and the transfer step ommitted, with gels fixed and 
prepared for fluorography. To expedite the transfer process, minigels (10 
cm) and a minitransfer apparatus (such as the TE series Transphor unit; 
Hoefer, San Francisco, CA) are generally used. Complete transfer of 
prestained markers to nitrocellulose membranes should be observed. 

Membranes are removed, rinsed in water, and set on Whatman (Clifton, 
N J) 3M paper to remove excess moisture (but not allowed to dry) then 
folded into a sheet of plastic wrap and taped into a sheet of plastic wrap 
and taped into an autoradiograph cassette. It is essential to include a marker  
by which to orient the membrane to the film after exposure, such as fluores- 
cent tape Glogos (Stratagene, San Diego, CA). Film is exposed at - 8 0  ° 
with an intensifying screen for 4 hr to overnight to visualize phosphorylated 
c-Jun protein. (If bands are not visible after an overnight exposure, the 
samples are not sufficiently labeled for phosphopeptide mapping, and more 
c-Jun and/or  higher levels of 32p in labeling medium are needed). Bands 

2z T. Maniatis, E. F. Fritsch, and J. Sambrook, "Molecular Cloning: A Laboratory Manual." 
Cold Spring Harbor Lab., Cold Spring Harbor, NY, 1989. 
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corresponding to c-Jun should migrate at ca. 40-43 kDa owing to decreased 
mobility caused by phosphorylation, and should be absent in lanes where 
preimmune serum was used to precipitate identically treated samples. Sam- 
ples labeled with large amounts of 32p frequently contain additional phos- 
phorylated proteins at higher molecular weights; these should be well sepa- 
rated from c-Jun bands, and should not interfere with purification of the 
c-Jun protein. 

The developed film is placed on a light box, and the membrane in plastic 
wrap with fluorescent marker attached is carefully aligned on top of this. 
Bands on the film should show through the membrane, and these are circled 
with a permanent marker onto the plastic wrap covering the membrane. 
Small surgical scissors are used to excise the circled portions of the mem- 
brane. After removing the small bits of plastic wrap, membrane pieces are 
dropped into labeled screw-cap microfuge tubes. From this point, samples 
are processed exactly as describedY 

Either equal counts or equal protein concentrations of c-Jun may be 
loaded onto two-dimensional maps. Loading of equal counts from each 
sample onto the electrophoresis plates is based on the premise that C- 
terminal phosphorylation and N-terminal phosphorylation are regulated in 
an independent fashion. While it is true that the ratio of N-terminal (spots 
X and Y on two-dimensional maps, see Fig. 1) to C-terminal (Fig. 1 spots 
a, b, and c, resulting from tri-, di-, and monophosphorylated forms of the 
tryptic peptide adjacent to the basic domain) phosphorylation generally 
increases significantly following cellular activation, it may be misleading to 
rely on this artificial ratio. Many agonists, such as epidermal growth factor 
(EGF), stimulate phosphorylation of both $63/$73 and also $243, which is 
a substrate for MAPKs. Thus the ratio of N/C-terminal phosphorylation 
is decreased by phosphorylation of $243, yet c-Jun DNA-binding activity 
is essentially unchanged. Therefore a simple change in the N/C ratio of 
phosphorylation does not accurately describe the effect of some agonists. 
A more accurate determination may be obtained by loading equal amounts 
of purified c-Jun protein onto the electrophoresis plates with protein con- 
centration being determined after immunoprecipitation and SDS-PAGE.  

Electrophoresis and chromatography of c-Jun peptides are then per- 
formed exactly as described, w Phosphorylated amino-terminal peptides 
containing Set-63 (Fig. 1, spot Y) and Ser-73 (Fig. 1, spot X) are more 
mobile in phosphochromatography buffer, and are easily resolved from the 
carboxy-terminal spots. 7 An example of two-dimensional mapping is shown 
in Fig. 1, in which equal concentrations of purified c-Jun protein were used. 

Plates are exposed to X-ray film with an intensifying screen at -70  ° . If 

23 K. Luo, T. R. Hurley, and B. M. Sefton, this series, Vol. 201, p. 149. 
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FT(;. 1. Two-dimensional phosphopeptide mapping of c-Jun immunopurified from human 
diploid fibroblasts. Cells were labeled with 32p~ as described in text and left unstimulated, or 
stimulated with the indicated factors (10 ng/ml), for the final 30 min of labeling. Cell lysates 
were subjected to immunoprecipitation with c-Jun-specific antisera, SDS-PAGE, elution of 
c-Jun bands, and trypsinization as described in text. Peptides were loaded onto cellulose plates 
and subjected to electrophoresis in the horizontal dimension and phosphochromatography in 
the vertical dimension. The origin of electrophoresis is indicated by the arrowhead. Amino- 
terminal (activation domain) phosphopeptides are indicated (X, Y). (Reproduced from West- 
wick et al., 11 with permission of the publisher.) 

an obvious  signal  is o b t a i n e d  in less than  4 days  of  exposure ,  tlhe p la tes  
con ta in  sufficient r ad ioac t iv i ty  for  A M B I S / 3  scanning  or  p h o s p h o r i m a g e  
analysis .  A l t e rna t i ve ly ,  spots  may  be q u a n t i t a t e d  by  al igning film to the  
pla tes ,  circl ing the  spots,  and  scraping  the cel lulose  in to  sc int i l la t ion vials. 

In Vitro c - J u n  K i n a s e  A s s a y  a n d  I m m u n e  C o m p l e x  c - J u n  
K i n a s e  A s s a y  

Background and General Principles 

In vitro kinase  assays ut i l ize r e combinan t ,  bac te r i a l ly  exp res sed  c-Jun 
as subs t ra te  with whole-ce l l  o r  nuc lea r  ext rac ts  of  cu l tu red  cells or  an imal  
t issue as the  k inase  source.  [TB2p]ATP is the  source  of  r ad ioac t ive  phos-  
pha te .  These  assays have the a d v a n t a g e  of  assessing only k inase  act ivi ty  
(because  they  are  p e r f o r m e d  in the  p re sence  of  p h o s p h a t a s e  inh ib i tors )  
and,  unl ike  the  o the r  assays desc r ibed  tha t  rely on cu l tu red  cells, m a y  be  
ut i l ized with ext rac ts  de r ived  f rom an imal  tissues. 1~,24 It  is therefore '  poss ib le  

24 A. M. Diehl, M. Yin, J. Fleckenslein, S. Q. Yang, H. Z. Lin, D. A. Brenner, J. Westwick, 
G. Bagby. and S. Nelson, Am. J. Physiol. 267, G552 (1994). 
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to confirm and extend results obtained from in vitro model systems. These 
assays are amenable to screening large numbers of compounds potentially 
involved in stimulating or blocking signal transduction paths. 

The amino-terminal half of human c-Jun is linked in frame to the 
glutathione S-transferase (GST) protein of Schistosorna j a p o n i c u m Y  We 
generally use a construct encoding amino acids (aa) 1-223, but other studies 
have effectively utilized aa 1-135, 5 5-89, 26 or 1-79. 3 Vectors encoding 
the 26-kDa GST domain under control of the tac promoter,  suitable for 
subcloning of sequences for expression of fusion proteins in Escherichia 
coli, can be obtained from Pharmacia (pGEX vectors; Pharmacia, Piscata- 
way, NJ)Y GST fusion proteins provide a "solid state" substrate for in 
vitro kinase assays, because fusion proteins are not eluted from glutathione- 
Sepharose 4B before use. This allows removal of nonspecific kinases before 
assaying, and removal of nonspecific radioactivity following the kinase assay 
and before electrophoresis. The solid state assay circumvents the problem 
of nonspecific phosphorylation of recombinant substrates, which is often 
seen at high concentrations of kinase and substrate. The c-Jun kinase- 
binding domain is especially suitable for these purposes, as it binds its 
substrate with high affinity, allowing nonspecific kinases to be removed 
with stringent washing. 3 Alternately, it is possible to purify the kinase 
with GST-c-Jun as described below, elute with 1 M NaCI, and use this 
preparation as a source for a heterologous nonbinding substrate. 3 

With the cloning of several JNK family members, reagents have been 
developed that enable the measurement of the activity of specific kinases. 
Using either specific antisera (such as anti-JNKl 4) or epitope-tagged JNK 
expression vectors, 4 the activity of a specific kinase in the ceils is measured 
by an immune complex kinase assay. 

Materials 

E. coli: Vectors contain the lacI q gene, so they may be used in any E. 
coli strain 

Vectors: pGEX series (Pharmacia, with c-jun amino-terminal sequences 
and mutated sequences subcloned) 

Glutathione-Sepharose 4B (Pharmacia) 
NETN: 20 mM Tris (pH 7.4), 100 mM NaC1, 1 mM EDTA,  5 mM 

phenylmethylsulfonyl fluoride (PMSF), 5 mM benzamidine, 0.5% 
(v/v) Nonidet P-40 (NP-40), 2 mM dithiothreitol (DTT), aprotinin 
(2/xg/ml), leupeptin (0.5/zg/ml), pepstatin (0.7/xg/ml) 

25 S. B. Smith and K. S. Johnson, Gene 67, 31 (1988). 
2~ V. A. Adler, A. Polotskaya, F. Wagner, and A. S. Kraft, J. Biol. Chem. 267, 17001 (1992). 



[351 METHODS FOR ANALYZING c - J u n  KINASE 351 

Glutathione (5 mM) in 50 mM Tris-HC1, pH 8.0 (for elution and long- 
term storage of fusion proteins) 

Cell lysis buffer (Dignam C21): 20 mM N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid (HEPES, pH 7.9), 25% (v/v) glycerol, 0.42 M 
NaC1, 1.5 mM MgCI:, 0.2 mM EDTA, 0.5 mM DTT, _+0.1-0.6% (v/ 
v) NP-40, depending on cell type. 

Bradford protein assay reagent (Bio-Rad, Richmond CA) 
HBB: 20 mM HEPES (pH 7.7), 50 mM NaC1, 0.1 mM EDTA, 2.5 mM 

MgC12, 0.05% (v/v) Triton X-100. Protease and phosphatase inhibitors 
as listed above (see In Vivo Labeling and Two-Dimensional Phospho- 
peptide Mapping) 

Kinase buffer (7×): for 1 ml, mix 954/xl of H20, 140/xl of 1 M HEPES 
(pH 7.5), 70/xl of 2 M/3-glycerophosphate, 35/xl of 2 M p-nitrophenol 
phosphate (PNPP), 70/xl of 1 M MgCI2, 7/xl of 1 M DTT, 17.5/xl of 
20 mM Na3VO4 (vanadate). (MgC12 and cold ATP concentration may 
be optimized for different cellular extracts or different substrates) 

[y3:P]ATP, >4000 Ci/mmol (ICN) 
Sample dissociation buffer (2× concentration): 0.07 M Tris-HC1 (pH 

6.8), 11% (v/v) glycerol, 3% (w/v) SDS, 0.01% (v/v) Bromphenol Blue, 
5% (v/v) 2-mercaptoethanol 

Reagents for SDS-PAGE, 19 0.75-mm gel spacers and combs 
Scintillation fluid, counter 

For immune complex kinase assay: 

JNK-specific antisera (anti-JNK1 is commercially available from Santa 
Cruz Biotechnology) 

Reagents for immunoprecipitation (see above under In Vivo Labeling 
and Two-Dimensional Phosphopeptide Mapping) 

PAN: 10 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES, pH 
7.0), 100 mM NaCI, aprotinin (20/zg/ml) PAN + NP-40 (0.5% v/v) 

Procedures 

Preparation o f  Cellular Extracts'. Many different protocols for prepara- 
tion of cellular extracts are suitable for measuring JNK activity. We have 
found that a simplified whole-cell extract preparation gives highly reproduc- 
ible results and is rapid, minimizing loss of enzyme activity and allowing 
preparation of large numbers of samples simultaneously. Like the 
MAPKs, 27 the JNKs are found in both the cytoplasm and nucleus of the 
cell? It may therefore be useful in some systems to assay fractionated 
cell extracts. 

27 R.-H. Chen, C. Srnecki, and J. Blenis, MoL Cell. BioL 12, 915 (1992). 
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For each sample, at least 10 million cells are needed. For pilot experi- 
ments, use two 150-ram tissue culture plates for adherent cells or at least 
two T75 flasks for suspension cultures at 1 × 106 cells/ml. After the desired 
period of incubation and treatment, cells are rinsed with ice-cold PBS, and 
scraped into 15-ml tubes (if adherent). Cells are centrifuged at 500 g for 5 
min at 4 °, the PBS is decanted, cells are resuspended in 10 ml of cold PBS, 
and recentrifuged. The PBS is then carefully removed from the surface of 
the cell pellet. The volume of the pellet is estimated, and an equal volume 
of cell lysis buffer containing protease and phosphatase inhibitors is added. 
For tissue samples in which proteolytic degradation is a problem, RIPA 
buffer containing inhibitors can be used to lyse the cells. Cell pellets are 
thoroughly resuspended in lysis buffer, and put on a rotating apparatus for 
30 min at 4 °. Samples are then microfuged at 14,000 rpm for 5 min at 4 °, 
and supernatants aliquoted to screw-cap microfuge tubes. Samples should 
be stored below - 8 0  ° or under liquid nitrogen. 

Protein concentrations may be determined using the assay described 
by Bradford. 28 Under  the preparation conditions described above, 1-5/xl  
of extract should give a protein concentration reading in the linear range 
of the assay. A standard linear regression should be obtained using a protein 
standard such as BSA. 

Preparation of recombinant GST fusion substrate proteins is performed 
as described. 25 Substrate proteins may be stored as 10% suspensions in 
NETN containing protease inhibitors for several weeks at 4 ° without sig- 
nificant degradation, or as a 50% suspension in glycerol at - 2 0  °. 

In Vitro Kinase Assay 

1. Determine the amount of substrate protein needed for the assay, 
and wash this once with HBB (with all protease and phosphatase inhibitors). 
Aliquot GST-agarose-coupled substrate protein to labeled screw-cap tubes. 
Generally, with recombinant proteins produced as described above, 15/xl 
of a 10% suspension (in HBB) is sufficient, but protein concentrations in 
a particular preparation are variable and must be checked. At least one 
tube of each of the following controls must be included: GST protein with 
extract, GST-mutated c-Jun protein with extract, and GST-wild-type c-Jun 
without extract. We have not observed phosphorylation of substrate in the 
absence of extract, and extract alone should not yield bands on gels. 

2. Add HBB (with all protease and phosphatase inhibitors) such that 
the final volume after adding extracts will be 300/xl. 

2s M. M. Bradford, Anal. Biochern. 27, 246 (1976). 
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3. Add 50 p~g of each whole-cell or nuclear extract. Normalize volumes 
of extracts with the final buffer in which extracts were resuspended. Turn 
at 4 ° for 3 hr. 

4. Spin to 14,000 rpm in a refrigerated microfuge. Aspirate superna- 
tants carefully with a Pipetman equipped with a blue tip. It is not necessary 
to remove all liquid from the pellet at any except the last wash step. 

5. Wash four times with 1 ml of HBB. Each wash consists of adding 
the HBB, vortexing the tubes for about 2 sec, then centrifuging to 14,000 
rpm and discarding the supernatant. After removing the fourth wash, respin 
the tubes and remove as much HBB as possible with a Pipetman equipped 
with a yellow tip. 

6. Prepare a "ho t"  reaction mix consisting of (per reaction): 29.69 ~1 
of H20,  5/,1 of 7× reaction buffer, 0.2/xl of [T-32p]ATP, and 0.133 /xl of 
10 mM ATP (40/xM final concentration). 

7. Add 35/xl of reaction mix to each tube, and flick the tubes to mix 
the beads and reaction mix. 

8. Keep the tubes at 30 ° for 20 min, flicking every few minutes to 
resuspend the beads. 

9. Add 1 ml of HBB plus inhibitors, vortex, spin to 14,000 rpm, and 
aspirate. This step may be repeated if background radioactivity in the gels 
is a problem. 

10. After  the last wash, respin the tubes, and remove residual HBB 
with a Pipetman equipped with a yellow tip. 

1 l. Add 25/xl of sample dissociation buffer, flick the tubes to resuspend 
the beads, and heat to 96 ° for 5 min. Spin the tubes to 14,000 rpm, and 
load onto 10% SDS-polyacrylamide gels. Gels can be run overnight at a 
35-V constant voltage. 

12. Fix and stain with Coomassie blue, then destain the gels and dry. 
Equal loading of protein substrates is verified by examination of staining. 

13. Expose the gels to film-several hours to overnight is generally 
sufficient. As the stained substrate bands are readily apparent, they can be 
easily cut out for quantitation by scintillation counting. 

An example of an in vitro kinase assay is shown in Fig. 2. 

Immune Complex Kinase Assay 

1. In a screw-cap microfuge tube, mix 50/~g of whole-cell extract (or 
cytoplasmic/nuclear fractionated extracts) with 300 ~1 of RIPA buffer (see 
immunoprecipitation protocol). Add antisera and incubate for 1 hr, rotating 
at 4 ° . 

2. Add 40/zl of protein A-Sepharose or 20/~1 of protein A- plus protein 
G-agarose. Incubate for 30 min, rotating at 4 °. 
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Extract: con con con E T P E T P E T P 

1 2 3 4 5 6 7 8 9 10 11 12 

i 3h . . . .  I I  6h . . . .  I 1 , 2 , o u =  I 
Extract: E T P E T P E T P 

13 14 15 16 17 18 19 20 21 

FK;. 2. In vitro c-Jun kinasc assay. Rccombinant GST (lanc 1), GST c-Jun (lanes .3 21), 
or mutated G S T - J u n ( A A )  (lane 2) was incubated with .50 /~g of whole-cell extract f rom 
human diploid fibroblasts treated for the indicated period of time with TNF-~x (T, ]0 ng/ml), 
EGF (E, 10 ng/m]), or P M A  (P, 60 ng/ml). (Reproduced from Westwick ¢t aL, n with permission 
of the publisher.) 

3. Wash twice in RIPA, buffer, once in PAN plus 0.5% (v/v) NP-40, 
and twice in PAN. Washes include addition of wash buffer, vortexing for 
several seconds, and centrifuging at 4 ° to 14,000 rpm in a microfuge to 
pellet. After the last wash, respin the tubes and aspirate the pellets carefully 
with a yellow-tipped Pipetman. 

4. Prepare a hot reaction mix as described above (In Vitro Kinase 
Assay). Add this to the tubes on ice, then add 200 ng of recombinant 
substrate protein. Incubate at 30 ° for 20 min. Agarose-linked substrate may 
be used, and this allows the addition of a wash step after the reaction. 
Following removal of wash solution, add 20/xl of 2× sample buffer, boil 
for 5 min, and load onto SDS polyacrylamide gels. If using pure recombinant 
substrate, stop the reaction with 10/xl of 4× sample buffer, boil for 5 rain, 
and load half of the sample onto a standard SDS-polyacrylamide gel. The 
following controls must be included: substrate only (with antibody), extract 
only (with antibody), extract incubated with preimmune serum prior to 
reaction with substrate, and use of GST protein as substrate. Addition of 
c-Jun substrate mutated at Ser-63 and Ser-73 can indicate the degree to 
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[q-6-6u-q lq-'6SS'~ [q-6-~q 
Extract: CO SH PH SH PH PH PH none 

Substrate: I GST-Jun ]GST 

1 2 3 4 5 6 7 8 

F~(i. 3. JNK1 immune complex in vitro kinase assay. Nuclear extracts prepared from rat 
liver following no operation (CO), sham operation (SH), or partial hepatectomy (PH) were 
immunoprecipitated with antisera raised against J N K 1 .  4 Immune complexes were washed as 
described in text, and used as the kinase source in an in vitro kinase assay with GST-Jun as 
the substrate (lanes 1-5, 7, and 8). Nonfusion GST protein was used as control (lane 6). No 
phosphorylation of the substrate was detected without the addition of antibody (lane 7) or 
extract (lane 8). 

which phosphory la t ion  of the subst ra te  p ro te in  is specific for these 
amino  acids. 

An  example  of  an i m m u n e  complex  in vitro kinase assay, p e r f o r m e d  
with nuclear  extracts  p r e p a r e d  f rom rat livers following sham ope ra t ion  or 
two-thirds  part ial  hepa t ec tomy ,  is shown in Fig. 3. 

F u n c t i o n a l  A n a l y s i s  of  c - J u n  T r a n s c r i p t i o n a l  Act iv i ty  

Background  and General  Principles 

Funct ional  analysis of  c-Jun t ranscr ipt ional  activity by t ransient  t ransfec-  
t ion has several  advantages :  (1) It is useful for  conf i rming a b iochemical  
analysis,  and can d e m o n s t r a t e  that  an obse rved  change  in phosphory la t ion  
of c-Jun elicited by a given agonist  also affects c-Jun t ranscr ipt ional  activity; 
(2) express ion  vectors  for  signal t ransduct ion  prote ins  may  be cot ransfected,  
and their  effect  on c-Jun t ranscr ipt ional  activity analyzed.  D o m i n a n t  nega-  
tive or ac t ivated mutan t s  of  these  prote ins  m a y  likewise be analyzed;  and 
(3) we have  p e r f o r m e d  the ent i re  assay descr ibed be low in a 96-well plate 
f o rma t  (see [41] in this vo lume) ;  thus these assays are a m e n a b l e  to large- 
scale screening of c o m p o u n d s  or mutagen ized  express ion vectors.  

We  p e r f o r m  funct ional  analysis of  c-Jun t ranscr ipt ional  act ivat ion by 
utilizing the G A L 4  adap to r  assay, 29 in which the act ivat ion domain  of c-Jun 
pro te in  (containing the phosphory l a t i on  sites Ser-63 and Ser-73) is l inked 

> S. E. Smith and D. Bohmann, Cell Growth Differ. 3, 523 (1992). 
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in frame to the DNA-binding domain of the yeast GAL4 protein. This 
construct (under control of a constitutive promoter) is cotransfected with 
a luciferase reporter gene driven by five copies of the Gal4 DNA-binding 
sequence. In this manner, only transfected cells containing this chimeric 
protein will express luciferase activity (see [41] in this volume). Further, 
any potentiation of c-Jun transcriptional activity, such as by cotransfected 
expression vectors or cell treatment, will be apparent in increased lucifer- 
ase activity. 

An important general consideration is normalization of luciferase re- 
sults. If the comparison to be made is between different treatments of cells 
transfected with the same expression vector-reporter gene mixture, results 
should be expressed as luciferase units/time/unit protein concentration. If 
a comparison is to be made between plates cotransfected with different 
expression vectors (as in Fig. 4), results must be normalized to an internal 
control for transfection efficiency. This is because the different DNAs 
used often cause, through subtle changes in precipitation characteristics, 
significant changes in transfection efficiency. Control vectors most often 
used express a heterologous reporter system, such as/~-galactosidase, under 
control of a "constitutive" viral promoter/enhancer such as Rous sarcoma 
virus (RSV), simian versus 40 (SV40), or cytomegalovirus (CMV). Care 
must be taken in interpretation of results, as expression of these vectors 
themselves may be responsive to overexpression of oncogene products, or 
to growth factor treatment of some quiescent cells. 

The protocol described below is optimized for NIH 3T3 cells (see Fig. 
4). In some cell lines, particularly those of epithelial origin, we have found 
lipid-based transfection methods (e.g., LipofectAmine; GIBCO, Grand Is- 
land, NY) to be most effective. 

Method 

Materials" 

Expression vectors with activation domain of c-Jun linked in frame to 
vector expressing GAL4 DNA-binding domain sequences under con- 
trol of SV40 (or other constitutive) promotor/enhancer, e.g., pSG4243°: 
aforementioned vectors, with specific mutation(s) at sites of 
phosphorylation/activation, e.g., Ser-63 and Ser-73 in c-Jun; "Empty"  
[activation domain ( - )  GAL4 DNA-binding domain expression vec- 
tor] as control 

3o I. Sadowski and M. Ptashne, Nucleic Acids Res. 17, 753 (1989). 
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Kras(4B) 12V, 
Kras(4B) wt, 

Nras 12D 
Nras wt 

Hras 119E 
Hras 117 E 
Hras 116H 

Hras 61 L/186S 
Hras 35A/61L 

Hras 35W/61L 
Hras 61W 
Hras 61P 
Hras 61L 
Hras 59T 
Hras 13V 
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FIG. 4. Functional analysis of c-Jun transcriptional activity. NIH 3T3 fibroblasts were 
transfected as described in text, with 250 ng of the indicated LTR-Ras  expression vectors 
cotransfected, pSV/~Gal (0.5/xg/well) was cotransfected as an internal control for transfection 
efficiency. Data  represent  the average of at least three experiments  performed in duplicate 
and expressed as fold induction compared to nonactivating expression vector (zipneo). (Data 
are derived from Westwick e/al.16) 

Reporter construct: Luciferase or CAT reporter gene, e.g., 5XGal-Luc, 16 
under control of five repeats of the Gal4 DNA-binding site 

Internal control reporter plasmid (e.g., pSV-/3-Galactosidase; Promega, 
Madison, WI) 

Carrier DNA (inert plasmid DNA such as pUC is sufficient) 
Polystyrene tubes (e.g., Cat. No. 2054; Falcon, Oxnard, CA) 
Transfection reagents 

H20 (Milli Q), filtered (0.2-/xm pore size; Millipore, Bedford, MA) 
CaC12 (0.5 M), filtered (MilliQ, 0.2-/xm pore size) 
HBS (2×, pH 7.05), filtered (MilliQ, 0.2-/xm pore size): pH should be 

optimized for specific cell lines: 
NaCI, 280 mM 
KC1 10 mM 
Na2HPO4. H20, 1.5 mM 
D-Glucose, 12 mM 
HEPES, 50 mM 

Lysis buffer and detection reagents (e.g., enhanced luciferase assay re- 
agents, Cat. No. 1800K, Analytical Luminescence Laboratory, San 
Diego, CA) 
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Luminometer  
Bradford protein assay reagent (Bio-Rad Laboratories, Richmond, CA) 

Procedure 

It is important to use early-passage cultures of cells for transfection. 
(For details of maintenance of NIH 3T3 cells, refer to [40] in this volume.) 
Subconfluent monolayers of cells are trypsinized and plated at 2 × 105 cells 
in 2 ml of medium per well in six-well plates. Carefully monitored cells 
may simply be subcultured at a ratio of 1:4 into the desired number of 
six-well plates. A repeating pipettor is useful for ensuring equal loading of 
wells. Fourteen hours after plating, change medium to 2 ml of fresh complete 
medium containing serum at the normal concentration. Sixteen hours after 
plating, DNA mixtures are added directly to the medium. 

Transfections are always performed at least in duplicate. Volumes and 
DNA quantities listed below are for duplicate wells in a six-well plate. If 
multiple wells of the same DNA mixture are to be subjected to agonist 
treatment, multiply the quantities listed below by the number of conditions. 
For every expression vector used, a separate control experiment must be 
included, which uses an equal amount of the cognate "empty"  vector (i.e., 
the same expression vector construct lacking any coding sequences). 

DNA precipitates are prepared in sterile 12 × 75 mm polystyrene tubes 
in a tissue culture hood by mixing (for two duplicate wells): 5/xg of reporter,  
0.5/xg of Gal-c-Jun expression vector, other expression vectors (generally 
0.2/xg, ranging from 20 ng to 2/xg), internal control reporter  plasmid (1-  
2/xg), carrier DNA to a total of 8/xg, plus sterile water to a final volume 
of 105 bd. To this, add 105/xl of 0.5 M CaC12 and mix the contents of the 
tube immediately by flicking or gentle vortexing. Let this mixture sit for 
10 min. While incubating, aliquot 210/xl of 2× HBS to polystyrene tubes. 
Add the DNA-CaC12 mixture in a dropwise fashion to the 2 × HBS, and 
mix the contents by gentle vortexing. Precipitates are allowed to form for 
15 min and should be visible as a fine, hazy suspension. Gently mix the 
precipitates again before adding 200/xl to two duplicate wells. Add to the 
medium in a dropwise fashion over the whole surface of the well, and then 
swirl the plates immediately. Return the plates to the incubator for 8-12 hr. 

After transfection, medium is aspirated and cells are washed once with 
1 ml of Dulbecco's modified Eagle's medium (DMEM),  shocked for 3 min 
with 1 ml of 10% (v/v) glycerol in DMEM, then washed again with 1 ml 
of DMEM. The medium is then replaced with 2 ml of complete medium 
containing serum, and the cells are cultured until lysis. If the cells are to 
be serum starved, they should be allowed to recover from transfection for 
12 hr, then washed with DMEM and cultured in DMEM with 0.25% (v/v) 
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calf serum. Serum starvation for 24 hr is generally sufficient for N I H  3T3 
cells. Cell lysates may be prepared from 30 to 48 hr after removal of 
transfection mixtures, but cells should not be incubated for more  than 2 
hr after reaching confluence. It is important  to be consistent once incubation 
times have been established in order to ensure reproducibility. 

If cells are to be treated with agonists, it is important  to keep in mind 
that the half-life of the lucifierase protein in cells is relatively short, and 
most t reatments  only transiently stimulate signaling cascades (see [41] in 
this volume).  Thus overnight or longer t reatments  are not recommended  
unless a secondary effect of the particular factor is being analyzed. 

At  the end of the desired incubation period, medium is removed and 
cells are rinsed two times with 2 ml of ice-cold PBS. Plates are quickly 
drained on a stack of Kimwipes, and 250 /xl of ice-cold luciferase lysis 
buffer is added to each well. Plates are put at 4 ° for 15 min, and taken out 
one at a t ime for removal  of lysis buffer and cell debris to labeled microfuge 
tubes on ice. Each well should be scraped into a tube; a bent yellow pipette 
tip works well for this purpose. When all tubes have been collected, lysates 
are centrifuged at 4 ° for 1 min at 14,000 rpm to pellet debris. 

If  lysates are not analyzed immediately,  supernatants should be removed 
to new labeled tubes and stored at 4 ° for several hours or at - 8 0  ° for 
prolonged periods of time. Do not store at - 2 0  °. Up to 100/xl of lysate 
may be assayed in a single reading. Recommended  settings are a 100-/xl 
injection of each reagent (luciferol and ATP)  with a 3-sec delay between 
the injection of ATP  solution and luciferol, and 20 sec of integrated lumines- 
cence detection. The linear range for detection on a standard tube,-reading 
luminometer  is f rom 1000 to 1 × 106 R L U  (relative luciferase units). Less 
sample should be used if higher readings are obtained. Readings less than 
several thousand R L U  may not be reliable, and transfection conditions 
must be optimized. 

For normalization with protein concentrations, a Bradford reagent may 
be used. If lysates are to be analyzed for/3-galactosidase activity, this assay 
is per formed on 50/xl of lysate as described. 22 
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[36] U s e  o f  T y r o s i n e - P h o s p h o r y l a t e d  P r o t e i n s  to  S c r e e n  

B a c t e r i a l  E x p r e s s i o n  L i b r a r i e s  fo r  S H 2  D o m a i n s  

By BEN MARGOLIS, EDWARD Y. SKOLNIK, and JOSEPH SCHLESSINGER 

Introduction 

SH2 d o m a i n  p ro te ins  have  a crucial  role  in signal  t r ansduc t ion  by  recep-  
tor  ty ros ine  kinases .  O u r  l a b o r a t o r y  has been  c loning  SH2 d o m a i n  p ro t e ins  
based  on the i r  abi l i ty  to b ind  to the  t y r o s i n e - p h o s p h o r y l a t e d  ca rboxy- t e rmi -  
nal  tail  of  the  e p i d e r m a l  g rowth  fac tor  ( E G F )  r e c e p t o r )  3 On  act iva t ion ,  
the  E G F  r e c e p t o r  a u t o p h o s p h o r y l a t e s  on  severa l  ty ros ine  res idues  tha t  a re  
con ta ined  wi thin  the ca rboxy  te rminus  of  the  recep tor .  These  p h o s p h o r -  
y la ted  ty ros ine  res idues  then  serve  as b ind ing  sites for  mul t ip le  SH2 d o m a i n  
prote ins .  C leav ing  the E G F  r e c e p t o r  with cyanogen  b r o m i d e  gene ra t e s  an 
in tac t  ca rboxy  t e rmina l  f r agmen t  that  conta ins  all the  a u t o p h o s p h o r y l a t i o n  
sites. This  f ragment ,  when  p h o s p h o r y l a t e d ,  can b ind  severa l  SH2 d o m a i n  
p ro te ins  and serves  as an excel len t  p r o b e  for  c loning SH2 d o m a i n  p ro t e ins  
f rom bac te r i a l  express ion  l ibrar ies .  

Bac te r ia l  express ion  l ibrar ies  were  or ig inal ly  d e v e l o p e d  as a sys tem to 
clone genes  using an t ibody  probes .  Bac te r i a  are  in fec ted  with a phage ,  such 
as a g t l l ,  that  conta ins  c D N A  f ragmen t s  fused to J3-galactosidase.  A f t e r  
induc t ion  with i sopropy l - /~ -o- th ioga lac tos idase  ( IPT G ) ,  the  p h a g e  p ro t e in  
is p r o d u c e d  and is p re sen t  in p laques  that  can be t r ans fe r red  to n i t roce l lu lose  
filters. These  filters can then  be  p r o b e d  with an t ibody ,  D N A ,  or  p ro t e in  
p r o b e s ]  -9 W e  have  used  this t echn ique  to ident i fy  p ro t e ins  tha t  b ind  to 

I E. Y. Skolnik, B. Margolis, M. Mohammadi, E. Lowensteim R. Fischer, A. Drepps, 
A. Ullrich, and J. Schlessinger, Cell (Cambridge, Mass.) 68, 83 (1991). 

2 E. J. Lowenstein, R. J. Daly, A. G. Batzer, W. Li, B. Margolis, R. Lammers, A. Ullrich, 
E. Y. Skolnik, D. Bar-Sagi, and J. Schlessinger, ('ell (Cambridge, Mass.) 70, 431 (1992). 

3 B. Margolis, O. Silvennoinen, F. Comoglio, C. Roonprapunt, E. Y. Skolnik, A. Utlrich, and 
J. S c h l e s s i n g e r ,  Proc. Natl. Acad. Sci. U.S.A. 89, 8894 (1992) .  

4 H. Singh, J. H. LeBowitz, A. S. Baldwin, and P. A. Sharp, Cell (CambrMge, Mass.) 52, 
415 (1988). 

5 j. Sri Widada, J. Asselin, S. Colote, J. Marti, C. Ferraz, G. Trave, J. Haiech, and J. P. 
Liautard, J. Mol. Biol. 205, 455 (1989). 
D. B. Bregman, N. Bhattacharyya, and C. S. Rubin, .1. Biol. Chem. 264, 4648 (1989). 

7 D. Ron and J. F. Habener, Genes Dev. 6, 439 (1992). 
s W. G. Kaolin, Jr., W. Krek, W. R. Sellers, J. A. DeCaprio, F. Ajchenbaum, C. S. Fuchs, 

T. Chittendcn, Y. Li, P. J. Farnham, M. A. Blanar, D. M. Livingston, and E. K. Flemington. 
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the tyrosine-phosphorylated carboxy-terminal tail of the EG F  receptor. We 
call this method C O R T  (cloning of receptor targets) and the proteins 
isolated GRBs (growth factor receptor bound). This technique is quicker 
and simpler than the conventional approach of purifying binding proteins 
by affinity chromatography, obtaining protein sequence, and cloning by 
degenerative oligonucleotides. In this chapter we outline the preparation 
of the E G F  receptor probe, as well as the plating and screening of bacterial 
expression libraries. 

P repara t ion  of EGF recep to r  Probe 

In this protocol we label the baculovirus-expressed cytoplasmic domain 
of the E G F  receptor that contains the tyrosine kinase and the cytoplasmic 
tail. The purification of this protein has been previously described. 1° The 
protocol we use is as follows (Fig. 1). 

1. Cytoplasmic E G F  receptor (2/zg) is mixed with 5 mM MnC12 and 
400 ttCi of [T-32P]ATP (NEG-002Z, 6000 Ci/mmol, 10/zCi//zl; Du Pont- 
NEN, Boston, MA) in a final volume of 50 /.d. This yields a final ATP 
concentration of approximately 1 ttM. 

2. The phosphorylation reaction is allowed to proceed at room temper- 
ature. 

3. After 30 min, 2.5 /M of 1 mM cold ATP is added to the reaction 
for 5 min. This raises the ATP concentration to 50 ttM, ensuring that the 
kinase is completely phosphorylated. This increases the stoichiometry of 
phosphorylation, allowing each labeled kinase to bind to a range of SH2 
domain proteins. 

4. The free ATP is removed by ultracentrifugation using a Centricon 
30 (Amicon, Beverly, MA). The Centricon 30 is prepared by adding 1 ml 
of 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),  
pH 7.5, containing 100/zg of bovine serum albumin (BSA) to the upper 
chamber and spinning for 20 min at 5000 g at 4 °. This reduces the nonspecific 
binding of the kinase. The kinase is then added to the upper chamber of 
the Centricon 30 in a fresh 1-ml aliquot of 20 mM HEPES with BSA. 
Precautions should be observed during handling and centrifugation as the 
Centricon 30 now contains a large quantity of radioactivity. The Centricon 
30 is spun at 5000 g for approximately 30 min (depending on the centrifuge 

~ B. Margolis and R. A. Young, in "DNA Cloning: A Practical Approach, Vol. 2: Expression 
Systems" (D. Hames and D. GIover, eds.). Oxford University Press, London, 1995. 

to C.-Y. Hsu, M. Mohammadi. M. Nathan, A. M. Honegger, A. Ullrich, J. Schlessinger, and 
D. Hurwitz, Cell Growth D!~?~'r. 1, 191 (1990). 
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FIG. l. Outline of CORT cloning technique. The procedure is divided into two processes: 
the preparation of the probe and the plating of the library. These processes do not need to 
be performed simultaneously. The library can be plated and nitrocellulose lifts prepared. The 
filters can then be stored at 4 ° for at least 1 week in block buffer while the probe is prepared. 

and  ro to r ;  s ee  m a n u f a c t u r e r  i n s t ruc t i ons )  unt i l  a p p r o x i m a t e l y  50 /x l  r e m a i n s  

in t he  u p p e r  c h a m b e r .  T h e  p r o c e s s  is t h e n  r e p e a t e d ,  us ing  1 ml  o f  20 m M  

H E P E S  w i t h o u t  B S A .  A f t e r  t he  s e c o n d  spin,  t he  l iqu id  in t he  u p p e r  c h a m -  

b e r  ( a p p r o x i m a t e l y  50 /xl) c o n t a i n s  t h e  p h o s p h o r y l a t e d  k inase .  T h e  f r e e  
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radioactive ATP contained in the lower chamber is disposed of in radioac- 
tive waste. 

5. The kinase is transferred to a microcentrifuge tube to which 4 vol 
of 88% (v/v) formic acid is added. This should give a final volume of at 
least 250 t~l and a formic acid concentration of approximately 70%. 

6. A small (1- to 2-ram diameter) crystal of cyanogen bromide is added 
to the kinase. 

7. After gentle mixing to dissolve the cyanogen bromide, [he tube is 
flooded with nitrogen gas and closed. The cyanogen bromide reaction is 
allowed to proceed at room temperature overnight in the dark. 

8. The next day, 750 kd of water is added and the sample is placed in 
a Speed-Vac concentrator (Savant Instruments, Farmingdale, NY). The 
sample is concentrated to 50 p~l and the process is repeated with 500/xl 
and then 300/xl of water. The probe should not be completely dried as it 
may become difficult to resuspend. 

9. After the kinase has been cleaved, the majority of the radioactivity 
should be contained in a 203-amino acid cleavage product that encompasses 
the EGF receptor carboxy terminus. The probe is resuspended in 400 bd 
of solution containing 50 mM HEPES (pH 7.5), 1% (v/v) Triton X-100, 
1 mM phenylmethylsulfonyl fluoride (PMSF), and 200 /xM vanadate by 
vortexing for 5 min. The liquid is removed to a new microcentrifuge tube and 
the step is repeated, leaving the probe in a final volume of approximately 900 
/xl. The residual radioactivity left in the initial microcentrifuge tube should 
be checked with a Geiger counter. If more than 20% of the counts remain in 
the tube, it may indicate poor cyanogen bromide cleavage, as the uncleaved 
cytoplasmic domain can bind nonspecifically to plastic. 

10. Check the labeling efficiency by counting 2 /xl of the probe. The 
probe should have a specific activity of approximately 5 × 10 7 disintegra- 
tions per minute (dpm) per/xg. 

11. Just prior to use, filter the probe, using a 1-ml syringe and a syringe 
filter (Cat. No. SJHVOO4NS; Millipore, Bedford, MA). Perform this step 
slowly so as not to dissociate the syringe and filter due to pressure buildup. 
This step will assist in eliminating background that can lead to false posi- 
tives. The probe can be filtered directly into block buffer (see below). 

Plating and  Screening Library 

The prototypical phage used for bacterial expression cloning is Agtl 1. 
It involves fusion of the cDNA insert to the carboxy terminus of/3-galactosi- 
dase. In our experience, it is easy to plate and screen. However, isolating 
and sequencing the cDNA inserts can be time consuming. A modification 
of Agtll, AZAP (Stratagene, La Jolla, CA), allows for automatic subcloning 
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from phage to plasmid. It fuses the cDNA sequences to the amino terminus 
of/3-galactosidase. 

We have also used the aEXlox system (Novagen, Madison, WI) first 
described by Palazzolo et al)  '11 This system is based on the PET expression 
systems developed by Studier and co-workers. 12 In this system, cDNA 
clones are fused to a fragment of the T7 capsid protein gene 10 under 
the control of the T7 promoter and expression is driven by using the 
BL21(DE3)pLysE bacteria that express T7 polymerase under lacUV5 con- 
trol. T7 RNA polymerase is more powerful than the normal Escherichia 
coil RNA polymerase and, therefore, expression of plaque protein tends 
to be higher, aEXlox also provides the advantage of automatic subcloning 
from phage to plasmid. The major drawback with aEXlox is that the librar- 
ies are more difficult to plate owing to the use of the BL21(DE3)pLysE bac- 
teria. 

One of the most important aspects of bacterial expression cloning is 
the quality of the library. Many commercial libraries contain a relatively 
small number of independent phages (less than 1 × 106). Unless the library 
is directionally cloned, only one in six of the phages expresses a protein in 
the correct reading frame and orientation. These factors, combined with 
the fact that commercial libraries may have been amplified several times, 
can make it difficult to clone the gene of interest. Thus, one should start 
with a library that has a high number of independent phages (greater than 
3 × 106) and has not been repeatedly amplified. Furthermore, it may be 
necessary to screen several million plaques owing to the low percentage 
of phage that express properly oriented fusion proteins. One other factor 
that needs to be considered is the construction of the library. Our initial 
cloning efforts used oligo (dT)-primed libraries. However, inserts of just 
over 300 bases can encode a complete SH2 domain and thus it is not 
necessary to use a library that contains a high percentage of full-length 
cDNA inserts. A randomly primed library with smaller inserts (that should 
display amino-terminal and carboxy-terminal SH2 domains equally) has 
also worked well. ~~ 

Plating agtll Library 

In this protocol, we describe the plating of a Agtll library. The plating 
of AEXlox has been described elsewhere. 39 

~ M. J. Palazzolo, B. A. Hamilton,  D. Ding, C. Martin, D. A. Mead, R. C. Mierendorf,  
K. J. Raghavan,  E. M. Meyerowitz, and H. D. Lipshitz, Gene 88, 25 (1990). 

~2 F. W. Studier, A. H. Rosenberg,  J. J. Dunn,  and J. W. Dubendorff ,  this series, Vol. 185, 
p. 60. 

13 V. Yajnik and B. Margolis, unpublished observations. 1994. 
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1. Streak out Y1090 bacteria on Luria broth (LB) plates. 
2. Pick a colony of Y1090 and grow to saturation in LB containing 0.2% 

(w/v) maltose with 10 mM MgSO4. 
3. In a 15-ml tube, mix 100/xl of Y1090 bacteria, 100 /xl of 10 mM 

MgSO4-10 mM CaC12, and 100/xl containing 40 × 103 phage diluted in 
SM [50 mM Tris (pH 7.5), 8 mM MgSO4, 100 mM NaC1, 0.1% (w/v) gelatin]. 

4. Shake for 30 min at 37 °, and then add 10 ml of LB-0.7% (w/v) 
agarose prewarmed to 50 °. Mix and pour onto LB agar plates that are dry 
and prewarmed to 37 °. 

5. Allow the plates to grow for 4-5 hr at 37 °, until plaques appear but 
are not touching. 

6. Overlay the plates with a 137-mm nitrocellulose filter (Cat. No. BA85; 
Schleicher & Schuell, Keene, NH), impregnated with IPTG. To prepare 
these filters, wet the nitrocellulose circles with 1 mM IPTG in water and 
then dry on aluminum foil for 1 hr. 

7. Mark the filters to preserve orientation and leave the filters on the 
plate overnight at 37 °. The orientation is established by passing a 21-gauge 
needle through the filter into the agar. These holes are then recorded on the 
bottom of the plate with a marking pen. We do not perform duplicate lifts. 

8. In the morning, remove the filters and place in TBS with 0.1% (v/v) 
Triton X-100. 

9. It is helpful to prepare a positive control for incubation with the 
filters. We spot 7.5 and 75 ng of a glutathione S-trarlsferase (GST) fusion 
protein containing phospholipase C (PLC)-y SH2 domain on a strip of 
nitrocellulose, using GST protein alone as a negative control (Fig. 2C). 
This strip is then added to the library screening. 

Probing Fil ters  

1. Wash the filters three times with TBS-0.1% (v/v) Triton. Some groups 
denature and renature the proteins on the filter, but we have not found 
this to be necessary for SH2 domains. 14 Unless noted, it is important that 
the filters be transferred one at a time from one solution to the next to 
prevent the filters from sticking together. 

2. Incubate the filters for at least 3 hr in block buffer at 4 ° [20 mM 
HEPES (pH 7.5), 5 mM MgCI~, 1 mM KC1, 5 mM DTT, 5% (w/v) nonfat 
dry milk, 0.02% (w/v) sodium azide]. Filters can be stored in this block 
buffer for at least 1 week at 4 °. Use a 150-mm crystallizing dish (Pyrex 
3140; Coming, Corning, NY) for blocking and incubation and a 170-mm 
crystallizing dish for washing. 

H p. F. Macgregor,  C. Abate,  and T. Curran,  Oncogene 5, 451 (1990). 



366 CELL EXPRESSION AND ANALYSIS in Vitro [36] 

.A 

B 
C 

-? 
O9 

,,'? 

c,_ © 

75 ng 

7 5 n g  

FIG. 2. Expected results with primary and secondary screens. Results  obtained in a standard 
screen. (A) Primary screen: an autoradiograph of a primary screen exposed for 48 hr shows 
two potential  positives (circled). Both TP and FP were picked and subjected to a secondary 
screen. TP was a true positive on secondary screen, whereas FP was a false positive. In our 
experience dark spots such as FP are rarely true positives. (B) Secondary screen: this is the 
secondary screen of TP exposed for 3 hr. A lower exposure time is possible because the 
plaques are larger in a secondary screen with fewer plaques per plate. Nonetheless,  each 
phage is different and exposure t imes can vary. (C) Positive control: bacterially expressed 
fusion proteins of GST alone or GST fused to PLC-T SH2 domains  (75 or 7.5 ng) were spotted 
on nitrocellulose and probed with the library. The E GF  receptor probe binds to the SH2 
domain protein but  not  to GST alone. Exposure time was 3 hr. 
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3. Change the block buffer and incubate the filters with the radiolabeled 
probe (1-2 million dpm/ml)  overnight at 4 °. We probe  10 filters at a time 
by incubating them in 60 ml of buffer. We use the probe solution for two 
such screenings before discarding. 

4. Remove  the probe and save it for a second screening. Rinse the 
filters once with TBS-0.1% (v/v) Triton without changing containers, to 
remove the bulk of the unbound radioactivity. 

5. Wash the filters in TBS-0.1% (v/v) Triton four times for 15 min at 
room temperature.  

6. Dry the filters and expose to film for 48 hr at - 7 0  ° with intensifying 
screens. It is important  to check that the probe  has given a strong signal 
with the SH2 domain positive control. 

Plaque Purification 

1. From ten 150-mm plates we usually pick 20 potential  positives. These 
positives appear  as tiny black spots on the film and it is difficult to determine 
false and true positives by inspection, based on size or intensity (Fig. 2A). 
Usually only 1 to 4 of these 20 pr imary picks will test positive on secondary 
screen (Fig. 2B). Multiple spots per  filter usually indicate a background 
problem with the probe. Refiltering the probe can sometimes correct this 
problem. 

To pick the positives, the film is aligned with the filters and the orientation 
marks on the filters marked on the film. These marks are then used to align 

TABLE I 
SH2 DOMAIN-CONTAINING GROWTH FACTOR RECEPTOR-BOUND PRO]FINS 

ISOLATED BY RECEPTOR TARGt2T CLONING USING EGF RECEPTOR PROBE 

Clone Description Library 

Grbl PI-3 kinase-associated p85 Human brain stem 
Grb2 Adaptor linking receptor to SOS 
Grb3 Murine Crk Mouse embryo 
Grb4 Murine Nck 
Grb5 Murine Fyn 
Grb6 Murine PLC-y 
Grb7 Novel gene 
Grb8 Drk, Drosophila GRB-2 Drosophila 
Grb9 Tyrosine phosphatase (PTP-1D) NIH 3T3 
Grbl0 GRB-7-related gene 
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the film and the plate. Positive plaques are picked with the cotton-plugged 
end of a 5-ml disposable pipette and placed in 1 ml of SM. 

2. The phages are released from the agar plug by shaking for 2 hr at 
room temperature or by incubating overnight at 4 ° . 

3. Using SM, the phages are diluted 1 : 1 million. 
4. In a 5-ml tube, 100 p,l of diluted phase is mixed with 100/xl of saturated 

bacteria and 100 p,l of 10 mM MgSO4-10 mM CaC12. Four milliliters of 
LB top agarose is added and poured on 100-mm LB agar plates that have 
been dried and prewarmed to 37 °. 

5. The plates are then grown for 4 hr and screened as described above, 
using an 82-mm nitrocellulose filter. It is important to have 500-1000 
plaques per plate to ensure that no positive phages are missed. It may be 
necessary to use a dilution lower than 1 : 1 million to achieve a sufficient 
number of plaques per plate for the secondary screen. 

6. The process is repeated, plating fewer phages per plate until pure 
phages are obtained. 

Once pure phage is obtained it is necessary to purify phage DNA, excise 
the insert, and ligate it into a plasmid vector for sequencing. Protocols for 
these techniques can be found in standard texts, t5 The use of Qiagen, Inc. 
(Chatsworth, CA) lambda DNA preparation kits simplifies the process and 
yields high-quality DNA. 

Resul ts  

Using these techniques we have successfully screened brain, embryo, 
NIH 3T3, and Drosophila expression libraries. 1-3.~6 To date, 10 different 
SH2 domain proteins have been cloned (Table I). The method has allowed 
new insights into signaling by growth factor receptors. The cloning of Grb2 
by CORT in combination with the identification of Grb2 homologs in 
Caenorhabditis elegans and Drosophila rnelanogaster resulted in the elucida- 
tion of a pathway leading from growth factor receptors to Ras. w The 
extension of the CORT cloning techniques to different receptors, organ 
systems, and organisms 16 should allow further elucidation of cellular compo- 
nents of signaling pathways activated by receptor tyrosine kinases, lympho- 
kine receptors, and other types of cellular receptors. 

15 F. M. Ausubel ,  R. Brent,  R. E. Kingston, D. D. Moore, J. G. Seidman, J. A. Smith, and 
K. Struhl, "Current  Protocols in Molecular Biology." Wiley, New York, 1992. 

16 j. p. Olivier, T. Raabe, M. Henkemeyer ,  B. Dickson, G. Mbamalu,  B. Margolis, J. Schles- 
singer, E. Hafcn,  and T. Pawson, Cell (Cambridge, Mass.) 73, 179 (1993). 

17 T. Pawson and J. Schlessinger, Curr. Biol. 3, 434 (1993). 



[37] SH3 BLOT ASSAY 369 

A c k n o w l e d g m e n t s  

B.M. is a Lucille P. Markey and Kaplan Cancer Center Scholar. This work was supported 
by grants from Sugen (J.S.), Lucille P. Markey Charitable Trust (B.M.), and by an NIH 
Physician Scientist Award DK01927 (E.Y.S.). 

[37] Detect ion  of SH3-Bind ing  Proteins in Total Cell 
Lysates  with Glutathione  S - T r a n s f e r a s e - S H 3  Fus ion  

Proteins: SH3 Blot Assay 

B y  S T E P H A N  M .  F E L L E R ,  B E A T R I C E  K N U D S E N ,  T A I  W A I  W O N G ,  

and HIDESABURO HANAFUSA 

Src homology  domains  2 and 3 (SH2 and  SH3 domains)  are funct ional  

modules  found  in a large n u m b e r  of signal t ransduc t ion  proteins.  1.= They 

media te  specific b ind ing  be tween  prote ins  and  possibly also regulate  intra-  
molecular  b ind ing  within some proteins.  3'4 Both  domains  appear  to recog- 

nize short stretches of amino  acids on pro te in  surfaces. SH2 domains  recog- 
nize phosphotyrosyl  residues within a specific sequence  context ,  s while 
SH3 domains ,  as far as present ly  analyzed,  recognize specific, prol ine-r ich 
sequences.6 s Prote ins  b ind ing  to SH2 domans  can often be recognized 

with phosphotyrosine-specif ic  ant ibodies ,  which has greatly facil i tated their  
analysis. SH3-b ind ing  prote ins  are less studied,  in part  owing to the lack 
of a comparab ly  conven ien t  de tec t ion assay. 

The deve lopmen t  of the yeast two-hybrid  system 9 has resul ted in the 
c loning of m a n y  potent ia l  SH3-b ind ing  prote ins  that await  fur ther  analysis. 

The  p rob lem with this screening technique  is the difficulty in ident ifying 

t T. Pawson, Nature 373, 573 (1995). 
S. M. Feller, R. Ren, H. Hanafusa, and D. Baltimore, Trends Biochem. Sci. 19,453 (1994). 

s R. R. Roussel, S. R. Brodeur, D. Shalloway, and A. P. Laudano, Proc. Natl. Acad. Sci. 
U.S.A. 88, 10696 (1991). 

4 S. M. Feller, B. Knudsen, and H. Hanafusa, EMBO J. 13, 2341 (1994). 
5 Z. Songyang, S. E. Shoelson, M. Chaudhuri. G. Gish, T. Pawson, W. G. Haser, F. King, T. 

Roberts, S. Ratnofsky, B. G. Neel, R. B. Birge, J. E. Fajardo, M. M. Chou, H. Hanafusa. 
B. Schaffhausen, and L. C. Cantley, Cell (CambrMge, Mass.) 72, 767 (1993). 

" R. Ren, B. J. Mayer, P. Cicchetti, and D. Baltimore, Science 2.59, 1157 (1992). 
" M. Rozakis-Adcock. R. Fernley, J. Wade, T. Pawson, and D. Bowtell. Nature (London) 

363, 83 (1993). 
s H. Yu, J. K. Chen, S. Feng, D. C. Dalgarno, A. W. Brauer, and S. L. Schreiber, Cell 

(CambrMge, Mass.) 76, 933 (1994). 
'~ S. Fields and O. Song. Nature (London) 340, 245 (1989). 
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truly relevant SH3-binding proteins among the many new potential binding 
proteins early during the analysis, unless a stringent functional assay can be 
used. Two hybrid screens often rely on the interactions of protein fragments, 
which do not necessarily reflect the binding events found with the full- 
length proteins. Other, more conventional expression library screens, using 
SH3-containing fusion proteins as probes, have identified candidates for 
AN-binding proteins, and Crk-specific binding proteins, m 12 The analysis 
of SH3-binding proteins by Western blot with specific antibodies, or precipi- 
tation of SH3-binding proteins from lysates of metabolically labeled cells, 
can provide additional insights. 

However,  none of these methods allows a rapid and systematic screening 
of large numbers of cell types, tissues, or total organisms for new SH3- 
binding proteins, which is often desirable. To overcome this problem, we 
have used a blot technique that relies on the use of radiolabeled SH3 
domains as probes for protein detection (SH3 blot assay). 

Most of our research has focused on binding proteins of the widely 
expressed c r k  protooncogene product c-Crk, which has the domain structure 
SH2-SH3(1)--SH3(2). The most detailed characterization and optimization 
of the detection system has therefore been done in the context of Crk- 
binding proteins. We have subsequently extended the use of the SH3 blot 
assay to study other SH3-containing proteins, including CRKL (Crk-like), 
Grb2 (also known as Ash), Nck, and SH3 domains of different protein 
tyrosine kinases. 

Principle of Assay 

Total cell lysates, cellular protein fractions, proteins from tissue extracts, 
or proteins precipitated from protein extracts are separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis ( S D S - P A G E )  and 
transferred to a membrane by electroblotting. The membrane is blocked 
for 12-16 hr at room temperature to saturate nonspecific protein-binding 
sites and to allow for renaturation of the blotted proteins. Glutathione S- 
transferase (GST)-SH3 fusion proteins, which were metabolically 35S la- 
beled in bacteria and affinity purified, are then used as probes to detect 
SH3-binding proteins directly, as schematically shown in Fig. 1. In combina- 
tion with other experiments, including comparison of different SH3 do- 
mains, subcellular fractionation, gel-filtration analysis, and enzymatic 

mp. Ciccheni, B. J. Mayer, G. Thiel, and D. Baltimore, Science 257, 803 (1992). 
u S. Tanaka, T. Morishita, Y. Hashimoto, S. Hattori, S. Nakamura, M. Shibuya, K. Matuoka, 

T. Takenawa, T. Kurata, K. Nagashima, and M. Matsuda, Proc. Natl. Acad. Sci. U.S.A. 91, 
3433 (1994). 

12 B. Knudsen, S. Feller, and H. Hanafusa, J. Biol. Chem. 269, 32781 (1994). 



[37] SH3 BLOT ASSAY 371 

~ >  Gst-SH3~probe 

membrane I ~ I 
/ SH3 binding protein 

Fie;. 1. Schematic drawing of the SH3 blot assay. Proteins, which were separaled by SDS 
polyacrylamide gel electrophoresis and immobilized on a membrane by blotting, are probed 
with an 35S-labeled GST-SH3 fusion protein. The SH3 blot assay allows the detection and 
preliminary characterization of SH3-binding proteins prior to their cloning or identification, it 
can give insight into the binding specificity, tissue/cell-type specificity, subcellular localization, 
changes during development or differentiation, and so on. 

assays, much can be learned about an SH3-binding protein prior to its 
cloning or identification. The SH3 blot assay also allows a more rational 
choice of expression libraries when screening for tissue-, cell type-, or 
differentiation stage-specific SH3-binding proteins. 

Shor t  

1. 
2. 

Protocol  

Expression of 35S-labeled and unlabeled GST fusion proteins 
Extraction/precipitation of proteins from embryos, tissues, cells or 
cell fractions 

3. S D S - P A G E  of protein extracts, or proteins precipitated from these 
extracts with immobilized GST fusion proteins 

4. Transfer of proteins from the gel onto a membrane 
5. Blocking of the membrane and (partial} renaturation of proteins 
6. Incubation with the 35S-labeled GST-SH3  probe 
7. Washing and drying of filter 
8. Autoradiography 

Mater ia ls  

The construction and expression of GST fusion proteins has been de- 
scribed in detail elsewhere. ~3'14 A variety of vectors are commercially avail- 

13 D. B. Smith and K. S. Johnson, Gene 67, 31 (1988). 
~4 D. B. Smith and L. M. Corcoran, in "Current  Protocols in Molecular Biology" (F. M. 

Ausubel, ed.), Unit 16.7. Wiley, New York, 1993. 
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able (Pharmacia, Piscataway, N J), and some can be obtained from the 
American Type Culture Collection repository (ATCC; Rockville, MD). The 
affinity resin for GST fusion protein purification is glutathione-Sepharose 
(Pharmacia). For 35S labeling of the fusion proteins in the bacteria, the 
following reagents are used: LB medium with ampicillin (75 /xg/ml); 
Tran35S-label (70% methionine, 20% cysteine; ICN, Irvine, CA); methio- 
nine-, cysteine-, and glutamate-free Dulbecco's modified Eagle's medium 
(DMEM) with glucose (4.5 g/liter; GIBCO, Grand Island, NY); 200 mM 
(100×) L-glutamine (GIBCO). A variety of enzyme inhibitors is used for 
the preparation of protein extracts. Protease inhibitors are leupeptin, peps- 
tatin A, antipain, aprotinin [Boehringer Mannheim (Indianapolis, IN) and 
Sigma (St. Louis, MO)] and EDTA. Protein tyrosine phosphatase inhibitors 
are sodium molybdate and sodium orthovanadate (Sigma). Nitrocellulose 
or Immobilon P (Millipore, Bedford, MA) and a semidry blotter are used 
for electrophoretic transfers. 

Solutions 

Radioimmunoprecipitation assay (RIPA) buffer: 20 mM Tris-HC1 (pH 
7.5), 100 mM NaC1, 5% (v/v) glycerol, 1 mM EDTA, 1% (v/v) Triton 
X-100, 0.5% (w/v) deoxycholate, 0.1% (w/v) SDS, 0.1% (v/v) 2-mercap- 
toetbanol, leupeptin (0.5/xg/ml), pepstatin A (0.7 p~g/ml), antipain (5 
k~g/ml), 1% (v/v) or 0.2 K.I.U./ml aprotinin, 1 mM sodium molybdate, 
and 1 mM sodium orthovanadate. This buffer is used for cell lysis and 
washes in precipitation experiments 

Block buffer: 50 mM Tris-HC1 (pH 7.5), 100 mM NaC1, 2% (w/v) bovine 
serum albumin [BSA, radioimmunoassay (RIA) grade; Sigma], 1% 
(w/v) ovalbumin (Sigma), 0.1% (v/v) Tween 20, I mM EDTA, 1 mM 
dithiothreitol, and 10/xM sodium molybdate, if SH2 interactions are 
of interest. Blocking of membranes is for 12-18 hr at room temperature 

Precipitation buffer: Block buffer with protease inhibitors (for concentra- 
tions see RIPA buffer), chilled in ice. Sample incubation is overnight 
at 4 ° on a nutator 

Wash buffer: Block buffer with 0.2% (w/v) BSA, 1% (w/v) ovalbumin. 
After incubation with the radiolabeled probe, filters are washed four 
times for 15-20 min at room temperature 

Preparation of Cell Lysates and Protein Extracts 

For extraction of proteins from cells, cell fractions, tissues, or total 
mouse embryos we use RIPA buffer. The protease inhibitors in this buffer 
should be sufficient for the extraction of nondegraded proteins from many 
cell types and tissues. For example, no degradation is observed when Crk 
SH3-binding proteins from 10- and 16-day total mouse embryos are corn- 
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pared with Crk SH3-binding proteins of cells with low endogenous protease 
content (HeLa).  The use of a commercially available protease test kit 
(Boehringer Mannheim) may be advisable in some cases. Cells are lysed 
by resuspending or scraping them with chilled RIPA buffer on ice and 
proteins are extracted for 30 min at 4 ° on a nutator. The appropriate method 
of protein extraction varies for different tissues; 10- to 16-day whole-mouse 
embryos can be easily homogenized, like cells by pipetting. Insoluble mate- 
rial is removed by centrifugation for 15 min at 10,000 g at 4 ° and supernatants 
are frozen in aliquots on dry ice. Cellular protein fractions (S100, P10, P100, 
and nuclear fraction) are obtained by standard techniques of subcellular 
fractionation, 4 and proteins are extracted from the P10 and P100 fractions 
and nuclei with RIPA buffer. Protein tyrosine phosphatase inhibitors are 
important if blots are probed with proteins containing SH2 domains, when 
cooperative binding between SH2 and SH3 domains is studied, or when 
blots will be subsequently reprobed with anti-phosphotyrosine antibodies. 

Express ion  of Unlabeled G S T - S H 3  Fus ion  Prote ins  

Unlabeled GST fusion proteins containing SH3 domains are used for 
competition experiments and to precipitate SH3-binding proteins from ly- 
sates prior to S D S - P A G E .  Standard procedures for expression and purifi- 
cation of unlabeled GST fusion proteins have been described. 13'14 Poor  
expression, insolubility of the protein, or protein degradation can be major 
problems. They are often overcome by variation of induction time and 
temperature,  or by addition of protease inhibitors. Proteolytic degradation 
can sometimes also be overcome by largely eliminating amino acids outside 
of the SH3 domain in the GST fusion protein. For short-term storage (a 
few days) we often retain the GST fusion proteins on the affinity resin at 
4 ° in phosphate-buffered saline (PBS) with 0.1% (w/v) sodium azide. For 
long-term storage, aliquots of eluted protein, which is dialyzed extensively 
against 10 mM Tris-HCl (pH 7.5) to remove glutathione, are frozen on dry 
ice and stored at - 7 0  ° . To avoid repeated freeze-thaws, which can reduce 
protein binding severely, 1 vol of glycerol is added to a "working; aliquot" 
and the protein is stored in solution at - 2 0  ° . Such an aliquot is stable for 
at least 6 months and no less than 80% of the GST fusion protein should 
rebind to glutathione beads, Becton Dickinson (Parsippany, N J), after an 
overnight incubation. 

Metabolic Labeling of G S T - S H 3  Fus ion  Prote ins  in Bacter ia  and  
Thei r  Use as  Probes  

The expression of 3-sS-labeled GST fusion proteins is similar to the 
standard protocol for expression of unlabeled proteins. A 10-ml overnight 
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bacterial culture is added to 200 ml of fresh LB medium with ampicillin. 
The bacteria are grown for 3 hr at 37 ° on a shaker (300 rpm) and pelleted 
by centrifugation at room temperature. They are resuspended in 50 ml of 
prewarmed DMEM with 2 mM glutamate and ampicillin (50/xg/ml), but 
lacking cysteine and methiomine, and are induced with 0.1 mM isopropyl- 
/3-t>thiogalactopyranoside (IPTG; Sigma) for 10 min. The Tran35S-label 
(2-5 mCi) is then added and the incubation continued for 2 hr. The purifica- 
tion and elution is according to the standard procedure and eluted proteins 
are dialyzed overnight against 10 mM Tris-HC1, pH 7.5. The probe is frozen 
in aliquots. If the fusion protein is well expressed and not degraded during 
unlabeled expression, yields of 250/xg or more and label incorporation of 
50,000-100,000 dpm//xg are routinely obtained. The 35S-labeled protein 
probes can be used for at least 6 months, with adjustment for radioactive 
decay. Because GST is rich in sulfur-containing amino acids, the GST 
portions of the fusion proteins provide convenient tags for 35S-labeling of 
proteins or domains that have few of these amino acids. If the protein 
probe is used at approximately 3-5/xg/ml in blocking buffer (incubation 
for 4-8 hr at room temperature), signals should be detectable after no 
more than 1-2 days of autoradiography. To obtain signals from the 35S 
rapidly, the filter should be exposed unwrapped. It is therefore essential 
to dry the filters completely prior to exposure, for example, on a vacuum 
dryer at 45 ° for 30 min. 

Detection of SH3-Binding Proteins on Blots after Precipitation of 
Proteins with GST-SH3 Fusion Proteins 

Precipitation of SH3-binding proteins from cellular protein mixtures 
prior to SDS-PAGE and SH3 blot assay, when compared with blots of 
total protein extracts, drastically reduces the nonspecific background bands 
(see below or details) and may increase the sensitivity of the detection 
assay. For the precipitation experimens, 5-20/xg of the GST-SH3 fusion 
proteins is incubated overnight with 20/xl of glutathione beads in 0.5-1 ml 
of precipitation buffer and 0.3 to 2 mg of protein extracts. The samples are 
then washed four times with RIPA buffer and further processed as outlined 
above. A typical result is shown in Fig. 2B. The affinity-purified, 3SS-labeled 
GST fusion protein probe used in the experiment is shown in Fig. 2A. It 
is important to minimize degradation of the labeled protein in order to 
obtain clean results. Cytosolic HeLa proteins ($100 fraction) are precipi- 
tated with GST-c-Crk [domain structure SH2-SH3(1)-SH3(2)] or with GST 
fusion proteins containing the isolated Crk SH3 domains. Comparison with 
other precipitates, obtained by using different SH3 domains, luther confirms 
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FIG. 2. Detection of Crk-binding proteins after precipitation with GST SH3 fusion proteins 
by SH3 blot assay. (A) Affinity-purified 35S-labeled GST c-Crk, which was used as probe. 
(B) Two milligrams of cytosolic HeLa proteins (S100) were precipitated with GST fusion 
proteins of c-Crk or isolated Crk SH3 domains as indicated on top. Molecular mass standards 
(in kilodaltons) are indicated on the left. The most prominent Crk SH3-binding proteins are 
indicated by filled arrowheads and their molecular weight (p185, pl70, and p150). Less promi- 
nent proteins are indicated by arrows. The migration of the GST fusion proteins used for 
precipitation is indicated by open arrowheads. The sSS-labeled GST-c-Crk probe was used 
at 5/xg/ml, and autoradiography was for 24 hr. The experiment determines that the first SH3 
domain of c-Crk is necessary and largely sufficient for the precipitation of the major SH3- 
binding proteins. 

the specificity of the b ind ing  (not  shown).  On  the basis of these results, 

several  of the Crk-specific b ind ing  prote ins  are subsequent ly  fur ther  
characterized.  The  170-kDa band,  which also binds  well to Grb2  and 

t runca ted  Nck proteins,  has been  de t e rmined  to be a m e m b e r  of the 
Sos G D P / G T P  exchange factor family. The bands  of 145 to 155 kDa  

comprise  mul t ip le  proteins.  Two of these are the m e m b e r s  of the Abl  
pro te in  kinase family c - A N  and  Arg. 4 In addit ion,  a p ro te in  with CDC25 
homology,  which is likely a Crk-specific G D P / G T P  exchange factor, has 
been  c loned by screening of a H e L a  expression l ibrary with G S T - c -  
Crk. ~L12 This pro te in  was subsequen t ly  detec ted  as a 145/155-kDa b a n d  
double t  in Wes te rn  blots. 



376 CELL EXPRESSION AND ANALYSIS in Vitro [37] 

Detection of SH3-Binding Proteins on Blots of Total Protein Extracts  

Detection of SH3-binding proteins by probing of blotted total cell lysates 
or total protein fractions is possible, but not always easy. The protein 
binding of SH3 domains appears to be generally mediatd to a significant 
extent by hydrophobic interactions. SDS-PAGE and Western blot dena- 
tures the proteins, and exposes hydrophobic protein cores. Despite the 
partial renaturation of many proteins during blocking of the blot, nonspe- 
cific background bands are a considerable problem. As shown in Fig. 3, 
preincubation of blotted proteins with a 30- to 100-fold excess of unlabeled 
SH3 fusion proteins prior to addition of the 35S-labeled probe can help to 
distinguish between specific and nonspecific protein binding to some extent. 
Bands that are not competed by preincubation with an excess of unlabeled 
probe likely represent nonspecific interactions with denatured proteins. 
However, there are clearly differences in the results of experiments done 
with blotted total protein extracts or done after precipitation of protein 
extracts with unlabeled GST-SH3 fusion proteins (compare Figs. 2B and 
3). Some of the bands competed in Fig. 3 are much less prominent (p85) 
or not at all seen (p215) in samples that are precipitated with GST-SH3 
proteins prior to gel electrophoresis and blot assay (Fig. 2B). At least two 
different reasons could explain this result. On the one hand, p85 and p215 
could largely be present in stable complexes with cellular Crk and would 
therefore not be available for binding to GST-Crk fusion proteins during 
precipitation from solution. On the other hand, these proteins could contain 
amino acid sequences that can bind Crk in vitro with high affinity after 
denaturation, but those sequences are not exposed on the protein surface 
prior to protein denaturation or activation. To distinguish between these 
possibilities, other methods must be used. The SH3 blot assay is therefore 
most useful when combined with other techniques of protein analysis. 

Modified Forms of SH3 Blot Assay 

Instead of labeling the GST-SH3 probes in bacteria, other visualization 
techniques can be used. To compare 35S-labeled proteins with other probes, 
unlabeled GST-c-Crk, or c-Crk cleaved from GST, is combined with Crk 
antiserum, or affinity-purified GST-specific antiserum, and 125I-labeled pro- 
tein A. We had generally more background problems with these probes, 
resulting in the loss of less prominent bands. Another possibility is the 32p 
labeling of protein probes, which contain a specific kinase substrate site 
engineered into the fusion protein, by in vitro kinase assay. One major 
disadvantage of this method is the short half-life of 32p and rapid degrada- 
tion of the probe resulting from the high-energy particle emission of 32p 
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Fu(~. 3. Detect ion of Crk-binding proteins in total HeLa  S100 by SH3 blot assay. Four 
200-/xg samples of HeLa  S100 were separated by S D S - P A G E  and bloned.  The membrane  
was cut into four strips. Prior to addition of the probe the strips were blocked overnight and 
then incubated for 6 hr with 100 p,g/ml of unlabeled GST or equimolar  concentrat ions of the 
GST fusion proteins indicated on top. The strips were subsequently probed with 3/zg of 3sS- 
labeled GST-c -Crk  per milliliter for 4 hr. Autoradiography was for 48 hr. Preincubation with 
GST alone or GST-CrkS H2  did not compete  any bands. Specific competit ion was seen with 
GST c-Crk (competed bands are indicated by arrowheads) or, for a single band, with G S T -  
Ash/Grb2.  This band was later identified as a member  of the Sos G D P / G T P  exchangc protein 
family. Sos is a well-known Grb2-binding protein. There  are several major differences between 
this blot and the blot shown in Fig. 2B: this blot shows numerous  noncompeted,  faint bands, 
which are nonspecifically recognized by the protein probe, p215 was never seen in precipitation 
experiments,  but  was present  in all blots with total protein extracts of many cell lines tested. 
However,  p215 was not detected in nondividing primary cells (chicken embryo fibroblasts 
mainta ined at confluence and unst imulated peripheral leukocytes: not shown). Fur thermore,  
the p85 band is much  more prominent  in total S100 than in precipitates (see Fig. 2B). All of 
these differences could result from the denaturat ion of the proteins prior to the first SH3- 
binding event. 

during radioactive decay. The use of [y-33P]ATP can reduce both of these 
problems but is more expensive. 

Once an SH3-binding protein is cloned, 35S-labeled GST fusion proteins 
of proline-rich domains of this protein can be used to blot immobilized 
SH3 domains. 12 This allows one to test rapidly various regions of the protein 
for binding against a large panel of SH3 domains. It is also a cost-efficient 
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method by which to do extensive mutational analysis and to determine 
minimal regions required for binding and specificity. 

Limitations of SH3 Blot Assay 

The SH3 blot assay can provide only a preliminary characterization of 
SH3-binding proteins. It is not sensitive when compared to Western blots 
with good antisera, but it can detect novel proteins. The blot assay requires 
substantial amounts of protein extracts, particularly for precipitations, 
which may not always be readily available. If an SH3-binding protein is 
largely bound in stable complexes or needs to be somehow activated for 
binding it may also escape easy detection. In the case of some SH3 domains, 
for example, the second SH3 domain of c-Crk or Grb2, it has been difficult 
to detect good candidates for specific binding proteins with the SH3 blot 
assay. The reasons for this failure are currently unclear. They may lie in 
the sequence of these SH3 domains, because screens of synthetic peptide 
libraries or phage libraries containing proline-rich peptides with some of 
these domains were also unsuccessful. 

The SH3 blot assay provides, in combination with other techniques of 
protein analysis, a useful tool to detect and characterize new SH3-binding 
proteins and should allow in many cases a better choice of libraries for the 
cloning of such proteins. 

[38] I n h i b i t i o n  o f  R a s  F u n c t i o n  in Vi t ro  a n d  in V ivo  U s i n g  

I n h i b i t o r s  o f  F a r n e s y l - P r o t e i n  T r a n s f e r a s e  

By N A N C Y  E .  K O H L ,  F R ANC INE  R. W IL S ON,  T R A C Y  J. T H O M A S ,  

R H O N D A  L.  BOCK, SCOTT D .  M OS S ER,  A L L E N  OLIFF,  

a n d  JACKSON B .  GIBBS 

Int roduct ion 

The transforming activity of the Ras oncoprotein is dependent on the 
posttranslational addition of a 15-carbon isoprenoid moiety, farnesyl, to 
the cysteine residue four amino acids from the carboxy terminus of the 
proteinY 4 The enzyme that catalyzes this reaction, farnesyl-protein trans- 

t j .  F. Hancock, A. 1. Magee, J. E. Childs, and C. J. Marshall, Cell (Cambridge, Mass.) 57, 
1167 (1989). 

Copyright © 1995 by Academic Press, Inc. 
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ferase (FPTase), has therefore become a target for the development of 
inhibitors of Ras function that may be effective against human tumors. 5 7 
The potential usefulness of such a compound is apparent from the frequent 
occurrence of oncogenically mutated ras genes in a wide variety of human 
tumors, particularly in a majority of human pancreatic and colon carci- 
nomas. 8 

The two substrates of the farnesylation reaction have been used as the 
basis for the design of FPTase inhibitors: the isoprenoid donor farnesyl 
diphosphate (FPP) and the C-terminal Ras C A A X  (C, cysteine; A, usually 
aliphatic amino acid; X, any amino acid; for FPTase substrates, X is usu- 
ally methionine or serine) tetrapeptide, that portion of the Ras protein 
that contains all of the determinants required for interaction of the pro- 
tein with the enzyme. Within both classes of inhibitors, compounds 
have been identified that are potent inhibitors of FPTase. 9 13 However, 
whereas only one FPP mimic has demonstrated activity in cells, '~ many 
C A A X  peptidomimetics have been shown to inhibit FPTase activity selec- 
tively in mammalian cells and to block critical aspects of the ras-trans- 
formed phenotype, m-~2'H Here we describe a series of in vitro and cell- 
based assays that permit the identification and characterization of inhibitors 
of FPTase. 

2 j. H. Jackson, C. G. Cochrane,  J. R. Bourne,  P. A. Solski, J. E. Buss, and C. J. Der, Proc. 
Natl. Acad. Sci. U.S.A. 87, 3042 (1990). 

3 B. M. Willumsen,  K. Norris, A. G. Papageorge,  N. L. Hubbert, and D. R. Lowy, E M B O  
J. 3, 2581 (1984). 

4 K. Kato, A. D. Cox, M. M. Hisaka, S. M. Graham.  J. E. Buss, and C. J. Der, Proc. Natl. 
Acad. Sci. U.S.A. 89, 6403 (1992). 

5 F. Tamanoi ,  Trends Biochem. Sci. 18, 349 (1993). 
~'J. F. Hancock,  Curr. Biol. 3, 770 (1993). 
7 j. B. Gibbs, A. Oliff, and N. E. Kohl, Cell (Cambridge, Mass.) 77, 175 (1994). 
s j. L. Bos, Cancer Res. 49, 4682 (1989). 
~ J. B. Gibbs, D. L. Pompliano,  S. D. Mosser, E. Rands,  R. B. Lingham, S. B. Singh, E. M. 

Scolnick, N. E. Kohl, and A. 0lift ,  J. Biol. Chem. 268, 7617 (1993). 
~0 A. M. Garcia, C. Rowell, K. Ackermann ,  J. J. Kowalczyk, and M. D. Lewis, J. Biol. Chem. 

268, 18415 (1993). 
i~ G. L. James,  J. L. Goldstein, M. S. Brown, T. E. Rawson,  T. C. Somers, R. S. McDowell, 

C. W. Crowley, B. K. Lucas, A. D. Levinson, J. James,  and C. Marsters,  Science 260, 
1937 (1993). 

~2 N. E. Kohl. S. D. Mosscr,  S. J. deSolms, E. A. Giuliani, D. L. Pompliano, S. L. Graham, 
R. L. Smith, E. M. Scolnick, A. Oliff, and J. B. Gibbs, Science 260, 1934 (1993). 

i~ M. Nigam, C.-M. Seong, Y. Qian, A. D. Hamilton, and S. M. Sebti, J. Biol. Chem. 268, 
20695 (1993). 

~ G. C. Prendergast ,  J. P. Davide, S. J. deSolms, E. A. Giuliani, S. L. Graham,  J. B. Gibbs, 
A. 0lift ,  and N. E. Kohl, Mol. Cell. Biol. 14, 4193 (1994). 
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Principles of Inhibi tor  Charac te r iza t ion  

A first step in the characterization of a potential inhibitor is the determi- 
nation of the intrinsic FPTase-inhibitory potency of the compound. Once 
a potent inhibitor has been identified, its selectivity against the related 
geranylgeranyltransferases (GGPTases)  is determined. There are two mam- 
malian enzymes that catalyze the transfer of the 20-carbon isoprenoid, 
geranylgeranyl, to proteins: GGPTase  I and GGPTase  II. GGPTase  I recog- 
nizes C A A X  proteins that terminate in a leucine whereas GGPTase  II uses 
as substrates proteins terminating in either CC or CXC. Owing to the 
prevalence of geranylgeranylated proteins in mammalian cells, 15 selectivity 
of an inhibitor for FPTase is likely to be important for attaining an accept- 
able therapeutic index. 

Several assays have been used to evaluate the ability of a compound 
to inhibit intracellular FPTase, including inhibition of Ras processing and 
inhibition of [3H]mevalonate incorporation into prenylated proteins, m-12 
Because farnesylation affects the mobility of Ras on denaturing gels, Ras 
processing is readily monitored by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis ( S D S - P A G E )  (see Fig. 1). Thus, both immunoprecipita- 
tion and immunoblotting techniques can be used to monitor Ras processing 
in treated cells. For immunoprecipitation assays, cellular proteins can be 
labeled with either [35S]methionine or [3H]mevalonate. While fewer cellular 
proteins will be labeled with mevalonate than methionine, thus reducing 
potential background problems, the inefficient entry of mevalonate into 
cells impedes rapid detection of low-abundance proteins. This situation can 
be circumvented by using Met-18b-2 cells, 16 Chinese hamster ovary (CHO) 
cells that have high mevalonate uptake, or by transfecting cells with the 
cloned mutant Mev cDNA, which facilitates cellular uptake of meva- 
lonate. 17 

Additional cell-based assays are required to evaluate the biological 
consequences of FPTase inhibition. The ability of cell-active FPTase inhibi- 
tots to reverse the r a s - t r a n s f o r m e d  phenotype in mammalian cells has been 
evaluated in several ways, including inhibition of anchorage-dependent and 
anchorage-independent growth and morphological reversion. 11,12,14 All of 
these assays monitor characteristics of a r a s - t r a n s f o r m e d  cell that distinguish 
the transformed cell from a normal cell. 

15 W. W. Epstein, D. Lever, L. M. Leining, E. Bruenger, and H. C. Rilling, Proc. Nar Acad. 
Sci. U.S.A. 88, 9668 (1991). 

~' J. Faust and M. Krieger, J. BioL Chem. 262, 1996 (1987). 
17 C. M. Kim, J. L. Goldstein, and M. S. Brown, J. Biol. Chem. 267, 23113 (1992). 
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Fl(~. 1. Ras-processing assay. The CAAX peptidomimetic L-731,734 z~ was assayed for its 
ability to inhibit intracellular FPTase in the Ras-processing assay, using v-ras-transformed 
NIH 3T3 cells. Cells were treated with 0.1% methanol (MeOH), 15/xM lovastatin (Lovastatin). 
or the indicated concentration of L-731,734. As a control for the specificity of the antibody, an 
aliquot of one of the samples was immunoprecipitated with Y13-259 that had been previously 
incubated with an excess of the peptide spanning the epitope (Peptide). The viral Ras in the 
transfected cells consist of a mixture of phosphorylated and unphosphorylated protein. Because 
both farnesylation and phosphorylation after the migration of Ras on denaturing gels, four 
Ras-specific bands can be detected: P, processed, unphosphorylated Ras; U, unprocessed, 
unphosphorylated Ras; PP, processed, phosphorylated Ras: and UP, unprocessed, phosphory- 
lated Ras. Molecular sizes of the protein standards are indicated on the right (in kilodaltons). 
(Reprinted from N. E. Kohl, S. D. Mosser, S. J. deSolms, E. A. Giuliani, D. L. Pompliano. 
S. L. Graham, R. L. Smith, E. M. Scolnick, A. Oliff, and J. B. Gibbs, Science 260, 1934 (1993), 
© AAAS.) 

M e t h o d s  

In Vitro Prenylat ion Assays  

T h e  f o l l o w i n g  a s s a y  h a s  b e e n  u s e d  s u c c e s s f u l l y  in  o u r  l a b o r a t o r y  to  

i d e n t i f y  p o t e n t  i n h i b i t o r s  o f  F P T a s e .  ~8'~9 I t  is a m e n a b l e  to  h i g h - v o l u m e  

s c r e e n i n g  a n d  c a n  b e  u s e d  to  d e t e r m i n e  t h e  ICs0 ( 5 0 %  i n h i b i t o r y  c o n c e n t r a -  

t~ D. L. Pompliano. E. Rands, M. D. Schaber, S. D. Mosser, N. J. Anthony, and J. B. Gibbs. 
Biochemistry 31, 3800 (1992). 

1~ S. L. Moores, M. D. Schaber, S. D. Mosser, E. Rands, M. B. O'Hara, V. M. Garsky, M. S. 
Marshall, D. L. Pompliano, and J. B. Gibbs, ,l. Biol. Chem. 266, 14603 (1991). 
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tion) of a compound for inhibition of FPTase. Overall, the assay measures 
the ability of FPTase to transfer radiolabeled farnesyl from [3H]FPP into 
a Ras protein with a Kirsten Ras C A A X  in the presence of varying concen- 
trations of inhibitor. A typical reaction contains in 0.05 ml: 100 nM [3H]FPP 
(40 Ci/mmol; American Radiolabeled Chemicals, Inc., St. Louis, MO), 100 
nM Ras-CVIM, 1 nM human recombinant FPTase, 50 mM N-2-hydroxyeth- 
ylpiperazine-N'-2-ethanesulfonic acid (HEPES, pH 7.5), 5 mM MgC12, 5 
mM dithiothreitol (DTT), 10/xM ZnC12, 0.1% (w/v) polyethylene glycol 
(PEG) 20,000, and test compound. The Ras protein substrate, Ras-CVIM, 
is expressed in Escherichia coli from the plasmid [Leu-68]RAS1 (term.)- 
SLKCVIM and is purified as described. 19 The Ras-CVIM isolated in this 
way is not prenylated owing to the absence of prenyltransferases in E. coli. 
Human recombinant FPTase is expressed in E. coli and partially purified 
as described. 2°'21 Following incubation at 30 ° for 15 min, 2 ml of 10% HC1 
in ethanol is added to precipitate the radioactive farnesylated Ras-CVIM 
and to hydrolyze the remaining isoprenoid substrate. The reaction is then 
vacuum filtered through a Whatman (Clifton, NJ) GF/C filter using a 
Brandel cell harvester (model MB-24L; Brandel, Gaithersburg, MD). Fil- 
ters are washed six times with ethanol, mixed with scintillation fluid (10 ml, 
ReadiSafe; Beckman, Fullerton, Ca) and counted in a scintillation counter. 

Similar in vitro reactions are used to counterscreen for inhibition of the 
GGPTases. 19 For both GGPTase I and II, [3H]geranylgeranyl diphosphate 
(15 Ci/mmol; American Radiolabeled Chemicals, Inc.) is used as the iso- 
prenoid substrate. Assays for GGPTase I activity include 1000 nM E. col# 
produced Ras-CAIL as the protein substrate and 6.8 nM partially purified 
human recombinant GGPTase I. 2ò 22 Assays for GGPTase I! include 500 nM 
E. coli-produced YPT1 as the protein substrate and GGPTase II partially 
purified from bovine brain, v) 

Cell-Based Assays 

Cell Lines. As an initial step in the development of cell-based assays 
for inhibitors of FPTase, we generated panels of cell lines that differed 
only in the oncogene by which they were transformed and included lines 
that were dependent on or independent of farnesylation for transformation. 
Thus, we transformed murine (NIH 3T3) and rat (Ratl)  fibroblasts with 
each of the three ras alleles [H (Harvey)-, K (Kirsten)-, and N-ras]; a ras 

2°C. A. Omer,  R. E. Diehl, and A. M. Kral, this series, Vol. 250, (1995). 
21 C. A. Omer ,  A. M. Kral, R. E. Diehl, G. C. Prendergast ,  S. Powers, C. M. Allen, J. B. 

Gibbs, and N. E. Kohl, Biochemistry 32, 5167 (1993). 
22 F. L. Zhang,  R. E. Diehl, N. E. Kohl, J. B. Gibbs, B. Giros, P. J. Casey, and C. A. Omer ,  

J. Biol. Chem. 269, 3175 (1994). 
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mutant that is a substrate for geranylgeranylation; and oncogenes that are 
both upstream and downstream of ras in the signal transduction pathway. 
Cells transformed by oncogenes upstream of ras, such as src, should be 
dependent on farnesylation for the transformed phenotype and therefore 
be responsive to FPTase inhibitors. On the other hand, cells transformed 
by oncogenes downstream of ras, such as ra f  and rnos, are independent of 
farnesylation for the transformed phenotype and should be resistant to the 
effects of the inhibitors. While these cell lines have proved to be extremely 
useful for the elucidation of the potency and specificity of the inhibitors, 
they are different from human tumors. We have, therefore, also employed 
various human tumor cell lines in the cell-based assays. 

Ras-Process ing Assay.  We have used a Ras-processing assay to evaluate 
the ability of in vitro active compounds to inhibit FPTase in cells. The 
procedure that we use is a modification of that described by DeClue et al. 23 

For this assay, we have found that the use of cells that overexpress Ras 
simplifies detection of the protein, which is present at low levels in the 
untransformed parental cells. Subconfluent ras- trans formed cells in 100- 
mm dishes are fed with 3 ml of fresh medium containing the desired concen- 
tration of test compound. Following incubation at 37 ° for 4 hr, the medium 
is replaced with 3 ml of labeling medium [methionine-free medium supple- 
mented with 0.03 ml of 200 mM glutamine (GIBCO, Grand Island, NY), 
10% (v/v) regular medium, 2% (v/v) fetal bovine serum, and 133 /~Ci of 
[35S]methionine (cell-labeling grade; Amersham, Arlington Heights, IL) 
per milliliter] containing fresh compound. Cells treated with lovastatin (15 
/xM), a compound that blocks Ras processing in cells by inhibiting a rate- 
limiting step in the isoprenoid biosynthetic pathway, 1,23,24 serve as a positive 
control in this assay. 

Following incubation at 37 ° for 20 hr, the medium is removed and the 
cells are washed once with cold phosphate-buffered saline (PBS). The cells 
are scraped into 2 ml of cold PBS, collected by centrifugation (1000 g for 
5 rain at 4°), and lysed by vortexing in 1 ml of lysis buffer [1% (v/v) 
Nonidet P-40, 20 mM HEPES (pH 7.5), 5 mM MgC12, l mM DTT, 0.5 mM 
phenylmethylsulfonyl fluoride (PMSF), aprotinin (10/xg/ml), leupeptin (2 
/xg/ml), and antipain (2/xg/ml)]. The lysate is then centrifuged at 100,000 
g for 45 min at 4 ° and the supernatant saved. 

For immunoprecipitation, equal numbers of acid-precipitable counts 
(-107-108 cpm) are used. The appropriate volume of lysate is brought to 
1 ml with lysis buffer lacking DTT and 10/xg of the monoclonal antibody 

23 j. E. DeClue,  W. C. Vass, A. G. Papageorge,  D. R. Lowy, and B. M. Willumsen, Cancer 
Res. 51, 712 (1991). 

24 M. Sinensky, L. A. Beck, S. Leonard,  and R. Evans, J. Biol. Chem. 265, 19937 (1990). 
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to Ras, Y13-259, 25 is added. The sample is gently rocked at 4 ° for 2-24 hr. 
The immune complex is collected on protein A-Sepharose beads (Phar- 
macia, Piscataway, NJ) coated with rabbit antiserum to rat immunoglobulin 
G (IgG; Cappel, Malvern, PA) by incubation at 4 ° for 45 min with gentle 
rocking. The pellet is washed four times with 1 ml of wash buffer [20 
mM HEPES (pH 7.5), 1 mM EDTA, 1% (v/v) Triton X-100, 0.5% (w/v) 
deoxycholate, 0.1% (w/v) SDS, 0.1 M NaC1] and resuspended in Laemmli 
sample buffer. The Ras is eluted from the beads by placing the sample 
in boiling water for 3 min, after which the beads are pelleted by brief 
centrifugation. The supernatant is subjected to SDS-PAGE on a 13% (w/ 
v) acrylamide gel and the Ras visualized by fluorography. As shown in Fig. 
1, processed Ras (lane 1) migrates more quickly on a denaturing gel than 
unprocessed Ras (lanes 2 and 3). From this assay, an ICs0 can be estimated 
by identifying the concentration of compound that yields processed and 
unprocessed Ras bands of equal intensity (for the assay shown in Fig. 1, 
approximately 100/xM). 

Soft Agar Assay. As cells vary in their ability to grow in agar, we have 
found it useful to identify a panel of lines that exhibit good anchorage-inde- 
pendent growth. The assays are carried out in six-well tissue culture clusters 
with each well containing a 0.3% (w/v) agarose top layer in which the cells 
are seeded and a 0.6% (w/v) agarose bottom layer. Test compound is incorpo- 
rated into both layers. A 3% (w/v) solution of agarose (type VII, low gelling 
temperature; Sigma) in PBS is melted in a microwave, autoclaved for 15 min, 
and placed in a 55 ° water bath. For the bottom layer, the 3% (w/v) agarose is 
diluted 1 : 5 into medium warmed to 37 °, test compound is added, and 1 ml is 
pipetted into each well. The agarose is allowed to solidify at 4 ° and is then 
warmed to 37 °. For the top layer, the 3% (w/v) agarose solution is diluted 
1 : 10 into warmed medium, cells (1 × 10 4 cells/well) and test compound are 
added, and 1 ml is pipetted evenly over the bottom layer. The agarose is 
again allowed to solidify and the trays incubated at 37 ° for 2-4 weeks or until 
colonies are apparent in the control (untreated) cultures. The cultures are 
fed twice weekly with 0.5 ml of complete medium containing the test com- 
pound. To maintain the integrity of the agarose, any residual liquid is aspi- 
rated from the well prior to each feeding. 

As shown in Fig. 2, ras-transformed Ratl  cells form multiple, large 
colonies in soft agar (Fig. 2, top left). Treatment of these cells with a CAAX- 
based FPTase inhibitor blocks their anchorage-independent growth (Fig. 

25 M. E. Furth, L. J. Davis, B. Flcurdclys, and E. M. Scolnick, J~ Virol. 43, 294 (1982). 
26 S. L. Graham, S. J. deSolms, E. A. Giuliani, N. E. Kohl, S. D. Mosser, A. 1. Oliff, D. L. 

Pompliano, E. Rands, M. J. Breslin. A. A. Deana. V. M. Garsky, T. H. Scholz, J. B. Gibbs, 
and R. L. Smith, ,l. Med. Chem. 3"1, 725 (1994). 
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Ratl/ras Ratl/raf Ratl/mos 

MeOH 

100/~M 
L-731,734 

lmM 
L-731,734 

FI{;. 2. Soft agar assay. The soft agar assay was used to evaluate the ability of the FPTase 
inhibitor L-731,734 to block specifically the anchorage-independent growth of ras-transformed 
Rat l cells. Rail cells transformed with either v-rafor  v-mos, oncogenes that are downstream 
of ras in the signal transduclion pathway, were included as negative controls. Cells were 
treated with 0.1% methanol or the indicated concentration of L-731,734. Photomicrographs 
were taken 16 days after the cultures were seeded. (Reprinted from N. E. Kohl, S. D. Mosser, 
S. J. deSolms, E. A. Giuliani, D. L. Pompliano, S. L. Graham, R. L. Smith, E. M. Scolnick, 
A. Oliff, and J. B. Gibbs, Science 260, 1934 (1993), © AAAS.) 

2, lower  left). The  se lec t iv i ty  of  the  c o m p o u n d  is i l lus t ra ted  by the lack of  
effect  on the a n c h o r a g e - i n d e p e n d e n t  g rowth  of  r~tf- and m o s - t r a n s f o r m e d  

Rat  l cells. The  effect  of  a c o m p o u n d  on the g rowth  of  cells in soft agar  
can be q u a n t i t a t e d  by count ing  the co lonies  in each  well and  express ing  
the resul t  as the pe r cen t age  of  co lon ies  f o r m e d  in the  p resence  of  the 
c o m p o u n d  re la t ive  to the  n u m b e r  f o r m e d  in a para l l e l  un t r ea t ed  cul ture .  
W h e n  this m e t h o d  of  analysis  is used,  it is necessa ry  to account: for  the  
va r iab i l i ty  in the  size of  the  colonies .  E s t a b l i s h m e n t  of  a m i n i m u m  colony  
size for  inclusion in the  count  is r e c o m m e n d e d .  A s  this p r o c e d u r e  is t ed ious  
and t ime consuming  when many  p la tes  mus t  be  ana lyzed ,  we have exp lo red  
less quan t i t a t ive  m e t h o d s  of  eva lua t ion  and found  t h e m  to be  adequa te .  
P h o t o m i c r o g r a p h s  p rov ide  a p e r m a n e n t  r eco rd  of  the  assay but,  d e p e n d i n g  
on the magni f ica t ion  ob jec t ive  avai lab le ,  of ten view only  a f rac t ion of  the 
surface  a rea  of  the  well.  This  can lead  to a b e r r a t i o n s  in the  resul ts  if the  
cells are  not  s eeded  evenly  over  the  en t i re  surface  of  the  well. A s  an 
a l te rna t ive ,  the  co lonies  can be  s ta ined  with a v iable  dye,  such as p - i o d o n i -  
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t ro te t razol ium violet (Sigma), by adding 0.5 ml of  a 0.5-mg/ml solution in 
water  to each well. Fol lowing incubat ion overnight  at 37 °, each culture is 
overlaid with a filter paper  disk the size of  the well. The  plate is inverted 
and the disk and the at tached agar plug r emoved  with a spatula and allowed 
to dry at r o o m  tempera tu re  overnight.  The  disks provide  a pe rmanen t  
record  of  the assay. 

C o n c l u d i n g  R e m a r k s  

The  sequence of  assays described above  has been used not  only to 
identify cell-active inhibitors of  FPTase  but  also to demons t ra te  reversion 
of  the ras- trans formed-phenotype  in cells t reated with a FPTase inhibitor. 
Fur thermore ,  compounds  evaluated in this way have been  shown to sup- 
press the growth of  tumors  arising f rom ras-transformed Rat1 cells in nude  
mice. 27 Wha t  effect, if any, FPTase  inhibitors might  have on human  tumors  
remains to be determined.  

27 N. E. Kohl, F. R. Wilson, S, D. Mosser, E. Giuliani, S. J. deSolms, M. W. Conner, N. J. 
Anthony, W. J. Holtz, R. P. Gomez, T.-J. Lee, R. L. Smith, S. L. Graham, G. D. Hartman, 
J. B. Gibbs, and A. Oliff, Proc. Natl. Acad. Sci. U.S.A. 91, 9141 (1994). 
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[39] Rat Embryo Fibroblast Complementation Assay 
with r a s  Genes 

By C A T H Y  F I N L A Y  

I n t r o d u c t i o n  

The  t ransformat ion  of  the normal  cell to a tumorigenic  pheno type  is a 
mult is tep process involving both  the activation of  cellular oncogenes  and 
the inactivation of  cellular t umor  suppressor  genes. Our  unders tanding of  
these processes has been aided by the deve lopment  of  in vitro cell systems 
that  can assay the t ransforming propert ies  of  different genes. A landmark  
discovery was made  in 1983 by Land  and co-workers ,  ~ who demons t ra t ed  
that  the t ransformat ion  of  pr imary  rat embryo  fibroblasts (REFs)  in a 
confluent  mono laye r  required the coopera t ion  of  two oncogenes.  Overex-  
pression of  ei ther  an act ivated ras (the T24 Harvey  ras gene f rom the 
EJ /T24  h u m a n  b ladder  carc inoma cell line 2) or  an activated m y c  gene was 
insufficient to t ransform these cells. If  bo th  genes were in t roduced into 
these cells by s tandard  t ransfect ion procedures ,  however ,  numerous  mor-  
phological ly al tered foci were observed that  were clonable into immorta l -  
ized cell lines. These  cell lines were tumorigenic  in young  syngeneic rats 
or  nude  mice. Similar results were observed with ras and the E l a  oncogene  
f rom adenovirus  type 5 using pr imary  epithelial cells f rom baby rat kidneys. 3 
In addit ion to m y c  and E la ,  1~2 the n - m y c  oncogene ,  mutan t  p53  genes, and 
the large T oncogenes  f rom polyomavi rus  and simian virus 40 (SV40) 
(amino- terminal  f ragment)  can complemen t  an act ivated ras gene in these 
assays.~'4 ~ Conversely,  the po l yom a  middle T antigen, addit ional  members  
of  the Ras family, and the m R N A  5' cap-binding protein,  e lF-4E,  7 can 
substitute for the activated Harvey  ras gene. 

This assay system provided  impor tan t  insights into the t ransformat ion  
process. First, al terat ions in more  than one cell growth regulatory gene 
must  be present  for  t ransformat ion  to occur.  Obviously,  immortal ized cell 

I H. Land, L. F. Parada, and R. A. Weinberg, Nature (London) 304, 596 (1983). 
2 C. Shih and R. A Weinberg, Cell (Cambridge, Mass.) 29, 161 (1982). 
3 H. E. Ruley, Nature (London) 304, 602 (1983). 
4 G. D. Yancopoulos, P. D. Nisen. A. Tesfaye, N. E. Kohl, M. P. Goldfarb, and F. W. Alt, 

Proc. Natl. Acad. Sci. U.S.A. 82, 5455 (1985). 
5 D. Eliyahu, A. Raz, P. Gruss, D. Givol, and M. Oren, Nature (London) 312, 646 (1984). 
6 L. F. Parada, H. Land, R. A. Weinberg, D. Wolf, and V. Rotter, Nature (London) 312, 

649 (1984). 
7 A. Lazaris-Karatzas and N. Sonenberg, Mol. Cell. Biol. 12, 1234 (1992). 
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lines capable of being transformed by the ras  oncogene (NIH 3T3, Rat 1) 
alone have undergone additional undefined cellular changes during the 
immortalization process. Second, different cellular genes regulate distinct 
pathways, and concomitant perturbations in these pathways can result in 
transformation. In general, those genes capable of cooperating with an 
activated ras  gene can efficiently immortalize primary cells in culture. Over- 
expression of an activated ras  gene, on the other hand, can confer the 
ability to grow in soft agar (anchorage-independent growth) and can result 
in the rounded, highly refractile appearance observed in ras  transformants. 
The specific pathways controlled by these oncogenes, however, have not 
yet been defined, and it is still unclear whether the same or different 
pathways are being affected by different oncogenes in the same complemen- 
ration group. Nevertheless, the ras  complementation assay is a valuable 
tool for the characterization of the oncogenic properties of novel genes 
and, in addition, has been useful in the identification of the transforming 
domains of specific oncogenes. 

In this chapter, methods are presented for both the preparation of the 
rat embryo fibroblast cultures and for the transformation assays conducted 
on these cells. The success of the ras  cooperation assay relies primarily on 
the preparation of a robust culture of REFs from embryos of the appropriate 
gestation. The majority of the cells prepared from a given set of embryos 
can be frozen and stored for future use. Efficient use of these cultures can 
result in an accurate assessment of the transforming activity of a gene 
within 4-6 weeks. 

Mater ia l s '  a n d  R e a g e n t s  

Trypsin-EDTA [0.5% (w/v) trypsin, 5.3 mM EDTA Na] (10X), liquid 
(GIBCO-BRL, Gaithersburg, MD) 

Calcium chloride solution 8x (for 100 ml): 

CaC12.2H20 29.4 g 

Make up in quartz-distilled water, filter sterilize, and store at 4 ° . 
N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-buf- 

fered saline, 2x  (2x HeBS) (for 1000 ml): 

HEPES 10.0 g 
NaC1 16.0 g 
KCI 0.74 g 
NazHPO4.7H20 0.375 g 
Dextrose 2.0 g 

Make up in quartz-distilled water, adjust pH to 7.05, filter sterilize, and 
store in 50-ml aliquots at 4 °. 
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Crystal violet solution: 

Crystal violet 3.0 g 
Ammonium oxalate 0.89 g 

Make up in 20% (v/v) ethanol, filter to eliminate clumps, and store in 
aliquots at room temperature. 

Preparat ion of Pr imary Rat Embryo Fibroblasts  
for Trans format ion  Assays  

1. A pregnant Fisher 344 rat carrying embryos of 12-14 days' gestation 
is sacrificed by carbon dioxide asphyxiation. Timed-pregnancy rats can be 
ordered from a variety of distributors. 

2. Remove the uterus containing the embryos and rinse the uterus in 
30 ml of sterile phosphate-buffered saline (PBS) in a 15-cm tissue., culture 
dish. Transfer the uterus to a new 15-cm dish containing 30 ml of sterile 
PBS. At this point, all subsequent manipulations should be carried out in 
a tissue culture hood. 

3. Remove the embryos from the uterus, then transfer the embryos 
to a new 15-cm dish and rinse in sterile PBS (30 ml). Dissect the embryos 
from the placenta and surrounding tissue, decapitate using a pair of scissors, 
and promptly transfer the embryos to a new sterile 15-cm dish containing 
only 5 ml of PBS. 

4. Mince the embryos to an approximate size of 2-mm tissue chunks. 
The smaller the pieces of tissue, the greater the subsequent digestion of 
the embryo tissue by trypsin (owing to increased surface area). 

5. Transfer the minced embryos to a 250-ml Erlenmeyer or trypsiniza- 
tion flask. At this point, the tissue pieces are still too large for easy pipetting, 
and therefore the minced tissue is poured from the tissue culture dish into 
the flask, using a pipette to guide the tissue. 

6. Add 20 ml of Dulbecco's modified Eagle's medium (DME1M, serum 
free) to the tissue pieces. 

7. Add 20 ml of concentrated t rypsin-EDTA (10× TE) to the minced 
embryos in DMEM. 

8. Shake (in a bacterial incubator shaker at 37 °) or stir (using a stir 
bar and a medium setting on a stir plate) the flask for 30-40 min. 

9. At the end of the incubation period, add 40 ml of DMEM supple- 
mented with 10% (v/v) fetal bovine serum (FBS) to stop the enzymatic 
digestion. If digestion has occurred, the medium will be cloudy, and there 
will be a large viscous wad of cell debris and DNA. Draw the viscous cell 
debris and DNA out of the cell suspension, using a 25-ml pipette. 
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10. Pipette the cell suspension into two 50-ml centrifuge tubes and 
centrifuge at very low speed (200-300 rpm) for 5 min to spin out the 
remaining small clumps. 

11. Transfer the supernatant (do this by pipette because the pellet is 
quite soft) to new 50-ml tubes. 

12. Harvest the cells by centrifugation (1000 rpm for 5 min). 
13. Decant the supernatant, and resuspend both pellets in 10 ml of 

DMEM supplemented with 10% (v/v) FBS. Assuming 6-9 embryos of 13 
to 14-days' gestation, seed 1 ml of cell suspension into each of ten 10-cm 
dishes. Depending on the number of embryos, the cell suspension can be 
distributed into a smaller or greater number of dishes. 

14. Refeed the cells with DMEM supplemented with 10% (v/v) FBS 
at 24 hr. At this point, the dishes should be 20-40% confluent. A good 
preparation yields confluent dishes of primary cells 3 days after preparation. 
These cultures are primarily fibroblast-like in appearance; there are, how- 
ever, a variety of cell types in these primary cultures. To avoid confusing 
normal cells with transformants following transfection, one should examine 
these cells frequently to become familiar with the variety of cells in the 
normal cell culture. 

15. Primary cultures may be immediately used for transfection. One 
10-cm dish is sufficient for a series of transfection experiments (on primary, 
secondary, and tertiary cultures), and the cells in the remaining dishes 
should be frozen for future experiments. 

Transfect ion of Primary, Secondary,  or Tert iary Rat Embryo 
Fibroblast  Cul tures  

Transformation assays are conducted on cells within the first three 
passages in tissue culture to ensure the primary nature of the cells. Typically, 
it is most efficient to conduct a series of transfections in the following 
manner. The first transfection is conducted using cells from the primary 
culture. When seeding the cells for the first transfection, additional plates of 
secondary cultures are seeded to be used for several additional experiments 
within the next week. Again, when cells are seeded for the transfections 
on the secondary cultures, additional cells are subcultivated to be used for 
transfections on tertiary cultures. From one 10-cm dish, therefore, it is 
possible to obtain results from up to seven separate experiments. Given that 
each transformation experiment does not yield results for approximately 2 
weeks, it is wise to do multiple experiments within a short time for both 
maximal efficiency and reproduction of results. 

1. On day 0, rat embryo fibroblasts are seeded at a density of 300,000 
cells/10-cm dish. 
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2. On day 1 (approximately 24 hr later), the DNA-calc ium phosphate 
cocktail is prepared. 

3. For each transfection, add 400/xl of 2× HeBS to a sterile 1.5-ml 
Eppendorf  tube. 

4. Add the DNAs (1.25/xg of an activated human ras-expressing plas- 
mid plus 1.25 ~g of the cooperating oncogene plus 10-20 /xg of carrier 
DNA) to the 2× HeBS. 

5. Dilute the calcium chloride solution 1 : 8 with sterile quartz-distilled 
water (final concentration, 250/xM). Make fresh at the time of each exper- 
iment. 

6. While bubbling air into the DNA solution with a Pasteur pipette, 
slowly add 400/xl of the 250 mM calcium chloride solution dropwise to the 
DNA solution. 

7. Vortex the mixture at maximal agitation for 15 sec. Allow the 
transfection cocktail to stand for 15-30 min at room temperature with 
periodic agitation. 

8. Add the transfection cocktail to the cell medium, and leave the 
precipitate on the cells overnight. 

9. On day 2, aspirate the medium containing the precipitate and rinse 
the cells with several milliliters of sterile PBS. 

10. Refeed the transfected cultures with fresh DMEM supplemented 
with 10% (v/v) FBS. 

11. Refeed the cultures every 4-5 days. Transformed loci begin to 
appear at 7-8  days and are readily visible within 12-14 days after the trans- 
fection. 

12. Transformed loci may be cloned from these dishes. The background 
REF cells possess a limited proliferative capacity in v i t ro ,  and tile trans- 
formed cells will outgrow the fibroblasts. This may take several passages 
past the initial cloning step. Pass the transformants until no cells of normal 
morphology are present when the cultures are subcultivated to low density. 

13. To obtain quantitative data, stain the dishes with a vital stain such 
as crystal violet. Add 3-4  drops of the crystal violet solution to the medium. 
Incubate the cells at room temperature for 5-10 min, swirling them gently 
on a rotator and visually monitoring the staining process. Decant the me- 
dium, rinse gently by dipping in water, and allow the dishes to air dry. 
Optimal staining results in a pale violet background of normal cells with 
dark violet focal areas. 

Transformed foci display a variety of morphologies, depending on the 
cooperating oncogene used. For example, transformation with ras plus m y c  

oncogenes yields multiple circular areas (75-100+/10-cm dish) that are less 
dense than the surrounding monolayer. Microscopic examination reveals 
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rounded, refractile cells in grapelike clusters in these regions. The m y c  

plus r a s - t r a n s f o r m e d  cells do not become confluent, attach poorly to the 
substratum, and readily float into the medium. Transformants, if overgrown, 
can easily lift and reattach at different sites in the culture dish. There is a 
possibility of cloning the same cells more than once from a given dish. 
Cloning should therefore be conducted on parallel plates from multiple 
experiments. In contrast, transformation with ras plus E1 a from adenovirus 
type 5 results in small, focal areas (75-100+/10-cm dish) of cuboidal cells 
that are piled high on top of one another. Transformation with mutant p53  

plus ras can yield a variety of morphologies, ranging from densely packed 
fibroblast-like cells to loosely attached, refractile cells. On average, fewer 
foci are observed following transfection with mutant p53  (15-50/10-cm 
dish) than with m y c  or Ela .  If one is assaying a gene of unknown oncogenic 
properties, therefore, one should become familiar with a variety of trans- 
formed morphologies. In addition to morphological changes, a stringent 
criterion for transformation is the ability to clone the cells from a morpho- 
logically transformed focus into a stable tumorigenic cell line. 

Concluding  Remarks  

The ras cooperation assay is a straightfoward and relatively easy tech- 
nique for assaying the oncogenic properties both of mutants of known 
cooperating oncogenes and of genes with unknown oncogenic properties. 
There are two technical problems that are observed with these assays. First, 
overexpression of an activated ras gene can result, in some experiments, 
in focal areas of morphologically transformed cells that are not stably 
transformed (ras background). The presence of ras background makes it 
impossible to assess accurately the transforming activity of an unknown 
oncogene and, in fact, the cooperating activity of an unknown oncogene 
is likely to be overestimated in these experiments. Data should be obtained 
from experiments with only a few foci (at most) on the plates transfected 
with the ras gene alone. For this reason, it is essential that cells transfected 
with ras alone be included as a control in each experiment. Second, the 
opposite problem might occur, in that the experiments might yield relatively 
few foci (15-25 vs the 80-100 foci frequently observed with ras plus Ela ,  
for example) with oncogenes known to cooperate efficiently with ras. In 
experiments with such low numbers for the positive controls, it is impossible 
to be certain that the activity of a weak cooperating oncogene has not been 
overlooked. These difficulties are generally overcome with repetition and 
are an additional reason that maximal use of cells (multiple transfections 
within a short period of time) is suggested. 



[40] BIOLOGICAL ASSAYS FOR Ras TRANSFORMATION 395 

[40] B i o l o g i c a l  A s s a y s  f o r  R a s  T r a n s f o r m a t i o n  

By G E O F F R E Y  J. C L A R K ,  A D R I E N N E  D. Cox, S U Z A N N E  M. G R A H A M ,  

and CHANNING J. DER 

The ease of transfection and sensitivity to transformation of rodent 
fibroblast cell lines make them the system of choice for the analysis of 
alterations in normal cellular phenotype produced by many oncogenes. In 
particular, the exquisite sensitivity of the NIH 3T3 mouse fibroblast cell 
line to transformation by activation of the Ras signal transduction pathway 
and the relative ease with which it may be transfected has made this cell 
system one of the most valuable tools in the investigation of the function 
of oncogenes in general and of ras in particular.l 5 

Malignant transformation is typically characterized by the acquisition 
of some or all of the following properties: alterations in cell morphology, 
increased growth rate, reduced serum dependence, loss of densily-depen- 
dent growth inhibition, altered gene expression, acquisition of anchorage- 
independent growth potential, and the ability to form tumors in experimen- 
tal animals. 6'v The expression of oncogenic forms of Ras proteins, as well 
as overexpression of normal Ras proteins, triggers these cellular conse- 
quences in NIH 3T3 cells. Therefore, NIH 3T3 cells provide a quantitative 
and qualitative assay for Ras transforming activity. Furthermore, using 
cotransfection assays, the ability of other proteins to positively (e.g., Ras 
guanine nucleotide exchange factors) or negatively (e.g., Ras-GTPase- 
activating proteins) modulate Ras transformation ~ may be investigated. 
This allows the investigation of the more subtle aspects of Ras function 
and it is here that the true power of the system lies. As the system has 
been so widely used, results may readily be compared with those of 
other investigators. 

Here we describe the procedures for some of the most commonly used 
in vitro and in vivo cellular assays, with an emphasis on the use of NIH 
3T3 cells, that we have used for characterizing the biological consequences 

i R. A. Weinberg,  Biochim. Biophys. Acta 651, 25 (1981). 
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of  a b e r r a n t  Ras  funct ion.  In addi t ion ,  the  use of  t r ans ien t  t rans fec t ion  
assays to m e a s u r e  the  abi l i ty  of  Ras  to induce  t r ansc r ip t ion  f rom Ras-  
r espons ive  p r o m o t e r  e l emen t s  is cove red  in [41] in this vo lume.  

NIH 3T3 F o c u s  F o r m a t i o n  A s s a y s  

B a c k g r o u n d  

P r o b a b l y  the  most  c o m m o n l y  used assay for  examin ing  the  t r ans fo rming  
po ten t i a l  of  a pa r t i cu la r  ras gene in N I H  3T3 cells is the  focus f o r m a t i o n  
assay,  which essent ia l ly  measu re s  the  abi l i ty  of  an i n t roduced  gene  to p ro-  
m o t e  morpho log i ca l  t r a n s f o r m a t i o n  and loss of  d e n s i t y - d e p e n d e n t  g rowth  
regula t ion .  Oncogen i c  ras genes  (e.g., con ta in ing  muta t ions  at c o d o n  12, 
13, or  61), as well  as n o r m a l  ras overexpress ion ,  t r igger  all of  these  aspects  
of  ce l lu lar  t r ans fo rmat ion .  9 W h e n  induced ,  these  p r o p e r t i e s  a re  man i fe s t ed  
as swirl ing clusters  of  sp ind l e - shaped  cells tha t  exhibi t  a highly refract i le  
a p p e a r a n c e  when  v iewed  u n d e r  phase -con t r a s t  microscopy .  This  m o r p h o -  
logical  a p p e a r a n c e ,  coup led  with mul t i l aye r  growth,  resul ts  in the  a ppe a r -  
ance of  foci of  growing,  t r a n s f o r m e d  cells tha t  can be  read i ly  v isua l ized  
ove r  the  flat m o n o l a y e r  b a c k g r o u n d  of  u n t r a n s f o r m e d  cells (Fig. 1A).  

The  N I H  3T3 focus fo rma t ion  assay has  also been  used  wide ly  for  the  
analysis  of  o the r  oncogenes  tha t  e n c o d e  c o m p o n e n t s  of  the  Ras  s ignal ing 
p a t h w a y s ] °  16 The  t r ans fo rming  act ivi t ies  of  severa l  R a s - r e l a t e d  p ro t e in s  
( R h o A ,  R-Ras2 /TC21 ,  and  R - R a s )  have  also been  ident i f ied  in N I H  3T3 
assays.~7 20 Note  tha t  not  all t r a n s f o r m e d  loci  have the  same  appea rance .  
Fo r  example ,  a l though  loci  caused  by  N- t e rmina l l y  t r unca t ed  t r ans fo rming  

9 G. J. Clark and C. J. Der, in "GTPases in Biology 1" (B. F. Dickey and L. Birnbaumer, 
eds.), p. 259. Springer-Verlag, Berlin, 1994. 

10 N. G. Copeland, A. D. Zelenetz, and G. M. Cooper, Cell (Cambridge, Mass.) 17, 993 (1979). 
i1 C. I. Bargmanm M. C. Hung, and R. A. Weinberg, Nature (London) 319, 226 (1986). 
12 C. J. Der, T. G. Krontiris, and G. M. Cooper, Proc. Natl. Acad. Sci. U.S.A. 79, 3637 (1982). 
13 V. P. Stanton, Jr. and G. M. Cooper. Mol. Cell. Biol. '7, 1171 (1987). 
14 S. E. Egan, B. W. Giddings, M. W. Brooks, L. Buday, A. M. Sizeland, and R. A. Weinberg, 

Nature (London) 363, 45 (1993). 
I~ S. Cowley, H. Paterson, P. Kemp, and C. J. Marshall, Cell (Cambridge, Mass.) 77, 841 (1994). 
~ S. J. Mansour. W. T. Matten, A. S. Hermann, J. M. Candia, S. Rong, K. Fukasawa, G. F. 

Vande Woude, and N. G. Ahn, Science 265, 966 (1994). 
17 R. Khosravi-Far, M. Chrzanowska-Wodnicka, P. A. Solski, A. Eva, K. Burridge, and C. J. 

Der, Mol. Cell. Biol. 14, (in press) (1994). 
is R. Perona, P. Esteve, B. Jim~nez, R. P. Ballestero, S. Ram6n y Cajfil, and J. C. Lacal, 

Oncogene 8, 1285 (1993). 
19 S. M. Graham, A. D. Cox, G. Drivas, M. R. Rush, P. D'Eustachio, and C. J. Der, Mol. 

Cell. Biol. 14, 4108 (1994). 
a0 A. D. Cox~ T. R. Brtva, D. G. Lowe, and C. J. Der, Oncogene 9, 3281 (1994). 
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NIH(Ras) NIH(Src) 
FI~;. 1. Appearance of transformed foci on transfected NIH 3T3 cells. Note that Ras- 

induced foci (A) have a swirling appearance, with elongated cells lined up lengthwise. In 
contrast, Src-induced foci (B) are rounder, and the cells themselves are round. However, both 
Ras- and Src-transformed NIH 3T3 cells exhibit a refractile appearance. Photographed at ×4 
magnification, phase ring "'L". 

raf  mutants  are essentially indistinguishable f rom those caused by ras, 

t ransforming src or fbs  alleles induce distinctly different foci conta ining 
rounde r  and /o r  fewer  cells (Fig. 1B). Finally, a l though v-Myc expression 
does induce malignant  t ransformat ion  of  N I H  3T3 cells, it does not  cause 
the appearance  of  t r ans formed  foci. Hence ,  the use of  o ther  t ransformat ion  
assays in conjunct ion with focus assays is useful for myc and o ther  oncogenes  
that  are negative for  N I H  3T3 focus-forming activity. Alternat ively,  Myc 
focus-forming activity can be measured  in coopera t ion  assays with onco-  
genic Ras (e.g., rat embryo  fibroblast or  REF-52  focus assays; see below). 

Maintenance o f  N I H  3T3 Cell Stocks 

A precise main tenance  of  the stocks is essential for  reproducible ,  quanti-  
tative t ransformat ion  assays to be per formed.  Wi thout  such at tentive manip-  
ulat ion the cells may  begin to exhibit a significant background  of  spontane-  
ous t ransformat ion,  which great ly compromises  the ability to measure  Ras 
t ransforming activity accurately.  2L22 Moreover ,  it should be strongly empha-  

2~ j. L. Jainchill, S. A. Aaronson, and G. J. Todaro, J. Virol. 4, 549 (1969). 
~-2 H. Rubin and K. Xu, Proc. Natl. Acad. Sci. U.S.A. 86, 1860 (1989). 
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sized that NIH 3T3 cells from different sources may require significantly 
different transfection procedures. Thus, it is important both to employ the 
procedures that have been used for a particular source of NIH 3T3 cells 
and to acquire cells from investigators performing the same types of assays. 
Described below are the protocols that have worked well with our cell 
stocks (provided by G. M. Cooper, Harvard Medical School, Boston, MA). m 

NIH 3T3 cells are propagated in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% (v/v) calf serum (Colorado Serum Co., 
Denver, CO), penicillin (100 U/ml), and streptomycin (100/xg/ml), and 
maintained at 37 ° in a humidified 10% CO~ incubator. For the establishment 
of frozen stocks, subconfluent cultures are trypsinized [0.05% (w/v) trypsin- 
EDTA] and seeded at 1 × 103 cells/100-mm dish. We typically plate up to 
40 dishes simultaneously in order to establish a frozen inventory sufficiently 
large to allow us to perform transfection assays from the same stock cultures 
for several months. The newly plated cultures are fed with fresh growth 
medium every 3 to 4 days until they reach 70% confluency (approximately 
13 to 15 days). The cells are then trypsinized and pooled together, washed 
once in culture medium or phosphate-buffered saline (PBS), and resus- 
pended in freezing medium [DMEM supplemented with 20% (v/v) calf 
serum and 10% (v/v) dimethyl sulfoxide] prior to slow freezing and transfer 
to storage in liquid nitrogen (l ml of freezing medium per dish per ampoule). 
Using cells from a common frozen stock and limiting the number of passages 
in culture before they are used (three to four assays per ampoule) enhance 
the reproducibility of independent assays and minimize the occurrence of 
spontaneous background foci. 

Tranffection Schedule 

A weekly (7-day) schedule for maintaining N1H 3T3 cells in culture to 
provide cells for two transfections per week (day 2 and day 5) is de- 
scribed below. 

Day 1: Quickly thaw one ampoule at 37 °, transfer the cells to a 15-ml 
conical centrifuge tube, and resuspend the cells in 10 ml of growth medium. 
Pellet the cells by centrifugation at 3000 rpm in a table-top centrifuge and 
aspirate off the supernatant. Resuspend the cell pellet in growth medium 
and plate onto three to six 100-ram dishes. The actual number of dishes 
that are plated will vary with different stock cell preparations. The number 
of dishes is determined empirically and is intended to result in approxi- 
mately 90% confluence after 3 days (Day 4). 

Day 2: Replace the growth medium with fresh growth medium. 
Day 4: The cells should be near confluency (approximately 5 to 6 × 

10 ~ cells/dish) and are ready to be plated for transfection. The cells are 
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trypsinized, resuspended in growth medium, and seeded at both 5 x 
10s/60-mm dish (for the transfection assay) and at 1 x 10s/100-mm dish 
(for stock cells for the next transfection). Determine the number of dishes 
to be plated as follows: Four dishes should be plated for each DNA that 
will be assayed. One set of four dishes should be used as a negative control 
and transfected with the empty vector to monitor the degree of spontaneous 
transformation. A positive control of an oncogenic ras construct should 
also be included to monitor transfection efficiency. The number of stock 
100-mm dishes that are plated will depend on the expected size of the next 
transfection assay (approximately 10 assay dishes per stock dish plus the 
new stock dishes). 

Day 5: The 60-mm dishes should contain cells that are - 7 0 %  confluent, 
and are transfected (transfection 1) as described below. The stock cells are 
fed with fresh growth medium so that by Day 1 of the following week they 
will be ready for setting up the next set of transfection dishes. 

Day 1: Use the stock cells that were plated on Day 4 of the previous 
week to plate dishes both for a transfection (Day 2) and for stock dishes 
for the next transfection plating (Day 4). 

Day 2: Transfection 2 is performed. 
Day 4: Use stock dishes from Day 1 of the previous week to plate 

transfection dishes for Day 5 and new stock dishes for transfection on Day 
2 of the following week. 

Day 5: Transfection 3 is done. Note that after 2 weeks (i.e., four transfec- 
tions) on this schedule, new stock dishes will be plated from a fresh ampoule 
of frozen stock cells, rather than from previously cultured cells. 

Reagents for Transfection 

The following reagents are used to generate the calcium phosphate 
precipitates of the DNAs to be transfected: 

CaC12 (1.25 M): Autoclave to sterilize. Store at room temperature 
N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-buf-  

fered saline (HBS), pH 7.05: Add 8.00 g of NaC1, 0.37 g of KC1, 0.19 
g of NazHPO • 7 H20,  1.00 g of glucose, and 5.00 g of HEPES to 900 
ml of distilled H20. Adjust the pH to exactly 7.05 with 5 N NaOH. 
The correct pH is critical for good DNA precipitation. Adjust the 
volume to 1 liter and autoclave to sterilize. Store at room temperature 

HBS-15% (v/v) glycerol: Mix glycerol (autoclaved) and HBS at 15:85 
(v/v). Store at room temperature 

High molecular weight carrier DNA: High molecular weight carrier DNA 
promotes the formation of the calcium phosphate precipitate of the 
transfected plasmid DNA. High molecular weight DNA may be ex- 
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tracted from cell lines or animal tissue, or purchased from a commercial 
supplier. We have found that calf thymus DNA from Boehringer 
Mannheim (Indianapolis, IN) provides the most reliable commercial 
source of carrier D N A  for focus assays. Other applications [e.g., chlor- 
amphenicol acetyl transferase (CAT) assays] do not have such stringent 
requirements for carrier DNA quality 

An important consideration in focus assays is the source of the calf 
serum used in the growth medium. We have found that the frequency of 
both Ras-induced and spontaneous foci will vary significantly with different 
lots of serum. Thus it is necessary to test a number of different serum 
sources to determine the most suitable and to avoid changing batches over 
the duration of a series of experiments. Our analysis of serum lots involves 
focus formation assays using activated ras plasmids and the corresponding 
empty vector control, performed in parallel in growth medium that is sup- 
plemented with several different sources of serum. We then select the serum 
that results in the appearance of the maximum number of Ras-induced foci 
with the minimum frequency of spontaneous loci. An alternative to testing 
serum lots is to use the calf serum from Colorado Serum Co. This source 
of serum has consistently (>100 separate lots) provided the most reliable 
serum (although one of the most expensive). 

Transfection Procedure 

A sufficient number of dishes to allow the assay to be performed in 
quadruplicate for each DNA is plated at 5 x 105 cells/60-mm dish on the 
day before the transfection. A stock solution of HBS containing carrier 
DNA (40/zg/ml) is prepared (0.5 ml/dish). The solution must be vortexed 
vigorously before aliquoting. For each DNA to be transfected, 2 ml of the 
solution is transferred to a sterile 15-ml round-bottom polystyrene tube. 
The appropriate quantity of plasmid DNA (10 ng to 5/zg/dish, i.e., 40 ng 
to 20 p,g/2 ml) is then added and the solution is vigorously vortexed. Two 
hundred microliters of 1.25 M CaC12 is then added to each tube and vortexed 
briefly for 10 to 15 sec. The precipitation should commence almost immedi- 
ately and gives rise to a faint milky appearance that consists of a suspension 
of fine fibers. 

The formation of the precipitate is complete after 20 min at room 
temperature. Precipitated DNA solution (0.5 ml) is then added dropwise 
directly onto the medium of each dish to be transfected. The dishes are 
each swirled and rocked gently to distribute the DNA evenly and incubated 
for 3 to 4 hr at 37 °. A poor precipitate will result in poor transfection 
efficiency and is most likely to be due to problems with the carrier D N A  
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or the pH of the HBS. A good precipitate should be clearly visible on the 
cells after 3-4  hr as dark, fine, sandy particles. 

After 3 to 4 hr the cells are glycerol shocked to enhance DNA uptake. 
The medium is first removed and the cells rinsed once with fresh growth 
medium. One milliliter of HBS-15% (v/v) glycerol is then added to each 
dish; rock the dishes several times to ensure that the entire monolayer of 
cells is covered. The cells are exposed to the glycerol solution for a maximum 
of 4 rain at room temperature.  Exceeding this time is not recommended 
as the glycerol treatment is somewhat toxic to the cells. The HBS-glycerol  
solution is aspirated off and the dishes are rinsed with fresh growth medium 
at 4 min. This terminates the glycerol shock. After rinsing, the cells are 
fed with growth medium and incubated at 37 ° . The dishes are fed three 
times per week with fresh growth medium until the loci are well developed 
but still discrete enough to count individually. The appearance of the cells 
after the DNA incubation and the glycerol shock is significantly altered 
owing to the harsh nature of these two steps; however, the cells recover 
by the following day. 

The rate of appearance of ras-transformed foci is dependent  on both 
the nature of the activating mutation and the strength of the promoter  
from which it is expressed. However,  the appearance of transformed foci 
is typically scored at 13 to 16 days. We typically observe that transfection 
of 10 ng/dish of pZIP-rasH(61L), which encodes an oncogenic RasH mutant 
(Q61L mutation) expressed from the strong Moloney murine leukemia 
virus (MMLV) long terminal repeat promoter ,  causes the appearance of 
30 to 60 transformed foci per dish (3 to 6 × 10 4 transformed loci per 
microgram). In contrast, pZIP-rasH(WT), which encodes the normal coun- 
terpart, will be completely negative for transformed foci at this amount of 
transfected DNA. Instead, transfection of 100 ng to I /zg  of plasmid DNA 
(70 to 80 transformed foci per microgram) is required to observe focus 
formation, as overexpression of normal Ras is required for transformation 
of NIH 3T3 cells. 

The most accurate quantitation of loci is performed by counting the live 
cultures under an inverted phase-contrast microscope at ×4 magnification. 
Cells may also be fixed and stained in crystal violet for counting, but this 
is less sensitive and makes differentiation of Ras-induced and spontaneous 
foci more difficult. The appearance of false, spontaneously transformed 
foci should occur only at a low frequency, perhaps one or two for every 
set of four dishes. If the cells have been improperly maintained or are at 
a high passage, then this frequency may be significantly higher, sometimes 
to the point at which it is difficult to count the real foci owing to high 
background. True Ras-induced foci are defined as those that appear only 
on the ras-transfected, but not on the vector-transfected, dishes. Hence, it 
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is critical to include negative controls (e.g., empty vector) that can be used 
both to determine the level of background and to serve as a reference for 
distinguishing the appearance of any spontaneous loci from that of true 
Ras-induced foci. 

Addit ional  NIH 3T3 Trans fo rma t ion  Assays  

Background 

As described above, oncogenic Ras (or normal Ras overexpression) 
causes alterations in the in vitro and in vivo properties of NIH 3T3 cells. 
To evaluate the effects of a transfected gene on certain cell parameters 
(see below), it is necessary to establish cells stably expressing the gene of 
interest. This is best accomplished by using expression constructs that en- 
code both the oncogene and a drug-selectable marker. The two most com- 
monly used drug resistance markers are aminoglycoside phosphotrans- 
ferase and hygromycin B phosphotransferase, which confer resistance to 
neomycin and hygromycin B, respectivelyY "24 We have utilized both Neo ~ 
[pZIP-NeoSV(x)I] and Hyg r [pCMV-hyg and pREP4] types of expression 
constructs in our Ras studies (see [21] in this volume). Ras expression 
vectors that lack a drug selection gene can also be used to established 
stably transfected cell populations by cotransfection with a second plasmid 
that encodes only the drug-selectable marker, as described below. 

Establishment of  Stably Transfected NIH 3T3 Cell Lines 

For plasmid constructs that encode both Ras and the drug selection 
marker (e.g., pZIPneo)  we transfect one 60-ram dish with 10 to 50 ng of 
plasmid DNA per dish. After drug selection (described below), we typically 
observe the appearance of several thousand drug-resistant colonies per 
microgram of DNA transfected. For Ras plasmids that lack a selectable 
marker, for example, pJ5t), we cotransfect the Ras expression vector with 
a 40- to 100-fold molar excess of a second plasmid construct that contains 
a drug selection marker. However,  the percentage of drug-selected cells 
that also express the nonselected oncogene plasmid is variable (approxi- 
mately 50%), and individual drug-resistant colonies will have to be isolated 
and evaluated for oncogene expression. 

Three days after transfection, the cells are split 1:10 into 100-ram 
dishes (i.e., one-third of the 60-ram dish is transferred into a 100-mm dish). 
The next day the growth medium is changed to medium supplemented with 

2~ p. j. Southern and P. Berg, J. Mol. Appl. Genet. 1, 327 (1982). 
24 B. Sugden, K. Marsh, and J. Yates, MoL Cell Biol. 5, 410 (1985). 
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the appropriate drug: a 400-/zg/ml (active ingredient) concentration of 
Geneticin (G418) (Cat. No. 11811-031; G1BCO-BRL, Gaithersburg, MD) 
for Neo' cells, or hygromycin B (Cat. No. 843 555; Boehringer Mannheim) 
for Hyg r cells. G418 is made up from powder in 100 mM HEPES (pH 7.2) 
as a 10× solution and stored in 50-ml aliquots at - 20  °. Hygromycin B is 
purchased as a solution in phosphate-buffered saline and stored at 4 °. 
Parallel cultures transfected with empty vector that expresses only the 
drug selection marker should also be established as control untransformed 
populations that have undergone the same drug selection treatment as cells 
transfected with the Ras expression constructs. 

The selected cells are fed with drug-supplemented medium every 4 
days; more frequent medium changes may be required if extensive cell 
death is occurring. Cell death is not readily apparent until days 4-5. By 
day 10, drug-resistant colonies should be apparent. The elimination of drug- 
sensitive cells should be essentially complete after 12 to 14 days. The 
resistant colonies may either be trypsinized and pooled to give an average 
effect of the gene, or individual colonies may be cloned by limiting dilution 
for analysis of different clones. To ensure that the established cultures are 
not contaminated with any drug-sensitive cells, we usually subculture the 
cells at least once in drug-supplemented medium. The cells can then be 
maintained for several weeks in growth medium without G418 or hygro- 
mycin. However, if high levels of expression of highly transforming ras 
genes are required over a longer period of time, continuous culture under 
selective pressure is recommended. 

Once the selection is completed, the expression of the exogenously 
introduced ras gene should be confirmed by immunoblotting with anti-Ras 
antibodies (see [21], this volume). Cells stably transfected with normal ras 
constructs exhibit the same untransformed morphology as cells harboring 
the empty vector (Fig. 2A). In contrast, cells stably transfected with onco- 
genic ras constructs exhibit a refractile, spindle-shaped appearance (Fig. 
2A) and the cultures grow to a much higher density than the untransformed 
populations. However, continued subculturing of cells expressing the nor- 
mal Ras protein usually results in the outgrowth of cells that are transformed 
by overexpression. 

Analysis o f  Growth Rate, Saturation Density, and Serum Dependence 

Drug-selected cells are seeded at 1 × 105/60-mm dish in growth medium 
plus the appropriate level of serum and incubated at 37 ° (designated day 
0). At 2-day intervals for 14 days the cells are counted in triplicate for each 
point. This is performed by rinsing in PBS, trypsinizing, and then using 
either a Coulter (Hialeah, FL) counter or hemocytometer. Growth rates 
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FIG. 2. Properties of Ras- t ransformed NIH 3T3 cells. (A) Morphology of normal NIH 
3T3 and Ras- t ransformed NIH 3T3 cells. (B) Serum dependence:  growth of Ras- t ransformed 
NIH 3T3 cells in growth medium that was supplemented with different amounts  of serum. 
The cultures were maintained in the designated serum concentrations for 2 weeks and then 
stained with crystal violet to visualize cells. (C) Anchorage  independence: formation of colonies 
in soft agar. Magnification, × 10. 
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El(;. 2. (continued) 

may be determined from the slope of the logarithmic curve during exponen- 
tial growth. The saturation densities are the cell densities that develop 
during the plateau phase of growth. 

Serum dependence may be determined by comparing the growth rates 
of the cells maintained in growth medium supplemented with different 
amounts of calf serum (0.5 to 10%), using the growth curve assay described 
above. Alternatively, a simpler procedure is to plate each cell line at a 
density of 103 cells/60-mm dish and allow them to attach for 24 hr in growth 
medium supplemented with 10% (v/v) calf serum. The dishes are then 
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changed to growth medium that is supplemented with 0.5, 2, 5, or 10% (v/ 
v) calf serum. The dishes are maintained in the designated serum concentra- 
tion for 2 weeks and then stained with crystal violet to visualize cells. 
Whereas untransformed N I H  3T3 cells require 10% (v/v) serum for optimal 
growth, Ras-transformed cells will readily proliferate in 0.5% (v/v) serum 
(Fig. 2B). 

Analysis of Anchorage-lndependent Growth Potential 

An excellent in vitro indicator of the ability of a gene to provoke 
malignant tumorigenicity in rodent fibroblasts is an ability to promote  
growth in an anchorage-independent  environment.  7"25 27 Whereas untrans- 
formed NIH 3T3 cells need to adhere to a solid substratum in order to 
grow, Ras-transformed cells lose this requirement  and readily proliferate 
in suspension in liquid culture or when suspended in semisolid medium 
(supplemented with agarose or methylcellulose)/~ Growth in soft agar is 
the most commonly used assay for Ras-transformed cells. Although growth 
in soft agar is not absolutely correlated with tumorigenic potential, this assay 
currently represents the best in vitro correlate to in vivo growth potential. 

Reagents 

Bacto-agar (Difco, Detroit ,  MI) is used to prepare a 5% (w/v) 10× 
stock in distilled water. Boil to dissolve the agar, transfer 50-ml aliquots 
to 100-ml bottles, the autoclave to sterilize (store at room temperature) .  
D M E M  (2×)  is required to normalize the medium concentration. 

Assay Procedure 

A 0.5% (w/v) bot tom layer is prepared. The agarose stock is melted, 
for example, in a microwave or in a boiling bath, and cooled to 45 ° in a 
water bath. Make up a mixture whose total volume is calculated as 1 ml 
of 2× DMEM,  1 ml of serum, 100/xl of 100× penicillin/streptomycin, and 
6.9 ml of 1 × D M E M  for each dish. Warm the mixture to 37 ° and then, for 
each dish, add l ml of agar. Rapidly mix the m e d i u m - a g a r  and plate out 
7 ml/60-mm dish. The excess med ium-aga r  is used in the next stage and 
provides a backup for mistakes or spills. The bot tom agar is allowed to 
solidify at room temperature  and the dishes are stored in a 37 ° incubator 
until the addition of the top agar layer. 

Trypsinize the cells to be assayed. A uniform single-cell suspension is 

25 C. J. Dcr. B. Weissman, and M. J. MacDonald. Oncogene 3, 11)5 (1988). 
26 R. Risser and R. Pollack. Virology 59, 477 (1974). 
27 I. MacPherson and L. Montagnier. Virology 23, 291 (1964). 
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critical at this step. Carefully count and prepare a series of dilutions of 200, 
2000, and 20,000 cells per milliliter in growth medium. Place 2 ml of each 
cell suspension in a sterile 15-ml round-bottom polystyrene tube and warm 
to 37 °. Add 4 ml of the agarose mixture to each tube [final concentration, 
0.33% (w/v) agar]. Swiftly, before the agar has time to solidify, overlay 1.5 
ml onto each of three bottom agar dishes. Incubate in a humidified 37 ° 
incubator at 10% CO2. The cells may be fed weekly by the dropwise addition 
of growth medium (0.5 ml/dish). Whereas untransformed NIH 3T3 cells, 
which should be included as a control, do not form colonies in soft agar, 
Ras-transformed NIH 3T3 cells should begin to produce colonies within a 
week. After 2 weeks colonies are scored by counting under a microscope 
(Fig. 2C). 

Tumorigenic Growth Potential 

The above-described assays allow a relatively easy assessment of the 
degree of transformation of an NIH 3T3 cell line. However,  the most 
reliable determinant of tumorigenic transformation of NIH 3T3 cells is the 
ability to form tumors when injected into genetically athymic (nu/nu) nude 
mice. The frequency (number of animals positive for tumor growth per 
number of animals inoculated), size, and time of appearance of the tumors 
may then be determined as a measure of tumorigenic growth potential, as2') 
It has been reported that the presence of mycoplasma may affect tumor 
formation significantly ~' and it is therefore essential to check the cell lines 
for mycoplasma contamination before the mice are inoculated. 

Assay 

Cultures in log-phase growth are harvested by trypsinization, washed three 
times in PBS or culture medium, and counted. The cells are then resus- 
pended at a concentration of 1 × 105-1 × 10 ~ cells in 0.2 ml of PBS. In 
general, cells that grow more rapidly in vitro may be inoculated at lower 
amounts. Cell suspension (0.2 ml) is then inoculated into the dorsal flanks, 
left and right of the midline, of 6- to 8-week-old athymic (nude) mice. Use 
a 21-gauge needle, as this is sufficiently large so as not to shear cells yet 
small enough to produce relatively little trauma in the mice. Typically at 
least three mice are injected per cell line being assayed. Both negative 
(empty vector) and positive [e.g., RasH(61L)] controls are essential. 

_~s j. Sambrook, E. F. Fritsch, and T. Maniatis, "Molecular Cloning: A Laboratory Manual." 
Cold Spring Harbor Lab., Cold Spring Harbor, NY, 1993. 

2,~ F. M. Ausubel, R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A, Smith, and 
K. Struhl, eds., "'Current Protocols in Molecular Biology." Wiley, New York, 1987. 
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The mice are monitored for tumor formation at least twice a week. 
Tumor sizes are measured either as a diameter, using calipers over the skin 
of the intact animal, or as the weight of the tumor excised from a sacrificed 
host. It is important that tumors not be permitted to exceed 1 cm in diameter 
to avoid undue discomfort to the host. Ras-transformed NIH 3T3 cells 
typically cause rapid tumor growth that can be observed within a week of 
injection, and animals are usually sacrificed within 3 to 4 weeks. To score 
an animal truly negative, it must be observed for at least 3 months. The 
presence of a negative control is particularly important, as even untrans- 
formed NIH 3T3 cells may give rise to slow-growing nodules after some 
weeks. Such background problems may be alleviated by injecting fewer 
cells. 

If desired, tumor cells may be recovered for culture and analysis. Exci- 
sion of the tumor from the sacrificed host should be performed using sterile 
technique. A small portion of the tumor may be placed in a 60-mm dish 
and minced with a pair of scissors or a pair of scalpels, to pieces less than 
2 ram. Resuspend the minced tumor in 10 ml of complete growth medium, 
centrifuge briefly, and resuspend the resulting cell pellet in 10 ml of com- 
plete medium. Plate onto two 60-mm dishes. Outgrowth from the explants 
should begin to occur within 2 days, at which time the tissue pieces should 
be removed by suction with a Pasteur pipette. 

Rat- 1 Focus  Format ion  Assays  

Another  widely used assay for Ras transformation utilizes the Rat-1 
fibroblast cell line. Like NIH 3T3 cells, Rat-1 cells are untransformed cells 
that exhibit growth properties of normal cells. Oncogenic Ras expression in 
these cells induces morphological transformation, loss of density-dependent 
inhibition of growth, acquisition of anchorage-independent growth poten- 
tial, reduced serum requirements, and tumor formation on injection of the 
cells into athymic nude mice. 

One potential disadvantage of using Rat-1 cells is that they are consider- 
ably less sensitive to oncogenic Ras transformation and are not sensitive 
to transformation by normal Ras. Similarly, some mutant Ras proteins that 
show transforming activity in NIH 3T3 cells are negative for transformation 
when assayed in Rat-1 cells. However,  one major advantage of Rat-l cells 
is that the cells exhibit a much flatter, monolayer background of untrans- 
formed cells. Furthermore,  Rat-1 cells exhibit a much lower frequency of 
spontaneous focus formation than NIH 3T3 cells. Thus, oncogenic Ras- 
induced loci can be readily observed and quantitated on crystal violet- 
stained dishes (Fig. 3). -~° 

3o G. Patel, M. J. MacDonald, R. Khosravi-Far, M. M. Hisaka, and C. J. Der, Oncogene 7, 
283 (1992). 
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A 

B 

Rat-1 Rat-1 (Ras) 

Rat-1 Rat-1 (Ras) 
Fl(;. 3. Appearance  of t ransformed foci on transfected Rat-1 cells. (A) The appearance 

of Ras- t ransformed foci is distinct from those observed in the NIH 3T3 assay. Foci contain 
rounded,  rather than spindle-shaped, cells that exhibit a refractile appearance. Photographed 
at ×4 magnification. (B) Ras-induced focus formation in transfected Rat-1 cells. Transformed 
foci were visualized after 22 days by staining with crystal violet. 
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Maintenance of  Rat-1 Cells 

Rat-1 cells are grown in D M E M - H a m ' s  F12 (1:1) supplemented with 
10% (v/v) fetal calf serum, penicillin (100 U/ml),  and streptomycin (100 
/zg/ml) at 37 ° in humidified 5% CO2 atmosphere. Stock cultures are subcul- 
tured every 3-5 days using 0.25% t ryps in-EDTA.  Again, as with NIH 3T3 
cells, it is important to maintain the stocks at subconfluent densities to 
minimize the appearance of spontaneously transformed cells. 31 

Transfection 

Transfection of Rat-1 cells is essentially similar to the procedure for 
NIH 3T3 cells, with accommodations made for the slower growth rate and 
lower transfection efficiency of the cells. The cells are seeded at 1 × 
105/60-mm dish at 16-24 hr before transfection, which should produce 
cells at 10-30% confluency. Plasmid DNAs are transfected at a higher 
concentration than those used for NIH 3T3 cells, that is, 2-5 p~g/dish rather 
than 10-1000 ng/dish. Five to 8 hr after adding the DNA precipitate to 
the cells, the cultures are shocked with glycerol for 45 sec. Three days after 
transfection the dishes are trypsinized and all the cells are passed into a 
100-ram dish for focus formation. The cells are fed twice a week and 
transformed loci may usually be visualized after about 3 weeks. The cells 
are first washed twice in PBS, then fixed [10 min in 10% (v/v) acetic acid] 
and stained [10 min in 0.4% (w/v) crystal violet in 10% (v/v) ethanol]. The 
dishes are then rinsed gently but extensively with deionized water, inverted, 
and allowed to dry at room temperature. 

REF-52 Coopera t ion  Assays  

Both NIH 3T3 cells and Rat-1 cells are preneoplastic cell lines and 
hence are easily provoked by oncogene transfection to cross the boundary 
of transformation. However,  the majority of normal primary cells cannot 
be transformed by the simple addition of a single oncogene. 32 The addition 
of an activated ras gene is insufficient to promote focus formation in primary 
or secondary cells freshly isolated from rat embryos, because a second 
oncogene such as myc or simian virus 40 (SV40) large T antigen is also 
required for transformation of these normal cells. 33'34 Therefore,  such cells 
can be used to examine the oncogenic events that can cooperate with Ras 
in the multistep process that leads to full malignant transformation. 

~1 M. Wigler, A. Pellicer, S. Silvcrstein, and R. Axel, Cell (Cambridge, Mass.) 14, 725 (1978). 
~2 T. Hunter ,  Cell (Camhridge, Mass.) 64, 249 (1991). 
33 H. Land, L. F. Parada, and R. A. Weinberg,  Nature (Lomton) 304, 596 (1983). 
34 H. E. Ruley, Cancer Cells 2, 258 (1990). 
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The most widely used oncogene cooperation assay is the REF  (rat 
embryo fibroblast) assay (see [32] in this volume). However ,  because it is 
inconvenient to prepare pr imary embryo fibroblasts, and because different 
isolates of these cells can be variable, we have used the REF-52 continuous 
cell line for our cooperat ion assays)  5 As in R E F  assays, oncogenic Ras 
alone is not suficient to induce the appearance of t ransformed loci in 
transfected REF-52 cultures. Instead, oncogenic Ras together with myc 
and other oncogenes causes REF-52 focus fo rmat ion)  ~> 

Maintenance of  REF-52 Cells 

The cells are grown in D M E M - 1 0 %  (v/v) fetal calf serum and antibiot- 
ics. They are more  sensitive to trypsinization than are Rat-I  or NIH 3T3 
cells and are passed by quickly rinsing in 0.5% (v/v) t r y p s i n - E D T A  before 
full trypsinization in 0.25% (w/v) t ryps in -EDTA.  The cells are monitored 
frequently, and as soon as they have detached from the dish they are 
resuspended in growth medium, spun down at 2000 rpm, and resuspended 
in growth medium for plating at a 1:10 dilution of the original dish. As 
always, the stocks must be maintained with considerable care to avoid 
selecting a population of spontaneously t ransformed cells and must be used 
at low passage. 

Tran,sfection 

The transfection of REF-52 cells is essentially similar to the procedures 
described for NIH 3T3 or Rat-I  cells. The same reagents are used with the 
following variations. As for Rat-1 cells, high concentrations of plasmid 
D N A  are required for transfection (2-10 ~g/dish). The cells are plated the 
day before so as to be approximately 70% confluent when transfected. The 
cooperating DNAs  to be examined are mixed at a 1 : 1 ratio and calcium 
chloride precipitated as for NIH 3T3 cells. After  incubation of the D N A  
precipitates on the cells for 4-5  hr, the cells are glycerol shocked as for 
NIH 3T3 cells, but only for 2 rain. Transformed foci take 3 -4  weeks or 
more to arise. During this time, the medium should be changed twice a week. 

S u m m a r y  

The rodent fibroblast systems described above have provided sensitive 
and rapid biological assays to characterize the propert ies of normal and 

> B. R. Franza, K. Maruyama, J. I. Garrels, and H. E. Ruley, Cell (Cambridge, Mass.) 44, 
409 (1986). 

~' N. E. Kohl and H. E, Ruley, Oncogene 2, 41 (1987). 
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mutated Ras proteins. Furthermore, these assays have provided in vitro 
systems to measure the ability of other cellular components to modulate 
Ras signal transduction and transformation. However, while these assays 
provide an excellent measure of Ras-transforming activity, the fact that 
these cells are of fibroblastic origin, and can be transformed by a single 
hit, indicates that caution should be used in extrapolating observations 
from NIH 3T3 transformation assays to the situation in human tumors. 
Therefore, using human epithelial cell-based assays that more closely ap- 
proximate the cell types where mutated ras alleles are most frequently 
detected may provide more realistic assays for examining the biochemical 
and biological consequences of aberrant Ras function in human tumors. 
Nevertheless, despite these cautions, these rodent transformation assays 
will continue to be the best and most widely applied assays for Ras biologi- 
cal activity. 
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T r a n s i e n t  C o t r a n s f e c t i o n  A s s a y s  

By C R A I G  A. HAUSER, J O H N  K. W E S T W I C K ,  

and LAWRENCE A. QUILL1AM 

Introduction 

Oncogenic Ras and a wide variety of other nonnuclear oncogene prod- 
ucts activate the transcription of a set of cellular and viral genes, including 
c-los, collagenase, stromelysin, polyomavirus T antigen, and the human 
immunodeficiency virus (HIV) enhancer. The widespread changes in gene 
expression caused by oncogenic Ras are thought to be a crucial component 
of its ability to cause oncogenic transformation and tumor metastasis. Anal- 
ysis of the promoter DNA sequences of oncogene-activated genes has 
revealed that a number of oncogene-responsive promoter elements (origi- 
nally called Ras-responsive elements) consist of closely linked binding sites 

Copyright © 1995 by Academic Press. Inc. 
METHODS IN ENZYMOLOGY. VOL. 255 All rights of reproduction in any form reserved. 
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for AP-I  and Ets family proteins.~'2 However ,  various transcription factor- 
binding sites are sufficient to confer oncogene responsiveness on a minimal 
promoter ,  including two adjacent binding sites for Ets, Ap-1, or NF-KB 
transcription factors. ~ The presence of oncogene-responsive elements 
(OREs)  in a p romote r  can lead to a 5 to 40-fold increase in transcription 
by transforming oncogenes, including v-frns, n e u r ,  v-src, v-abl,  polyoma 
middle T antigen, v-Ha-ras ,  v-raf,  v - m o s ,  and gip2. Thus, oncogenes with 
a wide range of functions, including receptor  and nonreceptor  tyrosine 
kinases, serine/threonine kinases, small GTP-binding proteins, and hetero- 
trimeric GTP-binding proteins, can all activate transcription from ORE-  
containing promoters.  Downst ream of Ras the signal transduction pathway 
acts through a cascade of serine/threonine kinases, which ultimately alters 
the activity of a variety of transcription factors. 4 

There is a strong correlation between the ability of nonnuclear onco- 
genes to activate transcription from OREs  and to transform cells. Analysis 
of Ha-ras  mutant  proteins revealed that mutations with reduced transforma- 
tion activity also show a corresponding reduction in t rans-act ivat ion,  s'~ Nu- 
merous studies have found that dominant  inhibitory mutants that block the 
Ras signaling pathway at a variety of different steps, block both oncogene- 
mediated cellular t ransformation and t rans-ac t iva t ion  of ORE-containing 
genes. 4 Fur thermore,  gip2,  a heterotr imeric G protein oncogene~ has the 
same cell type specificity for transformation and O R E  transcriptional activa- 
t ion]  The good correlation between the transformation and t rans-ac t iva t ion  

indicates that during mutational  analysis of Ras or other oncogenes, a 
rapid initial screening of the oncogenic potential  of mutant  proteins can 
be accomplished by assaying their ability to activate transcription 
through OREs.  

Transient transfection analysis of oncogene-mediated t rans-act ivat ion  

complements  cell growth assays for analysis of oncogene function, and 
has several attractive qualities. The assay for t rans-ac t iva t ion  is simple to 
perform, and far more rapid than assays such as focus formation. Further- 
more,  because t rans-ac t iva t ion  analysis measures a response well down- 
s t ream in the Ras signaling pathway, this assay can be used to examine 

i D. M. Bortner, S. J. Langer, and M. C. Ostrowski, CRC Critical Rev. Oncogen. 4, 137 (1993). 
2 A. Aoyama and R. Klemenz, CRC Crit. Rev. Oncogen. 4, 53 (1993). 
3 C. K. Galang, C. J. Der, and C. A. Hauser, Oncogene 9, 2913 (1994). 
a R. Khosravi-Far and C. J. Der, Cancer Metastasis Rev. 13, 67 (1994). 
5 p. Sassone-Crosi, C. J. Der, and I. M. Verma, Mol. Cell. Biol. 9, 3174 (1989). 

J. K. Westwick, A. D. Cox, C. J. Der, M. H. Cobb, M. Hibi, M. Karin, and D. A. Brenner, 
Proc. Natl. Acad. Sci. U.S.A. 91, 6030 (1994). 

7 C. Gallego, S. K. Gupta, L. E. Heasley, N.-X. Qian, and G. L. Johnson, Proc. Natl. Acad. 
Sci. U.S.A. 89, 7355 (1992). 
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both effectors upstream of Ras, and the signaling pathway downstream of 
Ras leading to altered gene expression. The transient nature of the assay 
also allows analysis of the Ras signaling pathway using dominant inhibitory 
mutants of the pathway steps, for example, Ras (Asn-17), that are too 
growth inhibitory for longer term assays, s The use of such dominant inhibi- 
tory mutants coupled with trans-activation assays creates a powerful tool 
for the analysis of the pathways of oncogene function. We describe here, 
in detail, the methods and considerations for analyzing oncogene-mediated 
transcriptional activation, using an assay based on transient cotransfection 
of NIH 3T3 cells followed by quantitation of reporter gene expression. 

General  Considerat ions  

The overall approach for transient transfection analysis of oncogene- 
mediated trans-activation is to cotransfect an appropriate cell type with a 
reporter plasmid along with different expression constructs. After 2-3 days, 
the cells are harvested, and the expression of the reporter gene is quanti- 
tated. Because transfection efficiency can vary, and expressing transforming 
oncogenes or dominant inhibitory mutants can have widespread effects on 
cell growth and gene expression, it is crucial to control for these variables. 
Therefore, we describe below some of the considerations that should go 
into setting up oncogene-mediated trans-activation assays. 

Reporter Plasmids 

An initial deciding factor for selecting an appropriate reporter plasmid 
is the availability of equipment and materials required for assaying the 
product of the reporter gene. For example, it will be difficult to assay 
luciferase activity without a luminometer, or assay chloramphenicol acetyl- 
transferase (CAT) activity without using radioactive compounds. The 
amount of reporter plasmid needed should be empirically determined, 
because between 0.2 and 5/xg of reporter plasmid DNA may be required 
to see measurable reporter gene activity, depending on the reporter gene, 
the transfection efficiency of the cells, and the assay for the reporter gene 
product. If one is testing promoter elements for their ability to confer Ras- 
responsiveness, care must be taken in choosing a "minimal" promoter 
construct. Several popular minimal promoter constructs, such as pBLCAT2, 
which contains the herpessimplex virus (HSV) thymidine kinase promoter, ~) 
or pCAT promoter vector, which contains the simian virus 40 (SV40) 
promoter (Promega, Inc., Madison, WI) are Ras responsive in the absence 
of inserted binding sites. As a control for cell growth and global changes 

s L. A. Feig and G. M. Cooper, Mol. Cell. Biol. 8, 2472 (1988). 
~ B. Luckow and G. Schiitz, Nucleic Acids Res. 15, 5490 (1987). 
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in transcription caused by cotransfected expression constructs, the Ras- 
mediated induction of the reporter  construct with added transcription fac- 
tor-binding sites should be compared to that of the minimal p romote r -  
reporter  gene with no binding sites added. We have found that expression 
of a reporter  gene consisting of the truncated mouse c-fos promoter  fused 
to the CA T gene (A56FosdE-CAT) is virtually unaffected by the expression 
of oncogenic Ras, but this reporter  construct can be made highly Ras 
responsive by the addition of a variety of small OREs. 3 

If one is using trans-activation as an assay for oncogene function or to 
map the upstream components in the Ras signaling pathway, then the choice 
of reporter  genes is less critical. Many investigators have used reporter  
constructs with multimerized OREs to address these questions, such as the 
four copies of the ORE from the polyoma enhancer in pB-4X-CAT. ~° We 
have found that the major effect of multimerizing OREs is to increase the 
amplitude of trans-activation, as a single copy of the polyoma ORE mediates 
approximately a 10-fold trans-activation by Ras, whereas four copies of 
this OR E in the same promoter  context mediate an approximate 40-fold 
trans- activation. 3 Such high-level trans-activation is useful when quantita- 
tively assaying trans-activation by oncogene mutants that exhibit reduced 
transforming activities or mutants that partially inhibit the Ras signaling 
pathway. 

Expression Plasrnids 

The amount of expression plasmid(s) used in cotransfection experiments 
also needs to be empirically determined. Adding excessive amounts of these 
plasmids can actually reduce the desired effects. For example, we have 
obtained maximal reporter  trans-activation with 2/xg of an oncogenic Ras 
expression construct, but with only 0.5/xg of a v-Src expression construct, t/ 
and the use of more v-Src expression construct reduces trans-activation. One 
problem that arises in cotransfection assays is that promoter  competition 
for limiting factors can occur between the various cotransfected plasmids. 
Therefore,  for each expression construct used in a cotransfection assay, the 
results of the assay should be compared to a parallel cotransfection in which 
an equivalent amount of empty expression vector, or expression vector 
containing an irrelevant gene, is added. This control is particularly im- 
portant when using dominant inhibitory mutants to map pathways, or when 
large amounts of an expression construct are used. Furthermore,  this ap- 
proach also maintains the same amount of plasmid DNA in each transfec- 

~0j. Bruder.  G. Heidecker,  and U. R. Rapp, Genes Dev. 6, 545 (1992). 
11 R. Pankov, A. Umezawa,  R. Makk C. J. Der,  C. A. Hauser,  and R. G. Oshima,  Proc. Natl. 

Acad. Sci. U.S.A. 91, 873 (1994). 
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tion, which can influence transfection efficiency, particularly if inadequate 
amounts or quality of carrier DNA are present in the cotransfection. 

Internal Control Plasmids 

Cotransfection of plasmids that express a second reporter  gene, such as ones 
that express/3-galactosidase, can be a useful internal control for transfection 
efficiency and extract preparation. However,  one of the most vexing prob- 
lems in study gene regulation is in selecting an appropriate control gene 
whose expression remains constant during treatments that cause changes 
in the expression of the gene being studied. This is certainly a problem 
with activated nonnuclear oncogenes, because they change the expression 
of many genes. Thus, for example, one must test by repeated transfections 
whether expressing oncogenic Ras, or dominant inhibitory mutants, alters 
the expression of potential internal control plasmids. In the example using 
a/3-galactosidase internal control described below, it was established that 
under the conditions tested, the internal control plasmid expression was 
not being altered. Nonetheless, internal control plasmids must be tested 
for each combination of expression constructs. Because most complex pro- 
moters that drive internal control plasmids are indeed altered by oncogenes 
or dominant inhibitory mutants, another approach to controlling for trans- 
fection efficiency is to omit an internal control plasmid, and simply to repeat 
the transfections several times. If the other controls described above are 
employed, and the standard deviation of the results is small relative to the 
effects being observed, convincing data can be obtained without an internal 
control plasmid. 

Cell Type and Growth Conditions 

As a general guide for cell-type selection, it is best to use the same cell 
type in which other biological effects of an oncogene have been established, 
provided it is technically possible to grow and transfect these cells. For 
example, if an oncogene has been shown to transform N1H 3T3 cells, then 
this cell type would be a good one for trans-activation analysis. In general, 
it is best to avoid the use of transformed cell lines, as they may have 
permanently activated Ras signaling pathways, and little additional trans- 
activation may be seen on oncogene expression. We have found that there is 
little Ras-mediated trans-activation of several normally responsive reporter  
genes in HeLa  or COS7 cells. 12 Another  potential problem for trans-activa- 
tion is growth factors in serum, which can obscure some types of regulation. 
To overcome this problem, the cells can be serum starved following transfec- 

~ C. A. Hauser, unpublished data. 
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tion, by 1-2 days of growth in media containing 0.5% (v/v) serum. We have 
found that serum starvation is not essential to see Ras-mediated trans- 

activation through Ets- and AP-l-binding sites, but is necessary to observe 
trans-activation through NF-KB-binding sites using C A T  reporter  genes. 3 

High-Eff ic iency T r a n s i e n t  T rans fec t ion  of NIH 3T3 Cells 

A variety of techniques have been used to transiently transfect mamma-  
lian cells, but we have found that a modified version of the calcium phos- 
phate precipitation technique described by Go rman  eta[. 1~ gives efficient 
expression of repor ter  genes in NIH 3T3 cells. This inexpensive procedure 
is simple to perform, and is highly reproducible. We have tried a variety 
of transient transfection techniques with N I H  3T3 cells, including D E A E -  
dextran, Lipofection, Lipofectamine,  and poly(L-ornithine), and have con- 
cluded that the method described below gives higher levels of transfected 
gene expression than these other techniques, or the method we pre- 
viously described] 4 

Stock Solutions f o r  Yransfection 

HBS (2×):  1.64% (w/v) NaC1, 1.19% (w/v) HEPES,  0.06% (w/v) 
NaeHPO4. Adjust to p H  7.12 with 1 N N a O H  and filter sterilize. This 
is 50% more sodium phosphate  than is typically 15 added to 2× HBS, 
and the amount  of sodium phosphate  in this buffer is critical. Thus, it 
is best to make up a 50× sodium phosphate stock instead of trying to 
weigh out a tiny amount.  Store 2× HBS at 4 °, at which it is stable for 
many months. Freezing may harm the buffer 

CaC12, 2.5 M (a 10× stock): Dissolve tissue culture-grade CaCI~ in distilled 
H20, filter sterilize, and store at - 2 0  ° 

Herr ing sperm DNA: Herr ing testes D N A  (Cat. No. D-6898; Sigma, St. 
Louis, MO) is an inexpensive source of carrier DNA.  The fibrous 
D N A  is chopped with a razor blade, then dissolved in TE  [10 mM 
Tris, 0.1 mM E D T A  (pH 7.8)] at 60 °, sonicated until the viscosity is 
reduced, and then ethanol precipitated. The D N A  is resuspended at 
5 mg/ml in TE  and stored at - 2 0  ° 

Plasmid DNA: Plasmid DNAs  are prepared by CsC1 density gradient 
centrifugation 16 or by Qiagen columns (Qiagen, Inc., Chatsworth, CA) 

~3 c. M. Gorman, D. P. Lane, and P. W. Rigby, Philos. Trans. R. Soc. London, Ser. B 307, 
343 (1984). 

14 C. A. Hauser, C. J. Der, and A. D. Cox, this series, Vol. 238, p. 271. 
~5 F. Ausubet, cd., "Current Protocols in Molecular Biology." Wiley, New York, 1992. 
~6 T. Maniatis, E. F. Fritsch, and J. Sambrook, "Molecular Ckming: A Laboratory Manual." 

Cold Spring Harbor Lab., Cold Spring Harbor, NY, 1982. 
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as recommended by the manufacturer. The plasmid DNAs prepared 
by these two methods work equally well, and the Qiagen columns have 
been found to be a much easier and faster method for preparing 
DNA. Because the amounts and quality of DNA used are important 
in transfection experiments, after determining the concentration of 
plasmid DNA by OD2u~, the plasmids should be further analyzed 
by agarose gel electrophoresis. This allows confirmation of the DNA 
concentration, the absence of RNA, and the amount of supercoiled 
plasmid 

Cell culture and media: The NIH 3T3 cells are grown in high-glucose 
Dulbecco's modified Eagle's medium (DMEM; Irvine Scientific, Santa 
Ana, CA) supplemented with 10% (v/v) calf serum (HyClone Labora- 
tories, Logan, UT), 2 mM glutamine, and 100 units/ml streptomycin 
and penicillin. All cell growth is at 37 ° in a humidified 5% CO, atmo- 
sphere. Stock cells should be kept subconfluent, because allowing the 
cells to become confluent can reduce their transfectability, as can 
growth for more than about 25 passages. The day before transfection, 
the cells are split to 3 x 10 s cells/60-mm dish, which is about 30% 
confluent. Approximately 3 hr prior to transfection, the medium is 
drawn off, and the cells are fed with 4 ml of fresh prewarmed medium 

Procedure for Transfection 

To a sterile microfuge tube, add 0.25 ml of 0.25 M CaC12, reporter 
construct (0.5-5.0 ~g), expression construct (0-5 p~g), and herring testis 
carrier DNA, to a total of 15 /~g of DNA. The small added volume of 
DNA in TE is not usually considered significant. For most assays, all the 
ingredients except the expression constructs are made up as a cocktail, and 
dispensed to the tubes. This is easier and guarantees that each tube receives 
the identical amount of reporter  plasmid. To another set of microfuge 
tubes, add 0.25 ml of 2 x HBS. Then, while vortexing the open tube with 
the 2x  HBS, add the contents of the DNA-containing tube dropwise to 
the 2x  HBS-containing tube over the course of about 10 sec. Let the 
precipitate stand about 15 min. It should look cloudy. Vortex each tube 
again prior to pipetting the precipitate onto the cells and then swirl the 
medium on the plate. For optimal precipitate, the reagents should be at 
room temperature. We perform all of the mixing of the DNAs, precipitation, 
and adding of precipitate to the cells, on the bench top. With penicillin/ 
streptomycin added to the medium, we have not had any contamination 
problems for transient transfections. After 12-16 hr, the medium is removed 
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from the plates, the cells are washed with prewarmed PBS containing 
0.2 mM EGTA,  and then fed with prewarmed medium containing the 
appropriate amount of calf serum (see above). We have not found a glycerol 
shock to be necessary. After an additional 24- to 36-hr incubation, the cells 
are harvested for assay of the reporter  gene expression. For transfection 
of larger or smaller dishes of cells, the procedure is simply scaled up or 
down by the ratio of the dish surface area to that of a 60-ram dish. This 
transfection procedure has also been found to work well for HeLa,  COS- 
7, and NT2/D1 cells. ~z 

Procedure for Chloramphenicol Acetyhransferase Assay 

We perform the assay for chloramphenicol acetyltransferase (CAT) 
activity in a manner similar to previously described methods, 1~15 in which 
thin-layer chromatography (TLC) is used to resolve the acetylated chloram- 
phenicol. Other  methods for CAT assay, such as ones that involve phase 
extraction, are described elsewhere.15 In our procedure, the cells are washed 
once with phosphate-buffered saline (PBS), then harvested by scraping in 
1.0 ml of TEN [40 mM Tris (pH 7.5), 1 mM EDTA,  150 mM NaC1]. The 
cells are pelleted by spinning for 1 rain at 5000g in a microfuge, and the 
cell pellet is resuspended in 100 /~1 of 250 mM Tris, pH 7.9. (If time is 
limiting, the cells resuspended in 250 mM Tris can be placed in a 80 ° 
freezer for several days with no loss of CAT activity.) The cells are then 
subjected to three rounds of freeze-thaw lysis, by freezing in a dry ice-  
ethanol bath, and then thawing in a 37 ° water bath. The extract is heated 
at 60 ° for 7 rain to inactivate endogenous acetyltransferases, then spun for 
5 rain in a cold microfuge, and the supernatant is again transferred to a 
new tube. This supernatant (approximately 100 p~l) is the cell extract for 
the CAT assay, and is stable at - 2 0  ° for many months. 

The CAT assay is performed in a total volume of 70 /~1, with the 
components assembled on ice. These components are 1 /zl (0.1 /~Ci) of 
[~4C]chloramphenicol (CAM; ICN, Costa Mesa, CA), 1.5 /zl of 40 mM 
acetyl-CoA (Sigma), 1-50/~1 of cell extract, and 250 mM Tris (pH 7.9) to 
make 70/~1 in total. This modification of the standard assay ~ uses half the 
standard amount of [14C]CAM, but the reduced volume of the reaction 
keeps the CAM concentration unchanged. The assay reaction is incubated 
for I hr at 37 °. The reaction is terminated by the addition of 0.5 ml of ethyl 
acetate, and the tightly capped microfuge tube is vortexed for 30 sec. The 
tube is then spun for 3 rain in a microfuge, and 450 ~1 of the ethyl acetate 
(top phase) is removed to a new tube. This ethyl acetate phase, which 
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contains the CAM, is then evaporated under vacuum by placing the tube 
for 20 min in a Speed-Vac (Savant, Hicksville, NY) with heat element on. 
The CAM is resuspended in 10/zl of ethyl acetate by vortexing, and then 
spotted onto a silica 1B TLC plate (J. T. Baker, Inc., Phillipsburg, N J). Up 
to 18 samples can be spotted on the TLC plate by capillary flow, using a 
Pipetman with a standard tip. Heat and air flow, from a hair dryer set on 
low, significantly speeds up the spotting of the samples. Even spot spacing 
is maintained by placing a template under the TLC plate, which can be 
seen if the TLC plate is placed on a white surface. We cut the rather 
expensive TLC plates in half, and run the 20-cm-wide, 10-cm-high plate 
for 40 min, using a solvent of 95% (v/v) chloroform and 5% (v/v) methanol. 
The TLC tank should be equilibrated for at least 1 hr prior to chromatogra- 
phy. The percent conversion of CAM is quantitated by scanning the TLC 
plate with an AMBIS radioanalytic scanner (Ambis, San Diego, CA). The 
percent conversion is calculated by determining the percentage of the total 
counts per minute (cpm) of each lane that is contained in the two major 
acetylated CAM species. The CAT assays of 36 dishes of cells take about 
7 hr, from start of cell harvest to quantitated CAT activity. If no scanning 
device is available for quantitation, the radioactive TLC spots can be visual- 
ized by autoradiography, cut out with a pair of scissors, and scintillation 
counted. This manual quantitation requires an overnight film exposure and 
a significant amount of additional time and effort. 

The amount of cell extract used in the assay must be empirically deter- 
mined, with the goal of obtaining a significant amount of conversion of 
chloramphenicol (CAM) to the acetylated form, but still in the linear range 
of the assay, approximately 1-50% conversion. For example, 50 ~1 of cell 
extract (out of 100-/zl total extract from a 60-mm dish) was used to assay 
the expression of the minimal promoter  construct A56-Fos-CAT, but 20 pA 
of cell extract was used for the same reporter  plasmid with two inverted 
Ets-binding sites inserted in the promoter ,  and 2.0 p~l of cell extract was 
used for the same reporter  plasmid with six tandem AP-1 sites inserted 
into the promoter.  3 Using different amounts of extract for each type of 
reporter  gene allows accurate measurement of the trans-activation of each 
reporter  gene by oncogenic Ras, relative to the expression of that reporter  
gene in the presence of empty expression vector. Because there is a linear 
relationship between amount of extract used and the percent CAM conver- 
sion, it is straightforward then to determine the relative basal level of 
expression for each reporter  construct. For comparison of these basal levels 
of expression, it is necessary to use the same amount of each reporter  
DNA, because there is not a linear relationship between the amount of 
transfected reporter  gene DNA and reporter  gene expression. 
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Luciferase  Assay  

An alternative to the CAT reporter  gene system is the use of reporter  
genes encoding the firefly luciferase enzyme.IV The luciferase assay system, 
which requires the availability of a suitable luminometer, has several advan- 
tages when compared to the CAT system, most notably increased sensitivity 
and a vastly larger range of linearity. Increased sensitivity has allowed 
assays of stably transfected cells to be scaled down to a 96-well format, 
while transient transfections are performed in plates ranging from 96 to 6 
wells, depending on the transfection efficiency of the given cell line. This 
allows for rapid analysis of large panels of expression vectors or compounds 
potentially involved in signal transduction. In terms of linearity, while the 
CAT assay is linear from approximately 0.5% acetylation to 50% acetylation, 
luciferase enzyme reactions are linear over five orders of magnitude in a 
standard luminometer. Finally, the assay is nonradioactive and numerical 
data can be obtained within minutes from cultured cells or tissue from 
animals carrying luciferase transgenes. 

An important consideration in comparing luciferase and CAT assays is 
the stability of the two enzymes. The CAT enzyme is stable in cultured 
cells and in crude and purified solutions and, as described above, cell extract 
can be heated to 60 ° without loss of CAT activity. The luciferase enzyme, 
on the other hand, is relatively heat labile, with a half-life of approximately 
3 hr at 37 ° (J. K. Westwick, unpublished observations). The half-life varies 
under different conditions in different cell lines. Thus, CAT activity ob- 
tained from cultured cells represents a summation of over 24 hr of gene 
expression, while luciferase activity in the same cells represents a "window" 
of several hours before the cells were lysed. This distinction is particularly 
important in analyzing cells treated with cytokines or other signaling ago- 
nists, because pathways stimulated by these substances are often transient 
and self-limiting. For this reason, it is prudent to perform time course 
analyses of luciferase activity following treatment with a given agonist. As 
a first approximation a 5-hr t reatment should work for determining the 
efficacy of stimulating substances. The short half-life of the luciferase system 
affords advantages when screening compounds that inhibit signal transduc- 
tion or transcription, because background from luciferase synthesized prior 
to drug treatment does not obscure drug-mediated inhibition, and treat- 
ments may be applied for shorter periods of time. 

It is preferable to use modified luciferase assay reagents when assaying 
samples with low luciferase activity, when utilizing a luminometer without 

17 S. Subramani and M. DeLuca, Genet Eng. 10, 75 (1988). 
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an injection device, or using a microtiter plate-reading luminometer. Several 
modifications of the standard assay have been developed, which lead to 
constant light output over a period of several minutes, as opposed to the 
typical flash kinetics. TM Commercially available luciferase activity detection 
kits, such as the modified detection reagents described below, are only 
slightly more expensive than reagents obtained and prepared separately. 
Use of modified reagents also allows use of a scintillation counter for reading 
assays, although sensitivity, linearity, and convenience may be sacrificed 
without a stand-alone luminometer. 

Materials' for Luciferase Assay 

Cell lysis buffer: 0.l M sodium phosphate (pH 7.8), 0.5% (v/v) Triton 
X-100, 1 mM dithiothreital (DTT) (or lysis buffer in commercially 
available kits) 

Detection reagents 
Glycylglycine buffer: 35 mM glycylglycine, pH 7.8, containing 20 mM 

MgCl2. For the ATP reagent, mix 1.0 ml of 0.1 M ATP stock with 
4 ml of glycylglycine buffer 

Luciferin reagents: Add 1 ml of luciferin stock [luciferin (2 mg/ml), 
prepared in water] to 5 ml of glycylglycine buffer just before use. 

Modified detection reagents: Enhanced luciferase assay kit (Cat. No. 
1800K; Analytical Luminescence Laboratories, San Diego, CA) or 
luciferase assay system (Cat. No. El500; Promega) 

Procedure for Luciferase Assay 

Cell seeding density, reagent volumes, and plasmid concentrations used 
can be scaled down from those normally used for larger plates, based on 
the following approximate growth areas: 100-mm dish, 55 cm2; 60-ram dish, 
21 cm2; 35-ram dish (6-well plate), 8 cm2/well; 24-well plate, 2 cm2/well; 
96-well plate, 0.5 cme/well. An example of specific conditions for a luciferase 
reporter gene transient transfection in six-well plates is given in [35] in this 
volume. For testing a panel of oncogenes in the six-well dish format, it is 
useful to assay 25 to 250 ng/well of a given expression vector, with 2.5/ ,g 
of reporter plasmid. These are cotransfected with 0.5 /~g of an internal 
control plasmid, such as pSV2/~-Gal, with carrier DNA to a total of 4 / ,g /  
well. Thirty to 48 hr after removal of transfection mixtures, cells are rinsed 
two times with ice-cold PBS and drained on a stack of Kimwipes. Lysis 
buffer (200 /,1) is added to each well, and plates are stored at 4 ° for 15 

Ls M. Ahmad and E. Schram, in "Bioluminescence and Chemiluminescence: Basic Chemistry 
and Analytical Applications" (M. DeLuca and W. McElroy, eds.) Academic Press, New 
York, 1981. 
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min. Cell lysates are then scraped into microfuge tubes on ice. A bent 
yellow tip on a Pipetman can be used for scraping and aliquoting the lysates. 
Tubes are centrifuged for 1 min at 14,000 g in a chilled microfuge, and 10- 
100 /xl of supernatant is assayed in a luminometer with 100 /xl of ATP 
reagent and luciferin reagent, or of modified detection reagents (as de- 
scribed above) are used for each sample. Most luminometers have two 
automatic injectors, and a 3-sec delay should be programmed between 
injection of the ATP reagent and injection of the luciferin reagent. A 
detection time of 20 sec is sufficient. If values in a standard luminometer 
(without an autogain function) are above 1 × 106 RLU (relative luciferase 
units) or are more than four orders of magnitude above background, read- 
ings should be repeated with less sample. Lysates should be stored at 4 ° if 
they are to be assayed within a few hours: otherwise they should be stored 
below 70 °. If an internal control/3-galactosidase plasmid is cotransfected, 
use 50/xl of each extract for assay of this enzyme activity. Luciferase lysis 
buffer does not interfere with this activity. For 10 assays, mix 8.75 ml of 
0.1 M sodium phosphate (pH 7.3), 80 ~1 of 2-mercaptoethanol, 1340 txl of 
30 mM MgC12, and aliquot 850/xl to disposable spectrophotometer  cuvettes. 
Then add the cell extracts, followed by 100 bd of fresh 2-nitrophenyl-/3-D- 
galactopyranoside (ONPG) (4 mg/ml). Place the cuvettes at 37 °, and incu- 
bate for 30-90 min, or until readings are in the linear range. The linear 
range for spectrophotometer  readings at 414 nm is from 0.2 to 0.8. It is not 
necessary to create a standard curve if readings fall within these values. 
Data may be expressed as "luciferase units per/3-Gal  unit" although, as 
discussed above, care must be taken to ensure that the /~-galactosidase 
expression vector is not responsive to the oncogene in question. If no 
internal control plasmid is suitable, or if cells are treated with cytokines 
or signaling agonists, it is necessary to repeat transfections several times 
with different plasmid preparations and normalize values for extract protein 
content. Under  the conditions listed above, from 1 to 5/xl of cell extract 
gives a reliable reading in a Bradford protein assay, Iv using the Bio-Rad 
reagent and microassay, as described by the manufacturer (Bio-Rad, Her- 
cules, CA). 

An example of cotransfection analysis using luciferase reporter  gene 
expression normalized to the/~-galactosidase activity from a cotransfected 
internal control plasmid is shown in Fig. 1. The luciferase assay was per- 
formed with the modified assay reagents, allowing measurement of the light 
output for 20 sec. This experiment, using reporter  constructs containing 
the OR E from the NVL3 long terminal repeat (LTR), 2° shows that both 

I~ M. M. Bradford, Anal. Biochem. 72, 248 (1976). 
2(J M. A. Reddy, S. J. Langer, M. S. Colman,  and M. C. Ostrowski, Mol. Endocrinol. 6, 

1051 (1992). 
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F~a. 1. Activation of an ORE by oncogenic Ras and the extracellular signal-regulated 
kinase-I (ERK1). The transfected reporter constructs (2.5/~g each) contain a single copy of 
wild-type (RRELUC) or mutant Ras-responsive elements (AP-lmut or Ets-lmut have mu- 
tated AP-1 or Etsl sites, respectively) from the NVL3 long terminal repeat fused to the 
luciferase gene. These reporter genes were cotransfected with 250 ng of pZIP-H-Ras (61L), 
an expression construct for oncogenic Ras (+ras), or the same amount of empty expression 
vector. Also included in the transfections was 100 ng of ERK1 expression construct, or the 
same amount of kinase-inactive mutant expression construct (KRErkl), or the empty expres- 
sion vector (pCMV5). For an internal control of transfection, 500 ng of pSV/3-Gal was also 
included in all transfections. For details, see Westwick et al. 6 Activation is expressed as relative 
light units (RLU) per 20 sec, normalized to the/3-galactosidase activity (/3-Gal unit) from the 
internal control. The standard error of the mean from three assays performed in duplicate 
is indicated by error bars. 

the Ets- and AP-l-binding sites are required for ORE function, and that 
ERK1 (a MAP kinase) can affect Ras-mediated trans-activation. 

T r a n s - A c t i v a t i o n  A s s a y s  f o r  G u a n i n e  N u c l e o t i d e  E x c h a n g e  

F a c t o r  A n a l y s i s  

A l t h o u g h  w i l d - t y p e  R a s  p r o m o t e s  on ly  w e a k  t r a n s c r i p t i o n a l  a c t i v a t i o n  

f r o m  t h e  r a s - r e s p o n s i v e  p B - 4 X - C A T  r e p o r t e r  p l a s m i d  in c o m p a r i s o n  w i t h  

o n c o g e n i c  R a s ,  21"22 it c an  s y n e r g i z e  w i th  a v a r i e t y  o f  u p s t r e a m  m o l e c u l e s  

21 F Schweighoffer, I. Barlat, M.-C. Chevallier-Multon and B. Tocque, Science 256, 825 (1992). 
22 G. J. Clark, L. A. Quilliam, M. M. Hisaka, and C. J. Der, Proc. Natl. Acad. Sci. U.S.A. 90, 

4887 (1993). 
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FK;. 2. Transcriptional activation of ras-rcsponsive elements  by the CDC25 /GRF guanine 
nucleotide exchange factor and the Grb2 adapter  molecule. NIH 3T3 cells were cotransfected 
with plasmids containing the indicated signaling molecules [2 g of empty pZIP vector, 1 /,g 
of pZIP-cCDC25 or pZ1P-cCDC25-CAAX, 2 /~g of pZIP-Ras  wild type or Ras(17N) or 5 
p.g of pZIP-Grb2] and 1 /xg of the pB4X-CAT reporter  plasmid that contains four t andem 
repeats of the Ets/AP-1 sequence from the polyomavirus enhancer.  For details see Quilliam 
et aL :4 After  36 hr, cells were harvested and assayed for C A T  activity as described in text. 
Results  are displayed as mean _+ range for duplicate plates and are representative of at least 
three experiments.  

in the mitogenic signal transduction pathway to induce CAT expression. 
These include protein tyrosine kinases and the Grb2 adapter molecule as 
well as the guanine nucleotide exchange factors (GEFs) that directly acti- 
vate Ras by promoting its acquisition of the GTP-bound state. We and 
others have taken advantage of trans-activation assays to demonstrate Ras 
activation by several GEFs, including the yeast CDC25 and SDC25 z~ as 
well as the mammalian SOS and CDC25/GRF molecules. 24,25 The transient 
transfection assay for reporter  gene activation has also been useful for 

23 M. C. Chevalier-Multon,  F. Schweighoffer, I. Barlat, N. Baudouy,  I. Fath, M. Duchesne,  
and B. Tocque,  J. Biol. Chem. 268, 11113 (1993). 

24 L. A. Quilliam, S. Y. Huff, K. M. Rabun,  D. Wei, D. Broek, and C. J. Der, Proc. Natl. 
Acad. Sci. U.S.A. 91, 8512 (1994). 

zs L. A. Quilliam, K. Kato, K. M. Rabun,  M. M. Hisaka, S. Huff, S. Campbell-Burk,  and 
C. J. Der. Mol. Cell. Biol. 14, 1113 (1994). 
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identifying residues in Ras required for its activation by GEFs 24 and for 
characterizing Ras dominant negative mutants that prevent activation of 
endogenous Ras function by sequestering GEFs. 25 

Figure 2 demonstrates some of the results we have obtained using the 
pB4X-CAT reporter  construct. While the isolated cytosolic catalytic domain 
of the CDC25/GRF GEF (cCDC25) was ineffective at activating Ras, 
membrane-targeting using the plasma membrane localization (CAAX) se- 
quence of H-Ras resulted in significant transcriptional activation. 24 This 
activation was prevented by cotransfection of the dominant inhibitory 
Ras(17N) mutant that binds up GEFs in a nonproductive complex, trans- 
Activation assays have also been used to show cooperativity between Ras 
and Grb2, an adapter molecule that couples the Ras GEF,  SOS, with 
activated protein tyrosine kinases at the plasma membrane. 26 Thus tran- 
scriptional activation of the Ets/AP-1 Ras-responsive element of pB4X- 
CAT can be used to address a number of questions concerning upstream 
activation of wild-type Ras by GEFs and other regulatory molecules. 
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[42] Oocyte Microinjection Assay for Evaluation of 
Ras-Induced Signaling Pathways 

By BRUNO TOCQUE,  MICHEL JANICOT, a n d  MIRE1LLE KENIGSBERG 

Xenopus laevis oocyte is a large cell that divides meiotically, but is 
arrested at the diplotene stage of prophase I in the absence of a hormonal 
stimulus. The terminal stage of oogenesis, termed stage VI, occurs when 
the oocyte reaches a diameter of 1.1 to 1.4 mm with a discrete bicolor 
pattern: a yellowish hemisphere and a dark brown hemisphere correspond- 

Copyright © 1995 by Academic Press. Inc. 
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ing to the vegetal and animal poles, respectively.~2 At this stage, the oocyte 
becomes competent  to undergo meiotic maturation in response to progres- 
terone and can progress to the second meiotic metaphase and physiological 
arrest as an unfertilized egg. This maturation essentially characterized by 
a germinal vesicle breakdown (GVBD)  can be easily monitored by the 
appearance of a white spot on the dark animal po le )  It is generally accepted 
that interaction of progesterone with a membrane receptor induces a series 
of posttranscriptionally regulated events including increases in free intracel- 
lular calcium levels and decreases in cAMP levels, both directly correlated 
to oocyte maturation. 45 

The initiation of the meiotic oocyte division process can be mimicked 
by numerous surface-acting agents such as lanthanum, local anesthetics, 
cationic drugs, and sulfhydryl reagents. It has also been reported that growth 
factors could mimic progesterone by inducing cell division in oocytes ~' and 
that the response appeared to be mediated through the growth factor 
membrane receptors and, subsequently, via Ras protein signaling] 

The main characteristics of these kinds of signaling pathways make 
investigation of the activation mechanism difficult in typical animal cells 
or in a cell-free system, A promising alternative cell type with which to 
study Ras-dependent signaling pathways would be the Xenopus  oocyte 
system. The large size of this cell makes it possible to microinject specific 
reagents that interrupt or activate signal transmission to the nucleus (or 
other end targets of Ras protein action) at points in the pathway beyond 
the growth factor cell surface receptor. 

Oocyte Isolat ion 

Several ovary lobes are surgically removed by laparotomy from adult 
mature, dormant X. [uevis females (there is no need for a second treatment 
of the frogs with human chorionic gonadotropin on arrival) that have been 
anesthetized by hypothermia (30 rain in ice-cold water). The lobes are 
rinsed several times with Ca2+-free modified Barth's solution [MBS: 0.82 
mM MgSO4, 0.41 mM CaC12, I mM KCI, 0.33 mM Ca(NO3)2, 88 mM NaCI, 
2.4 mM NaHCO3, 10 m M  N-hydroxyethylpiperazine-N'-ethanesulfonic 

J J, B. Gurdon and M. P. Wickens, this series, Vol. 101, p. 370. 
2 j. B. Gurdon, Methods Dev. Biol. 75 {1967). 
3 j. N. Dumont, J. Morphol. 136, 153 (1972). 
4 j. L. Mailer and J. W. Koomz, Dev. Biol. 85, 309 (1981). 

J. L. Maller and E. G. Krebs, Curt. Top. Cell. Regul. 272 (1980). 
t, M. EI-Etr, S. Schorderet-Slatkine, and E. E. Baulieu, Science 205, 1397 (1979). 

L..1, Korm C. W. Siebel, F. McCormick, and R. A. Roth, Science 236, 840 (1987). 
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acid (HEPES) buffer, pH 7.6], after which oocytes are isolated. 8 Two widely 
accepted protocols have been proposed for stage VI oocyte isolation. First, 
oocytes are manually dissected using fine forceps under a stereo microscope 
from lobes of ovarian tissue in MBS. Following incubation for 2 hr at 18 ° 
in MBS containing penicillin (100 units/ml) and streptomycin (1 mg/ml) 
(MBS+), healthy stage VI oocytes are selected and maintained (10 oocytes/ 
ml of MBS +) in 10-cm cell culture dishes at 18 ° in a temperature-controlled 
incubator, with a change medium every 12 hr. Because of the presence of 
layers of follicle cells surrounding each individual stage VI oocyte, an 
easier and more efficient alternative protocol for oocyte isolation is strongly 
recommended. After surgical removal, ovary lobes are rinsed with Ca 2+- 
free MBS and oocytes are isolated and freed of follicle cells by incubation 
for 2 hr at room temperature in Ca2+-free MBS containing 0.2% (w/v) 
collagenase (type IA; Sigma, St. Louis, MO) under gentle agitation. Oocytes 
are then thoroughly rinsed with Ca2+-free MBS and, following visual selec- 
tion, stage VI oocytes are maintained in MBS + as described above. 

Microinjection of Oocytes 

For an easier injection procedure (carry out all the microinjection steps 
on a dark-colored background benchtop), oocytes are positioned individu- 
ally on a polyethylene mesh located at the bottom of 3.5-cm cell culture 
dishes (50 oocytes are prepositioned per dish). A minimal incubation vol- 
ume (about 0.5 ml) of MBS + is required to prevent the oocytes from drying 
out and rolling over while being injected. A high-quality stereo microscope 
with a zoom lens mounted on a beam stand (increasing significantly the 
working distance between the lens and the oocytes) and a lens-adapted 
optic fiber ring as a source of cold light are strongly recommended for 
visual control of microinjection. Very thin glass needles can be easily made 
from 5-ml glass capillary pipettes, using proper pipette puller equipment. 
To fill the needle, the sample of DNA, RNA, or proteins to be injected is 
placed as a droplet on a plastic plate and, by bringing the needle to the 
center of the droplet and just touching the plastic lid, the glass needle can 
be filled from the tip. Reproducible and accurate delivery of the desired 
injection volume (10-50 nl) is controlled with an automatic pressure genera- 
tor and precise movement of the glass needle is manually controlled with 
the aid of a micromanipulator (three-dimensional (3D) controls are not 
needed). Cytosolic injection (up to 50 nl) is performed by inserting the 
glass needle (about one-third of the tip in) within the vegetal hemisphere 
whereas nuclear injection (up to 30 nl) is performed by impaling vertically 

8 j.  B. Gurdon,  J. Embryol. Exp. Morpho[. 20~ 401 (1968). 
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Fl<J. 1. (1) Schematic drawing of a typical stage VI Xenopus [aevis oocyte with its pigmented 
animal hemisphere and yellowish vegetal hemisphere. (2) Section of a stage VI oocyte. 
indicating the theoretical position of the nucleus within the animal hemisphere. 113 and 4) 
Vertical injection of the oocyte (prepositioned with its animal hemisphere facing up) by 
inserting the glass needle in the center of the animal pole, allowing nuclear injection of eDNA 
constructs. (5) Following injection, the glass needle is rapidly withdrawn from the oocyte by 
lifting up the needle, using the mieromanipulator. 

the center of the animal hemisphere, oocytes being individually preposi- 
tioned with their pigmented animal poles facing up (Fig. l). On injection, 
the oocyte should swell transiently. Repeated cytosolic injections (up to 
three times at 15-rain intervals) can be performed on the same oocytes 
without any apparent damageY 

Oocyte Maturation 

Ten to 30 oocytes in 3 ml of MBSL following microinjection or in the 
presence of the appropriate hormone, are incubated in 12-well cell culture 
plates at 18 °. Oocytes are examined microscopically for maturation by the 
appearance of a "white spot" in the pigmented animal pole, which is an 
indicator of germinal vesicle breakdown (GVBD). For further validation, 
oocytes that have been fixed for 30 rain in 10% (v/v) trichloroacetic acid are 
manually dissected; actual disappearance of the nucleus indicates GVBD. It 
must be noted that nuclear injections are not compatible with the study of 
GVBD as an end point for the assay, because a significant number of 
nuclear-injected oocytes artifactually undergo cell division. 

'~M. J. M. Hitchcock, E. 1. Ginns, and C. J. Markus-Sekura, this series, Vol. 152, p. 276, 
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Fu;. 2. (A) Time course of the induction of oocyte maluration (germinal vesicle breakdown, 
GVBD) by either (I,) 2/,M bovine insulin (Sigma) in MBS ~ containing 10 #M ZnCb. or (119 
I /,M progesterone (Sigma) in MBS +. (B) Dose-dependent induction of GVBD by either 
microinjected wild-type Ras (~jv J2 (©) or microinjected oncogenic Ras r'y~ 1_~ (@). (C) lnhibilion 
of progesterone-stimulated (!~), microinjected Ras t-y~ 1%induced (@), or insulin-activated (A) 
GVBD by increasing amount of microinjected MAb 200. For induction of oocyte maturation, 
sets of I0-30 oocytes are typically monitored for the appearance of a white spot on the 
pigmented animal hemisphere. 

I n s u l i n  b u t  Not  P r o g e s t e r o n e  R e q u i r e d  for  F u n c t i o n a l  R a s  

X e n o p u s  Ras p ro t e in s  have been  widely  d o c u m e n t e d  for  the i r  impl ica-  
t ion in meios is  and  oocy te  ma tu ra t ion ,  m'l~ It is well  e s t ab l i shed  tha t  insulin 
can induce a cascade  of  s ignal ing events  in the oocyte ,  some  of  them 
t r igger ing ac t iva t ion  of  Ras  prote in .  Insul in is r equ i r ed  for  at least  6 to 8 
hr to ob ta in  a max imal  r e sponse  (Fig. 2A)  and the insu l in - induced  G V B D  
is b locked  by the we l l -known panreac t ive  monoc lona l  an t i -Ras  Y13-259 
an t ibody .  ~1 Insulin is used as a supraphys io log ica l  concen t ra t ion  ( 2 / x M )  
because  insulin has been  shown to exer t  its effect  on X e n o p u s  oocyte  
th rough  the insul in- l ike growth  fac tor  type  I ( I G F - I )  receptor .  ~2"13 F o r  eco-  
nomic  reasons ,  insulin is still widely  used ins tead  of  I G F - I  in s tudies  uti l izing 
X e n o p u s  oocy te  as the  e x p e r i m e n t a l  system. It has been  k n o w n  for some 
t ime that  a var ie ty  of  s te ro id  and p e p t i d e  h o r m o n e s  can induce  oocyte  
m a t u r a t i o n  in amphib ians .  P r o g e s t e r o n e  in a s imi lar  concen t ra t ion  range  
(1 /xM) is fully effect ive in inducing G V B D  (Fig. 2A)  and must  in terac t  
with the  ou te r  surface  of  the  oocy te  to  in i t ia te  the  chain of  b iochemica l  
react ions ,  j4 H o w e v e r ,  subsequen t  in t race l lu la r  events  have been  r evea l ed  
to be i n d e p e n d e n t  of  Ras  p ro te in  because  p r o g e s t e r o n e - i n d u c e d  G V B D  is 

m C. Birchmeier, D. Broek, and M. Wigler, (-:ell (CambrMge, Mass.) 43, 615 (1985), 
]l A. K. Deshpande and H. F. Kung, Mol. Cell. Biol. 7, 1285 (19871. 
17 M. Janicot and M. D. Lane, Proc. Nad. Acad. Sci. U.S.A. 86, 2642 (1989). 
13j. C. Vera and O. M, Rosen, Mol. Cell. Biol. 9, 4187 (1989). 
14 S, E. Saddler and J. L. Mailer, J. Biol. Chem. 257, 355 (1982). 
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totally insensitive to microinjection of Y13-259 antibody. Both insulin and 
progesterone should be used as internal controls in any envisioned matura-  
tion assay. The G V B D  response to insulin and progesterone should be 
monitored in every assay even if biochemical measurements  are carried 
out within a much shorter t ime after stimulus addition. 

Microinject ion of Oncogenic  Ras  to I n d u c e  Oocyte  M a t u r a t i o n  

Bacterially expressed recombinant  proteins are most suitable for micro- 
injection assay. The purified proteins should ideally be dialyzed against an 
isotonic buffer at physiological pH and freed of any detergent or chaotropic 
agents. Concentrated protein (0.5 to 10 mg/ml) is usually required. Microin- 
jected oncogenic Ras (Ras Lys 12) but not wild-type Ras (Ras 6ly t2) induces 
G V B D  as described by numerous authors, m'lt'15 As illustrated in Fig. 2B, 
between 7 and 10 ng of microinjected Ras Lysn2 protein per oocyte is suffi- 
cient for an effective and complete initiation of GVBD,  which occurs be- 
tween 5 and 10 hr (depending on the oocyte preparation).  In contrast, 
microinjection of up to 100 ng of R a s  GIy 12 per oocyte does not induce any 
oocyte maturation. One oocyte contains about  275/Jog of total protein, 90% 
of them being associated with the yolk. It is of note that as little as 0.005% 
of exogenous protein can induce G V B D  in Xenopus  oocyte and that such 
a proport ion of oncogenic Ras could also be measured in human tumor cells. 

Monoclonal  antibody Y13-259 is also known to block oncogenic Ras 
induction of oocyte G V B D ]  1 To illustrate the microinjection of antibody 
into oocytes and its physiological consequences, we describe here the use of 
a monoclonal  antibody (MAb 200) ~6 directed against the GTPase--activating 
protein (GAP).  This antibody recognizes one 100- to 110-kDa band in total 
oocyte extracts by immunoblot  analysis. This 100-kDa protein is most likely 
to be the XenoDus GAP,  which has not yet been cloned. The MAb 200 
antibody was concentrated up to 25 mg/ml in phosphate-buffered saline, 
pH 7.4, and injected in a 50-nl volume in the same injection with Ras Lys 12 
(10-100 ng of MAb 200 and 10 ng of R a s  Lys-12 injected per oocyte). As 
illustrated in Fig. 2C, this antibody blocks, in a dose-dependent  manner,  
G V B D  induced by both Ras Ly~-12 and insulin without any effect on proges- 
terone-induced oocyte maturat ionJ  v Fab fragments prepared from this anti- 
body can also be microinjected and are effective in blocking tile Ras re- 
sponse (our unpublished data). In addition, it has been described in the 

15S. E. Saddler, J. L. Mailer, and J. B. Gibbs, Mol. Cell. Biol. 10, 1689 (1990). 
t~ p. Mollat, G. Y. Zhang, Y. Frobert, Y. H. Zhang, A. Fournier, J. Grassi, and M. N. Thang, 

Bio Technology 10, 1151 (1992). 
~7 M. Duchesne, F. Schweighoffer, F. Parker, F. Clerc, Y. Frobert. M. N. Thang, and 

B. 'Focqud, Science 259, 525 (1993). 



432 BIOLOGICAL ACTIVITY [42] 

literature that single-chain Fv fragments display efficacy in Xenopus oo- 
cytes. The recombinant variable regions of the monoclonal antibody Y13- 
259, directed against the Ras proteins, were engineered for expression as 
intracellular single-chain Fv fragments and blocked insulin-induced mei- 
otic maturation. 18 

Microinjection of Ras LyS 12 also promotes the activation of mitogen- 
activated protein kinase (MAPK), which can be used as an end-point assay 
for the study of Ras signaling. ~9 MAPK is a serine/threonine kinase that 
plays a crucial role in mitogenic signal transduction. 2° This enzyme (a 41- 
kDa protein) can be activated by MEK (MAPKK) catalyzed phosphoryla- 
tion of serine/threonine/tyrosine residues 21 with a shift in the apparent 
molecular mass of MAPK (43 kDa) as determined by electrophoretic migra- 
tion on sodium dodecyl sulfate-polyacrylamide gels. 22 Following either hor- 
monal stimulation or cytosolic microinjection of Ras LyS-12, oocytes are manu- 
ally lysed, homogenates are microfuged, and then lipid-free cytosolic 
extracts are carefully collected. Proteins contained in oocyte cytosolic ex- 
tracts are separated by sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) and, following electrotransfer on polyvinylidene 
difluoride (PVDF) membranes, MAPK protein can be detected by immu- 
noblotting using either an anti-phosphotyrosine (activated enzyme) or anti- 
MAPK antibodies (Fig. 3). 

Peptides can also be injected and proved useful in testing Ras signaling 
pathways. In a manner similar to that described for MAb 200 or Y13-259 
antibodies, peptides that interact with effector proteins in the signal trans- 
duction pathway strongly and specifically inhibit the Ras-induced GVBD 
in a dose-dependent mannerY In a typical experiment, we synthesized 
peptides of 40 amino acids derived from either the human Fos or Jun 
leucine zippers. They were prepared in 10 mM sodium phosphate buffer, 
pH 7.5, containing 150 mM NaC1, and once microinjected (in concentration 
ranging from 10 to 100 ng/oocyte) they blocked insulin-induced but not 
progesterone-induced GVBD. Sometimes, peptides need to be solubilized 
first in dimethylfluoride (DMF) or dimethyl sulfoxide (DMSO). Because 
the oocyte cannot tolerate more than 1% of such solvents for evaluation 
of GVBD, peptides must be diluted in saline buffer and clarified by centrifu- 
gation prior to injection. This methodology can also be applied in evaluating 

Is S. Biocca, P. Pierandrei-Amaldi, and A. Cattaneo, Biochem. Biophys. Res. Commun.  197, 
422 (1993). 

l~ M. Pomerance, F. Shweighoffer, B. Tocqu6, and M. Pierre, J. Biol. Chem. 267, 16155 (1992). 
20j. Blenis, Proc. Natl. Acad. Sci. U.S.A. 90, 5889 (1993). 
2~ H. Kosako, Y. Gotoh, S. Matsuda, M. Ishikawa, and E. Nishida, E M B O  J. 11, 2903 (1992). 
22 j. R. Fabian, D. K. Morrison, and I. O. Daar, J. Cell Biol. 122, 645 (1993). 
23 C. Pernelle, F. F. Clerc, C. Dureuil, L. Bracco, and B. Tocqu6, Biochemistry 32,11682 (1993). 
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FIG. 3. Routinely, sets of 20 oocytes are stimulated with either 1 /xM progesterone or 2 
/xM insulin (in MBS + containing 10 /xM ZnCI2), or microinjected with 10 ng of Ras Ly~ i:. 
Following incubation for 6 hr in MBS +, oocytes are homogenized in 200 /xl of ice-cold 20 
mM Tris-HC1 buffer, pH 8, containing 140 mM NaC1, 1 mM Na3VO4, and classic protease 
inhibitor cocktails. Oocyte homogenates are then microfuged for 10 min al 10,000 rpm, after 
which lipid-free cystosolic extracts are carefully collected. Proteins contained in cytosolic 
extracts are separated by SDS-PAGE on an 8% polyacrylamide gel (2.5 oocyle equivalent 
loaded per lane). Following electrotransfer on PVDF membrane, MAPK protein is detected 
using anti-phosphotyrosine (A) or anti-MAPK (B) antibodies. Primary antibodies are revealed 
using alkaline phosphatase-coupled secondary antibodies. Lane 1, control; lane 2, insulin 
stimulated; lane 3, progesterone activated; and lane 4, microinjection of Ras Ly~ 12. Positions 
of molecular mass markers are also indicated. 

the  act ivi ty  of  small  o rgan ic  c o m p o u n d s  that  are  suspec ted  not  to cross 
m e m b r a n e  bar r ie rs .  24 

M i c r o i n j e c t i o n  of  O n c o g e n i c  R a s  to  A c t i v a t e  R e p o r t e r  G e n e s  

S t imula t ion  of  Ras  p ro t e ins  has been  p rev ious ly  shown to ac t iva te  the  
t r ansc r ip t iona l  act ivi ty  of  the  AP-1  ( F o s / J u n )  c o m p l e x Y  To inves t iga te  the  
ac t iva t ion  of  gene  p r o m o t e r  by  oncogen ic  Ras  pro te ins ,  a r e p o r t e r  p l a smid  
that  pe rmi t s  express ion  of  the  c h l o r a m p h e n i c o l  ace ty l t r ans fe rase  ( C A T )  
gene  unde r  the  con t ro l  of  the  t hymid ine  k inase  (TK)  p r o m o t e r  and  one  
r egu l a to ry  AP-1  b ind ing  site (T1),  T I ( T K ) - C A T ,  is t he r e fo re  used. A plas-  
mid  h a r b o r i n g  the same p r o m o t e r  but  a m u t a t e d  A P - l - l b i n d i n g  site, 
T I * ( T K ) - C A T ,  is used  as a nega t ive  control .  Each  p l a smid  is mic ro in j ec t ed  
into  the  nucle i  of  oocy tes  (set  of  50 oocy tes  p e r  e x p e r i m e n t a l  cond i t ion  
and  300 pg of  p l a smid  in jec ted  p e r  oocy te ) ,  and  fo l lowing a 15-min incuba-  
t ion the  oocy tes  a re  mic ro in j ec t ed  into  the  cytosol  wi th  Ras  l'ysq2 ( 5 - 1 0  ng 
of  Ras  Lysq2 p ro t e in  in jec ted  p e r  oocy te )  and  increas ing  amoun t s  of  M A b  
200 a n t i b o d y  o r  p e p t i d e  de r i ved  f rom the h u m a n  Fos  leuc ine  z ippe r  
( p F o s " l z p " ) .  Cytoso l ic  C A T  act ivi ty  is d e t e r m i n e d  af te r  5 hr. Oocy t e s  a re  

24 R. Kim, J. Rine, and S. H. Kim, Mol. Cell. Biol. 10, 5945 (1990). 
25 C. Wasylyk, J. L. Imler, and B. Wasylyk, EMBO 7, 2475 (1988). 
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FIG. 4. T1 (TK)-CAT and TI*(TK)-CAT constructs arc microinjected (300 pg of plasmid 
per oocyte) into the nuclei of oocytes (sets of 50 oocytes per experimental condition), and 
following a 15-min incubation the oocytes are microinjected into the cytosol with about 10 
ng of oncogenic Ras Lys-12 in the absence (A) or in the presence of either 5/) ng of MAb 200 
antibody (B) or 100 ng of Fos leucine zipper peptides (pFos"lzp") (C). Cytosolic CAT activity 
is determined after a 5-hr incubation in MBS + at 18 °. 
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F~(;. 5. pMT3-Grb2 construct is microinjected (300 pg of plasmid per oocyte) into the 
nuclei of oocytes (sets of 30 oocytes per condition). Water-injected oocytes are used as control 
for endogenous expression. Following incubation at 18 ° for the indicated times in MBS ~, 
oocytes are homogenized in 300/xl of ice-cold 20 mM Tris-HCl buffer, pH 8, containing 140 
mM NaC1 and classic protease inhibitor cocktails. Oocyte homogenates are then microfuged 
for 10 min at 10,000 rpm, after which lipid-free cytosolic extracts are carefully collected. 
Proteins contained in cytosolic extracts are separated by S D S - P A G E  on a 14% polyacrylamide 
gel (1 oocyte equivalent loaded per lane) and, following electrotransfer on PVDF membrane, 
Grb2 proteins is revealed using anti-Grb2 antibodies directed against the Grb2 SH3 domain. 
Primary antibodies are revealed using enhanced chemiluminescence (ECL) methodology. 
Positions of molecular weight markers are also indicated. 
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homogenized in 0.3 ml of ice-cold 250 mM Tris-HCl buffer, pH 7.8, con- 
taining classic proteinase inhibitor cocktails. After incubation at 65 ° for 15 
rain, oocyte extracts are microfuged for 15 rain and supernatant-associated 
CAT activity is measured 2~' (see above). As shown in Fig. 4, microinjection 
of Ras Ly~-12 stimulates, between three- and fivefold, CAT activity expressed 
from the T I ( T K ) - C A T  plasmid. Increasing amounts of either MAb 200 or 
pFos"lzp"  totally inhibit Ras-stimulated CAT activity. Remarkably, micro- 
injection of 50 ng of MAb 200 also inhibits basal CAT activity. It is of note 
that injection of mutated T I* (TK) -CAT instead of wild-type TI (TK)-CAT 
leads to a 10-fold reduction in basal CAT activity that is no longer activated 
by Ras Lys 12. 

Promote r  cDNA-Directed Hetero logous  Protein Express ion  for the  
S t u d y  of Ras Signal ing 

Since the description of a superior expression vector in X e n o p u s  oocytes, 
pMT2/pMT3, allowing high expression of heterologous proteins on microin- 
jection of cDNA into the nuclei of oocytes, 27 proteins involved in Ras- 
dependent  signal transmission have been efficiently expressed and function- 
ally evaluated for their ability to interfere with this pathway. As an example, 
Fig. 5 illustrates the t ime-dependent overwhelming expression of the human 
Ras G D P / G T P  exchange factor adaptor to growth factor receptors, Grb2, 
following nuclear injection of 300 pg of pMT3-Grb2 cDNA construct (72 
hr after injection, expression of the human Grb2 is at least 100-fold higher 
than the endogenous X e n o p u s  Grb2 homolog). Furthermore,  coexpression 
of various signal transduction partners, along with Ras, represents an appro- 
priate way to study prote in-prote in  interactions within a heterologous yet 
bona fide cellular environment. In addition, the use of coinjection of a 
pMT2 vector containing a secreted alkaline phosphatase cDNA allows 
selection of individual positively expressing oocytes by simply measuring 
phosphatase activity in the oocyte surrounding medium, bypassing the need 
to pool injected oocytes for statistical purposes. 
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[43] M a m m a l i a n  C e l l  M i c r o i n j e c t i o n  A s s a y  

By  D A F N A  B A R - S A G I  

In t roduc t ion  

The microinjection technique has proved to be an extremely useful tool 
for assaying the functional significance of cellular proteins. In principle, 
this technique allows one to modulate the level and/or  activity of a specific 
protein by introducing into the cell a defined amount of the protein or 
reagents that can antagonize the effect of the protein. Microinjection studies 
have provided important insights into the biological effects nad biochemical 
targets of Ras proteins. For example, the first direct evidence for the essen- 
tial role of Ras in the transfer of information from receptor tyrosine kinases 
to cytoplasmic serine/threonine kinases has been derived from microinjec- 
tion assays. 1 Microinjection analyses also contributed to the identification 
of several components of the Ras signaling pathway. 2 The microinjection 
approach has been successfully exploited to define the nature of the interac- 
tion of between Ras and its effectors. 3,4 

Assay  Method 

The technique of microinjection has been described in detail elsewhere. 5 
In general, the procedure utilizes a glass capillary needle filled with the 
substance to be injected into the cell, a micromanipulator to place the 
needle in the cell, and a phase-contrast microscope to allow the visualization 
of the injection process. This chapter focuses on microinjection assays that 
can be applied to the analysis of Ras function. 

Cells 

Cells can be grown either on coverslips or on petri dishes, provided 
that they adhere tightly to the substrate. The etched grid glass coverslips 
manufactured by Bellco (Cat. No. 1916-92525) (Vineland, N J) are particu- 
larly useful because the injected cells can be readily located when examined 
at various intervals postinjection. It is difficult to predict the suitability of 

1 M. R. Smith, S. J. DeGudicibus, and D. W. Stacey, Nature (London) 320, 540 (1986). 
2 D. Bar-Sagi, Anticancer Res. 9, 1427 (1989). 
3 D. Stokoe, S. G. Macdonald, K. Cadwallader, M. Symons, and J. F. Hancock, Science 264, 

1463 (1994). 
4 S. J. Leevers, H. F. Paterson, and C. J. Marshall, Nature (London) 369, 411 (1994). 
5 A. Graessmann, M. Graessmann, and C. Mueller, this series, Vol. 65, p. 816. 
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a given cell type for microinjection. As a rule, large, flat cells [e.g., rat 
embryo fibroblasts (REF-52) or Madin-Darby Canine Kidney) (MDCK) 
cells] are relatively easy to inject whereas the injection of small, round 
cells [e.g., rat adrenal pheochromocytoma (PC-12) cells] is significantly 
more challenging. 

Growth Conditions. Cells plated for microinjection are maintained in 
normal serum-containing growth medium. Microinjection experiments de- 
signed to test mitogenic effects associated with the Ras signaling pathway 
often require the use of quiescent cells. This is commonly achieved by 36- 
48 hr of serum deprivation. However, it should be pointed out that the 
efficiency of this regimen varies significantly among different cell types. 
Thus the optimal serum starvation conditions should be established for a 
given cell type. 

Equipment 

Many investigators who conduct microinjection studies have found the 
Zeiss (Thornwood, NY) microinjection apparatus to be extremely useful. 
The main components of this microinjection system include a microinjector 
(Cat. No. 5242), which allows the injection of minute amounts of liquid 
into living cells, and a micromanipulator (Cat. No. 5170), which controls 
the positioning of the microinjection needle. The 5242 microinjector offers 
a number of advantages that guarantee reliable and efficient microinjection: 
First, the pressure supplied by the system is adjustable in three independent 
pressure steps for injection, holding, and cleaning. Second, the injection 
time can be accurately selected between 0.1 and 9.9 sec. The 5170 microma- 
nipulator is operated with a joystick, which offers motorized control of the 
x, y, and z axes and allows the selection of different movement parameters. 
The standard capillary used in conjunction with the 5242 microinjector is 
the Femtotip (Cat. No. 952.008; Eppendorf). The Femtotip has an outlet 
diameter of 0.5 _+ 0.2/zm and meets all the requirements for the injection 
of DNA, RNA, or protein. Together, the features of this microinjection 
system permit a high injection rate (up to 100 cells in 10 rain), reproducibil- 
ity, and quantitative microinjection. 

Injection Solutions 

Table I ~' lists buffers that are commonly used for microinjection as well as 
typical concentration ranges of the injection solutions. All buffers used for 
the preparation of the injection solutions are filter sterilized. Plasmid DNA 

~ S. Andersson,  D. N. Davis, H. Dahlb~ick, H. J6rnvall, and D. W. Russell, J. Biol. Chem. 
264, 8222 (1989). 
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TABLE I 
PREPAI,IATION OF INJE('IION SOLUTIONS 

Sample Buffer Concentration" 

Protein 20 mM Tris-acetate (pH 7.4) 1-5 mg/ml 
2(1 mM NaC1, 1 mM MgCI2 
0.1 mM EDTA, 5 mM 2-mercaptoethanol 
l(/mM NaH2PO4, 70 mM KCI (pH 7.2) 
50 mM HEPES (pH 7.2), 100 mM KC1 
5t) mM NaPO4 (pH 7.3) 

Antibody 2-10 mg/ml 
Plasmid DNX'  1-50/xg/ml 

" Values are based on the concentration ranges shown to produce biological effects in 
various microinjection studies. 

f, Expression ptasmids commonly used for microinjection studies include pCEP-4, pRC- 
CMV (Invitrogen), and pCMV5? 

to be used for microinjection can be purified by equilibrium centrifugation 
in a CsCl-ethidium bromide gradient or by using the Qiagen (Chatsworth, 
CA) resin. For the microinjection of antibodies, an affinity-purified prepara- 
tion of the antibody is used. Protein solutions used for microinjection 
commonly consists of purified preparations of recombinant proteins pro- 
duced in bacteria. It should be noted that glutathione S-transferase (GST) 
fusion proteins of Ras, which display full biochemical activity, are inactive 
in the microinjection assay. Interestingly, other small GTP-binding proteins 
(e.g., Rac and Rho) are also inactive when injected in the form of GST-  
fusion protein (A. Hall, personal communication). The reason for this loss 
of activity is presently unknown. However, it appears that this effect is 
specific for members of the Ras superfamily because other GST-fusion 
proteins were shown to be functional in the microinjection assay. 7'8 

Microinjection 

Prior to injection, the injection solution is clarified by centrifugation 
for 10 min at 12,000 g at 4 °. The solution is back-loaded into the capillary 
using a microloader (Cat. No. 1025013-210; Eppendorf) immediately prior 
to microinjection. The microcapillary filled with the injection fluid is con- 
nected to the microinjector via a capillary holder and a tube. Cells are 
removed from the incubator and placed on the microscope stage. With the 
aid of the micromanipulator the capillary is positioned and the injection is 

7 D. Bar-Sagi, D. Rotin, A. Batzer, V. Mandiyan, and J. Schlessinger, Cell (Cambridge, Mass.) 
74, 83 (1993). 
D. Rotin, D. Bar-Sagi, G. P. Downey, J. Merilainen, P. V. Lehto, C. M. Canessa, B. C. 
Rossier, and H. O-Brodovich, EMBO. J. 13, 4440 (1994). 
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triggered by a pedal switch. When the capillary has penetrated the cell, the 
pressure is automatically raised to the preset injection pressure. 

Injection solutions containing proteins are usually introduced into the 
cytoplasm of cells. Injection solutions containing DNA are commonly intro- 
duced into the nucleus. Specifically, DNA expression plasmids must be 
injected into the nucleus in order to obtain efficient protein expression. 
The injection process is marked by a slight swelling of the cell. In the case 
of cytoplasmic injections, the cytoplasm appears to lose contrast, whereas 
the nucleus gains contrast. In the case of nuclear injections, the nucleoplasm 
loses contrast whereas the nucleoli gain contrast. These changes in appear- 
ance are transient, and within 5-10 sec after injection the cells regain 
normal morphology. The volume of the solution injected into the cell can 
be controlled by adjusting the pressure and duration of injection. In general 
we find that for nuclear injections the values of both parameters are approxi- 
mately one-half of those applied for cytoplasmic injections. Typically, the 
survival rates are 80-90% and 50-60% for cytoplasmic and nuclear injec- 
tions, respectively. 

Analysis of Injected Cells 

Irnrnunofluorescence Staining. Indirect immunofluorescent labeling of 
injected cells is a highly sensitive and reliable method for (1) the identification 
of injected cells, (2) the assessment of the amount of protein present in the 
injected cells, and (3) the determination of the intracellular localization of 
the injected protein. The staining procedure for the immunofluorescent label- 
ing of injected cells is described below. This staining protocol has been ap- 
plied successfully for the analysis of rat embryo fibroblasts (REF-52), NIH 
3T3 cells, Cos-1 cells, and HeLa cells, and allows the efficient detection of 
cytoplasmic and nuclear staining. Cells plated on glass coverslips are washed 
twice with phosphate-buffered saline (PBS), fixed in 3.7% (v/v) formalde- 
hyde in pBS for 1 hr, and then permeabilized with 0.1% (v/v) Triton X-100 
(Sigma, St. Louis, MO) for 3 min at room temperature. The coverslips are 
incubated with the primary antibody in PBS containing bovine serum albu- 
min (BSA; 2 mg/ml) for 1 hr at 37 °. Following two 10-min washes in PBS, the 
cells are incubated with the secondary fluorochrome-conjugated antibody. 
Secondary antibody incubation is for 1 hr at 37 ° followed by two 10-rain PBS 
washes and a distilled water rinse before mounting with Immuno-mount 
(Cat. No. 99900402; Shandon, Pittsburgh, PA). Reagents that retard photo- 
bleaching (n-propyl gallate orp-phenylenediamine) are added to the mount- 
ing solution immediately prior to mounting. 

The detection of Ras in the injected cells can be successfully achieved 
using the Y13-259 rat monoclonal anti-Ras antibody (5-10 /~g/ml). The 
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expression of chloramphenicol acetyltransferase (CAT) or ~-Gal reporter 
construct in the injected cells can be detected using commercially available 
anti-CAT or anti-~-Gal antibodies (5 prime--*3 prime, Boulder, CO). The 
use of epitope-tagged proteins is particularly effective in microinjection 
studies because it provides a means by which the injected protein can be 
distinguished from the endogenous protein. Epitope-tagged proteins can 
be detected in the injected cells using anti-tag antibodies. The Myc epitope 
can be detected with monoclonal antibody 9El0 (American Type Culture 
Collection, Rockville, MD). The hemagglutinin (HA) epitope can be de- 
tected with monoclonal antibody 12CA5 (Babco, Richmond, CA). For 
detection by indirect immunofluorescent staining, the concentration of the 
injection solution should not be lower than 0.25 mg/ml for protein solution, 
and 1 p~g/ml for DNA solutions. When injecting expression plasmids, a 
significant level of immunofluorescent staining can be detected as early as 
2 hr after injection. The expression of injected reporter constructs can be 
observed within 3-4 hr after stimulation. 9 Figure 1 provides an example 
of the detection of Ras proteins in REF-52 cells injected with the indicated 
Ras expression plasmids. 

Cell Proliferation. The synthesis of DNA in the injected cells can be 
monitored by immunostaining of BrdU (bromodioxyuridine) incorporated 
into newly synthesized DNA. Following injection, BrdU is added to the 
medium at 10 mM and the cells are incubated for 20-30 hr before fixing 
in acid-alcohol (ethanol : water : acetic acid, 90 : 5 : 5, v/v) at 20 ° for I hr. 
The coverslips are incubated with anti-BrdU mouse monoclonal antibody 
(cell proliferation kit; Amersham, Arlington Heights, IL) using the protocol 
provided by the supplier. Fluorochrome, or horseradish peroxidase (HRP)- 
conjugated goat anti-mouse antibodies are used as secondary antibodies 
to visualize the BrdU staining. This protocol can in principle be used for 
the double staining of BrdU and the injected protein. However, the rela- 
tively harsh fixation/permeabilization procedure required for the anti-BrdU 
staining is often associated with a relatively poor preservation of cyto- 
plasmic structures, which in turn results in the reduction in staining effi- 
ciency of cytoplasmic proteins. We have noted that injection of DNA 
plasmids at concentrations interferes with the BrdU incorporation. There- 
fore, vector control experiments are crucial in microinjection/cell prolifera- 
tion assays utilizing plasmid DNAs. 

Cell Morphology. Morphological changes that can be monitored visually 
at the single-cell level are extremely informative in the context of microin- 
jection studies. Examples of morphological parameters used in the analysis 

H. Sun, N. Tonks, and D. Bar-Sagi, Science 265, 285 (1994). 
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FI(;. 1. Detection of Ras proteins expression in cells injected with H-Ras expression 
plasmids. The four cells shown in each field were injected with the indicated plasmid DNAs 
(10/.tg/ml). At  4 hr postinjection, the cells were fixed, permeabilized, and stained for immuno- 
fluorescence with Y13-259 anti-Ras antibody followed by ftuorescein-conjugated rabbit anti- 
rat antibodies. Note that active H-Ras (H-RasVI2) is localized to the plasma membrane 
whereas a mutant of H-RasVI2 that is not posttranslationally modified (H-RasV12R186) 
displays cytoplasmic localization. 
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of Ras function by microinjection include morphological transformation 
and reversion of the transformed phenotype, 1° stimulation of membrane 
ruffling and fluid-phase pinocytosis, 11 and induction of neurite extension 
in PC-12 cells] 2 All of these morphological changes can be assessed using 
a light microscope without prior cell fixation. As such, they can be used to 
monitor continuously the effect of the injected protein as well as to establish 
the kinetics of the effect. 
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L i n e s  b y  D e n a t u r a n t  G r a d i e n t  Ge l  E l e c t r o p h o r e s i s  

By ANDRE1 MIKHEEV, RITA S. CHA, and HELMUT ZARBL 

Introduction 

The melting behavior of any DNA molecule can be predicted entirely 
on the basis of its primary nucleotide sequence, and is characterized by 
cooperative melting equilibria. Increasing temperature and/or the concen- 
tration of denaturant will thus cause DNA molecules to melt in a stepwise 
fashion, with contiguous regions or domains melting as a single unit. As a 
result of this cooperative melting, changing the sequence of DNA by even 
a single base pair will frequently change the melting temperature of a 
particular domain by more than 1 °. Such differences in melting behavior 
provide the physical chemical basis for the separation of wild-type and 
mutant DNA fragments by the denaturant gradient gel electrophoresis 
(DGGE) technique developed by Fischer and Lerman.~ In this technique, 
DNA fragments are run in polyacrylamide gels containing linear gradients 
of urea-formamide that mimic a shallow temperature gradient. When DNA 

1 S. G. Fischer and L. S. Lerman, Proc. Natl. Acad. Sci. U.S.A. 80, 1579 (1983). 
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fragments composed of a low-temperature melting domain (LTMD) and 
a high-temperature melting domain (HTMD) are run in such gels, the 
LTMD of the molecule will melt at a concentration of denaturant lower 
than that required to melt the HTMD.  This partial melting of the DNA 
fragment results in the generation of a three-armed, star-shaped DNA 
molecule composed of a helical domain and two random coils. Because 
the estimated pore size of the polyacrylamide matrix is probably only 
several times the diameter of a double-stranded DNA helix, the mobility 
of the partially DNA molecule is greatly retarded relative to the mobility 
of unmelted molecules. Molecules of DNA with nucleotide sequences that 
differ within the LTMD will melt at different concentrations of denaturant 
and will focus at unique positions within the gel that correspond 1:o diffent 
melting temperatures for that DNA sequence. In most cases the focused 
DNA molecules can be detected as well-resolved bands, and can be used 
to detect small deletions or insertions, and single base substitutions. A 
detailed description of D G G E  theory and applications are provided in 
another  publication. 2 

Unfortunately, the DNA sequences of interest, such as codons 12 and 
61 of the r a s  genes, are not always contained within a naturally occurring 
LTMD. To overcome this limitation, it is necessary to couple the sequence 
of interest to an artificial HTMD,  which is often referred to as a GC clamp. 
Addition of such an HTMD frequently converts the entire target DNA to 
as LTMD relative to the GC clamp, and thus permits detection of DNA 
sequence change in an entire fragment of D N A )  5 GC clamps can be 
attached to the DNA of interest by cloning of the fragment into a vector 
containing the clamp, from which the clamped fragment can then be excised 
by restriction endonuclease digestion. Alternatively, the fragment can be 
amplified using a polymerase chain reaction (PCR), in which one of the 
primers has a GC clamp attached at the 5' end. 6"7 A GC clamp can also 
be attached to restriction endonuclease fragments of genomic DNA using 
a heteroduplex extension procedure, s It is important to point out that the 
use of PCR to add the GC clamps will also generate a significant number 

2 E. S. Abrams and V. P. Stanlon, Jr., this series, Vol. 212, p. 7l. 
~ R. M. Myers, S. G. Fischer, T. Maniafis, and L. S. Lerman, Nucleic Acids Res. 13, 3111 (1985). 
4 R. M. Myers, S. G. Fischer, L. S. Lerman, and T. Maniatis, Nucleic AcMs Res. 13, 2,131 (1985). 
" R. M. Myers, T. Maniatis, and L. S. Lcrman, this series, Vol. 155, p. 501. 
" V. C. Sheffield, D. R. Cox, and R. M. Myers, in "PCR Protocols: A Guide to Methods and 

Applications" (M. A. lnnis, D. H. Gelfand, J. J. Sninsky, and T. J. White, eds.), p. 206. 
Academic Press, San Diego, CA, 199(/. 

7 V. C. Sheflield, D. R. Cox, L. S. Lerman, and R. M. Myers, Proe. Natl. Acad. Sci. U.S.A. 
86, 232 (1989). 

s E. S. Abrams, S. E. Murdaugh, and L. S. Lerman, Genomics 7, 463 (1990). 
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Fro. I. Autoradiogram of 32p-labeled PCR products separated by DGGE. Shown are 
analyses of human cell lines with homozygous and heterozygous mutations detected by hetero- 
duplex analyses with or without addition of exogenous wild-type DNA.  Samples of D N A  
were prepared, labeled, and subjected to D G G E  according to the method described in text. 
(A) Detection of mutat ion in K-ras exon 1. Lane 1: Control wild-type (WT) D N A  from WI- 
38 cells focused as a single band corresponding to the wild-type homoduplex.  Lane 2: The 
analysis D N A  sample carrying heterozygous mutat ion without heteroduplex formation. Three 
bands are seen. The lowest band corresponds to a mixture of wild-type and mutan t  homodu-  
plexes, which are not separated under  these conditions. Two upper  bands represent  a hetero- 
duplex of wild-type and mutant  strands, which are formed at a low frequency during the boiling 
and reannealing steps of the PCR. Lane 3: The same D N A  after heteroduplex formation. Lane 
4: The same D N A  as in lanes 2 and 3, after heteroduplex formation with exogenous wild- 
type D N A  from lane 1. Lane 5: An  example of human  D N A  carrying a homozygous  mutat ion 
in the K-ras gene exon 1. Owing to the presence of point mutat ions in both alleles, the D N A  
focuses as a single band at a lower concentration of denaturant  than for wild-type D N A  in 
lane 1. Lane 6: The same D N A  as in lane 5, after heteroduplex formation with wild-type 
D N A  from lane 1. Three additional bands appear. They correspond to the wild-type and 
mutant  homoduplex and to the two wi ld- type-mutant  heteroduplexes (upper two bands).  (B) 
Detection of heterozygous mutat ion in N-ras exon 2 in human  DNA.  Lane 1: wild-type D N A  
from Wl-38 cells focused as a single band. Lane 2: A sample of D N A  from human cells 
carrying a heterozygous mutat ion in N-ras exon 2 after heteroduplex formation. Lane 3: The 
same D N A  heteroduplex formation between D N A  from lane 2 and wild-type D N A  from 
lane 1. In both cases the mutan t  homoduplex  melts at higher concentrat ion of denaturant  
than does the wild-type allele. Wild-type homoduplex  and wi ld- type-mutant  heteroduplex 
are also seen. The approximate percentage of the denaturant  is indicated on the right side 
of the autoradiogram. 

of mutations in the sequence of interest owing to Taq polymerase-induced 
errors. 9-11 These approaches are thus suitable only for detection of muta- 
tions that are present in the target at frequencies that exceed the frequency 
of technique-induced mutations by at least one order of magnitude. The 
approaches described are therefore not useful in the detection of infrequent 
mutational events, but are useful in screening for mutations in tumor cell 
lines or homogeneous  tumor cell populations (Fig. 1), and for detection of 
sequence polymorphism within populations. 

9 p. Keohavong and W. G. Thilly, Prec. Natl. Acad. Sci. U.S.A. 86, 9253 (1989). 
m N. F. Cariello, P. Keohavong,  A. G. Kat, and W. G. Thilly, Mutat. Res. 231, 165 (1990). 
u R. S. Cha and W. G. Thilly, PCR Methods" Appl. 3, S18 (1993). 
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The efficiency of detecting mutant DNA sequences can often be im- 
proved by forming heteroduplexes between wild-type and mutant 
DNA. 5'12'13 Heteroduplexes contain base pair mismatches and will melt at 
lower temperatures relative to the corresponding wild-type and mutant 
homoduplexes. As a result, the heteroduplexes will almost always be re- 
solved in D G G E ,  even in cases in which homoduplexes fail to resolve. 
Heteroduplex formation is achieved by boiling and reannealing of the 
mutant DNA in the presence of wild-type DNA. Wild-type sequences may 
be from an endogenous wild-type allele or from exogenously added normal 
DNA. An example of a situation in which the heteroduplex analysis is 
required to detect mutations occurs when a cell line is homozygous for a 
point mutation (e.g., A : T  to T : A  or G : C  to C : G )  that fails to alter 
significantly the melting profile of mutant DNA  relative to the wild type. 
These mutations can be detected only by boiling and reannealing the DNA 
sample being tested with exogenous wild-type D N A  to allow for hetero- 
duplex formation prior to analysis by D G G E .  

The procedures described below were designed to screen human tumor 
cell lines for the presence of mutations in exons 1 and 2 of the Ha-, Ki-. 
and N-ras genes. 

P repara t ion  of DNA from T u m o r  Cell Lines 

Genomic DNAs are extracted from human tumor cell lines using the 
Qiagen cell culture D N A  kit (Qiagen, Inc., Chatsworth, CA) or by phenol -  
chloroform extraction. After  precipitation with ethanol, DNAs are resus- 
pended in sterile deionized water, sheared by several passages through a 
26-gauge needle, and stored at - 2 0  ° at concentrations between 0.1 and 1 
/xg//xl. 

Amplif icat ion of Targe t  Sequence  and  Addit ion of GC Clamps  

Oligonucleotide Primers 

To avoid amplification of Ras pseudogenes, PCR primers are designed 
according to published sequences, 14~5 so that at least one primer is comple- 
mentary to sequences within introns, exon 1 or exon 2 of each ras gene. 
For each set of primers, one oligonucleotide is synthesized with a previously 

i~ R. M. Myers and T. Maniatis,  Cold Spring Itarbor Symp. Quant. Biol. 51, 275 (1986). 
L3 R. M. Myers, N. Lumelsky,  L. S. Lerman,  and T. Maniatis, Nature (London) 313, 495 (1985). 
14 y .  Suzuki, M. Orita, M. Shiraishi, K. HayashL and T. Sekiya, Oncogene 5, 1037 (1990). 
15 E. S. Abrams,  S. E. Murdaugh,  and L. S. Lerman,  Genes, Chromosomes, Cancer 6, 73 (1993). 
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TABLE I 
SEOUEN('E OF PRIMERS I,OR AMPI.IEIC/VFION OF EXONS 1 AND 2 oF Ki-, N-, AND HA-ras GENES FOR 

DENAIURANI  ORAl)lENT GEI_ ELECTROPHORESIS a 

Amplified 
ras gent Exon Primer 5' --+ 3' Sequence (length) product (bp) 

Ki-ras2 Exon 1 5' GGC CTG CTG AAA ATG ACT GA (20) 216 
3' GC clamp-GTC CTG CAC CAGTAA TAT GC (74) 

Exon 2 5' GC clamp-CCA GAC TGT GTT TCT CCC TTC (75) 209 
3' CAC AAA GAA AGC CCT CCC CA (20) 

Exon 1 5' GAC TGA GTA CAA ACT GGT GG (20) 172 
3' GC clamp-GGG CCT CAC CTC TAT GGT G (73) 

Exon 2 5' GC clamp-GGT GAA ACC TGT TTG TTG GA (74) 157 
3' ATA CAC AGA GGA AGC CTT CG (20) 

Exon 1 5' CAG GCC CCT GAG GAG CGA TG (2(}) 164 
3' GC clamp-TTC GTC CAC AAA ATG GTT CT (74) 

Exon 2 5' TCC TGC AGG ATT CCT ACC GG (20) 248 
3' GC clamp-GGT TCA CCT GTA CTG GTG GA (74) 

N-ras 

Ha-ras 

" Sequence of GC clamp: GCC GCC TGC AGC CCG CGC CCC CCG TGC CCC CGC CCC GCC 
GCC GGC CCG GCC GCC. 

described 54-bp G C  clamp m at its 5' end. The sequences  of ol igonucleot ides  

used are listed in a Table  I. High-per formance  liquid ch romatography  
(HPLC)-pur i f ied  synthet ic  primers (Oligo, Etc., Wilsonvil le,  O R )  are resus- 

pended  in sterile deionized water  at a concen t ra t ion  of 30 pmol//xl and  

sored at - 8 0  ° in small aliquots. 

d N T P  Mix 

Prepared  100 m M  solut ions of dATP ,  dCTP,  dGTP,  and d T T P  as the 
l i thium salt are purchased  f rom Boehr inger  G m b H  (Mannhe im,  G e r m a n y )  

and stored at - 2 0  °. Stock solut ions that are 3.75 m M  with respect to each 
dNTP are prepared  by di lut ion in sterile distilled water  as follows: for 1 
ml of stock solut ion,  37.5 bd of each dNTP is added to 850/xl  of sterile 

distilled water  and aliquots are stored at - 2 0  °. 

Taq D N A  Polymerase 

Heat-s table  nat ive Taq polymerase  is purchased from Pe rk in -E lmer  
Cetus (Norwalk,  CT). Taq polymerase  from Promega  (Madison,  WI)  gives 

comparab le  results. 

Polymerase Chain Reaction Conditions 

The presence of a G C  clamp on the 5' end of one of the pr imers  
significantly reduces the efficiency of P C R  amplif icat ion f rom genomic  
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DNA. The result of this reduced efficiency is that the signal-to-noise ratio 
is increased, thereby reducing the sensitivity of the technique. If it is neces- 
sary to detect lower mutant fractions, one must first amplify the region of 
interest using the same primers without GC clamps. These amplification 
products can then be used as a template for amplification with clamped 
primers. The latter reaction will proceed at a higher efficiency than does 
amplification directly from genomic DNA using clamped primers. For the 
purposes of rapid screening, however, it is desirable to use only one set of 
primers and a single PCR step. 

Every PCR experiment should include at least one negative control 
(without template) to reveal any contamination of reagents with PCR 
products. A control for wild-type genomic DNA should also be included. 
We use primary human WI-38 lung fibroblasts [American Type Culture 
Collection (ATCC), Rockville, MD) as a wild-type control. Reactions are 
carried out in a final volume of 100/~1. Ten-microliter aliquots (1 ~g) of 
genomic DNA are prepared in PCR reaction tubes (Cat. No. N801-0180; 
Perkin-Elmer Cetus) and kept on ice. In separate tubes, the following 
reagents are combined on ice as a stock solution for each PCR reaction to 
be performed (i.e., multiply each volume below by the total number of 
PCR reactions to be performed in a given experiment). 

PCR buffer, 10x (Perkin-Elmer Cetus) 10 ~1 
MgC12, 25 mM (Perkin-Elmer Cetus) 10 ~1 
Glycerol (Mallinckrodt, St. Louis, MO) or dimethyl sulfox- 5 p~l 

ide (DMSO) (Fisher, Pittsburgh, PA) 
dNTPs 1 /~1 
Primers (1 /~1 of each) 2/~1 
Distilled deionized water 61.6 p~l 
Taq polymerase (5 U/p~l) 0.4 p~l 

Vortex the mixture to make sure that the glycerol is completely dissolved 
before adding the Taq polymerase. Add the Taq polymerase and mix by 
pipetting up and down. Aliquot 90/~1 of the mixture into each tube con- 
taining 10/~1 of genomic DNA. To prevent evaporation during PCR, sam- 
ples can be overlaid with 80 p~l of mineral oil. We have avoided the use of 
oil by using a heating lid (Biological Engineering, Shelton, CT) specifically 
designed for use with the Perkin-Elmer Cetus TC-480 thermocycler. 

The PCR is performed using a Perkin-Elmer Cetus TC-480, using the 
following conditions: 94 ° for 3 rain to denature the DNA, followed by 30 
cycles consisting of denaturation at 94 ° for 1 min, annealing at 52 ° for 1 min, 
extension at 72 ° for 1 rain. After 30 cycles, samples are further incubated at 
72 ° for 5 rain to complete strand synthesis. We found that this last step 
significantly reduces background on DGGE. These conditions work well 
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for amplification of exons 1 and 2 of the Ki- and N-ras  genes as well as 
the second exon of the Ha-ras  gene. Amplification of the first exon of the 
Ha-ras  gene requires slightly different conditions. In the latter case we use 
5% (v/v) DMSO instead of glycerol in the reaction mixure; also, the anneal- 
ing temperature during PCR is raised to 58 ° and the number of cycles is 
increased to 35. 

Purif icat ion of Polymerase  Chain  React ion Amplif icat ion P roduc t s  

Previous studies have shown that irradiation of PCR product with ultra- 
violet (UV) induces background in D G G E  analyses. 16 It is thus not possible 
to detect PCR products by ethidium bromide staining and UV irradiation. 
Aliquots of the PCR amplification products are loaded on 2.0-2.3% (w/v) 
low melting point agarose gel (Bethesda Research Laboratories, Gaithers- 
burg, MD) in TAE buffer. Two lanes in the gel are loaded with previously 
amplified PCR product, which serves as a molecular size marker. After 
electrophoresis, lanes with marker DNA are cut from the gel, stained with 
ethidium bromide, and the marker DNA visualized by UV irradiation and 
excised with a razor blade. Slices of gel from which the corresponding 
product is to be isolated are placed alongside the marker lane and the 
corresponding DNA fragments are cut out, using the hole in the marker  
gel strip to locate the appropriate region of the gel. Five microliters of 5 
M NaC1 is added to the gel slices containing PCR products before incubating 
in a 65 ° water bath for 5-8  min to melt the agarose. After phenol-chloro-  
form extraction, DNA is precipitated with ethanol in the presence of 0.9 
M ammonium acetate. DNA is collected by centrifugation and washed 
extensively with 80% ethanol to remove traces of ammonium acetate, as 
the latter inhibits end labeling of DNA (see below). The DNA pellet is 
blotted dry with a strip of filter paper and resuspended in 10-15 /~1 of 
sterile deionized water. At this point purified D N A  may be visualized on 
a 2.0-2.3% (w/v) agarose gel. 

End  Labeling of DNA Fragmen t  

The end labeling reaction is performed in a final volume of 5/~1 con- 
taining the reagents listed below. The 5x  kinase buffer is made by dilution 
of commercially available 10x buffer provided with T4 polynucleotide 
kinase (New England Biolabs, Beverly, MA). 

16 N. F. Cariello, P. Keohavong, B. J. S. Sanderson, and W. G. Thilly, Nucleic Acids Res. 16, 
4157 (1988). 
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Kinase buffer (5×) 1/xl 
DNA (30-100 ng) 2/xl 
[T--~2P]ATP (15/xCi) 1.5/xl 
T4 polynucleotide kinase (10,000 U/ml) 0.5 txl 

Reactions are incubated at 37 ° for 30 min. DNA is precipitated by 
adding 35 /xl of water, 20/xl of 7.5 M ammonium acetate, and 100/zl of 
ethanol to each sample, mixing well, and freezing for at least for 30 min 
at 80 °. The DNA precipitate, usually not visible, is collected by centrifuga- 
tion for 10 min in an Eppendorf microcentrifuge on maximum speed and 
washed at least twice with 200/xl of 80% ethanol. DNA is resuspended in 
10 /xl of sterile deionized water and the radioactivity in each sample is 
estimated by Cerenkov counting in a liquid scintillation counter. Adjust 
the samples to contain equivalent amounts of radioactivity per microliter 
of water. 

Heteroduplex Formation 

Heteroduplexes of the DNA samples being tested should be formed by 
boiling and reannealing the DNA with or without the addition of wild- 
type DNA amplification product. Prepare two sets of 0.5-ml tubes and 
designate one set for endogenous heteroduplexes (A) and another set for 
heteroduplexes between exogenous wild-type DNA and the DNA being 
tested (B). Include two additional tubes: one tube for wild-type DNA alone 
and one for single stranded DNA (ssDNA). To the wild-type DNA, ssDNA, 
and each tube in set A, add 2/xl of the appropriate DNA. To each tube 
in set B, combine 1 p~l of the appropriate DNA with 1 /xl of WT DNA. 
Add an equal volume (2/xl) of 2x hybridization buffer to each tube. 

Hybridization buffer (10×) NaC1 (4 M) 
Tris-HC1, pH 7.5 (100 M) 
EDTA (20 mM) 

Boiling the DNAs for 10-15 sec and immediately place on a 60 ° heating 
block at least for 1 hr. A longer boiling time will appreciably increase the 
background on DGGE. Add 10/xl of neutral loading buffer solution [20% 
(w/v) Ficoll, 10 mM Tris-HC1 (pH 7.8), 1 mM EDTA, and 0.1% (w/v) 
xylene cyanole and Bromphenol Blue] to each tube. 

DGGE Apparatus 

We routinely use the DGGE-2000 system purchased from C.B.S. Scien- 
tific (Del Mar, CA). This apparatus allows two gels to be run at the same 
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time. The DGGE tanks are supplied with a lid that prevents evaporation 
of buffer, as well as with a heater-stirrer, peristaltic pump, gel holders, 
glass plates, set of combs and spacers of different thickness, as well as a 
gradient maker. Electrodes are built into the gel holders. Although this 
apparatus works well in our hands, similar commercial or home-made gel 
systems may also be used. 

Gel Cast ing 

The procedure for gel casting is described in the C.B.S. Scientific manual 
accompanying the D G G E  apparatus, but gels can be generated using con- 
ventional gradient makers and a peristaltic pump. It is best to keep solutions 
cold during gradient formation in order to prevent premature polymeriza- 
tion. For Ki-ras and N-ras we recommend the use of a 12.5% (w/v) polyacryi- 
lamide gel with a denaturant gradient of 30-60% or 35-65%. For Ha-ras 
we recommend the use of a 40-80% gradient. 

The acrylamide stock solution used is Ultra Pure Protogel (National 
Diagnostic, Atlanta, GA) with a 37.5 : 1 (w/w) ratio of acrylamide to bisacryl- 
amide. 

TAE running buffer (20×) 

Denaturant stock solution (80%, v/v) 

Denaturant stock solution (0%) 

Tris base (800 raM) 
Sodium acetate (400 mM) 
EDTA (20 raM) 
Adjust pH to 7.4 with acetic 

acid 
TAE (1 x)  
Acrylamide (12.5%, w/v) 
Formamide (32%, v/v) 
Urea (5.6 M) 
TAE (1 ×) 
Acrylamide (12.5%, w/v) 

DGGE Run  

The sides of a gel sandwich should be taped well. This prevents the 
electrical field from interfering with the outside field and reduces gel "smil- 
ing" (curvature of bands). Immerse the gels in 65 ° TAE buffer and prerun 
the gels for 15-20 min. Flush the wells to remove urea before loading. We 
recommend that the first two wells on each side of the gel not be used. 
Load an equal number of counts, starting with wild-type DNA, followed 
by pairs of samples from sets A and B, and then ssDNA control, which is 
boiled immediately before loading the gel. Electrophoresis is carried out 
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for 15 hr at a constant voltage of 150 V. Running gels for more than 17 hr 
may cause unhybridized single-stranded DNA to migrate close to the band 
of interest, complicating interpretation of the data. On a single 0.75-mm 
gel cast with a 16-well comb, up to 12 samples can be loaded without 
appreciable gel "smiling." 

Disassemble the glass plates and cut a corner on the side of the gel 
loaded with wild-type DNA. Immerse the gel, still attached to orie of the 
plates, in water for 10 rain to remove formamide and urea. Make sure that 
the gel is detached from the glass plate before lifting the gel out on a glass 
plate. Cover the gel with Whatman (Clifton, NJ) 3MM paper, flip it over, 
and carefully slide the glass plate off the gel. Cover the gel with Saran 
Wrap and dry the gel on a gel drier at 75 ° for 1 hr. Expose the gel to X- 
ray film as required to detect signals. An example of the type of results 
that can be expected is shown in Fig. 1. 

Purif icat ion of Mu tan t  DNA Fragmen t  

When mutations are detected in DNA samples, it is usually desirable 
to sequence the mutant allele. Direct sequencing of PCR products may fail 
to detect the point mutations, especially if the mutant fraction is lower 
than 50%. In such cases purification and PCR amplification of mutant 
heteroduplexes prior to sequencing may be necessary. 

In such cases, we recommend that the D G G E  gel be cast with a lower 
range of denaturant. For example, in the case of Ki-ras exon 1, instead of 
a 35-65% gradient of denaturant,  we run a 35-55% gradient, which allows 
better  separation of wild-type and mutant fractions. The use of eight-well 
combs also facilitates excision of bands. Gels are processed as described 
above and aligned with the autoradiogram to determine the positions of 
the mutant bands. After excision, dip the slice of gel into a drop of sterile 
water to remove the Whatman 3MM paper. Place the slice of gel into a 
PCR reaction tube and run the PCR under the conditions described above 
and sequence as usual. 
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[45]  D i a g n o s t i c  D e t e c t i o n  o f  M u t a n t  r a s  G e n e s  i n  

M i n o r  C e l l  P o p u l a t i o n s  

B y  SCOTT M. K A H N ,  W E I  J I A N G ,  I .  B E R N A R D  W E I N S T E I N ,  

a n d  M A N U E L  P E R U C H O  

In t roduc t ion  

Earlier chapters in this volume have detailed the activation and function 
of Ras proteins, as well as the association of mutated ras  genes with cancer 
development. As has been discussed, mutated ras  genes are found at high 
frequencies in a variety of human tumors, and these mutations occur at 
distinct codons. Therefore,  ras  genes provide attractive targets for the diag- 
nostic detection of cancer in humans at early stages of tumor growth. 
Particular emphasis has been placed on the detection of cells with K - r a s  

codon 12 mutations when present in minor cell populations, owing to their 
elevated rate of incidence especially in pancreatic, colon, and lung cancers. 
This could provide an important tool for the monitoring of preventive 
strategies and the implementation of early intervention therapies. 

Highly sensitive assays for the detection of activated ras  genes already 
have fundamental applications in clinical and basic research. For example, 
established assays have successfully been used to address critical questions 
such as whether small populations of cancer cells can be detected in surgical 
biopsies I or in excretory and secretory samples from individuals, 2-4 and 
when or whether carcinogens activate ras  genes in established rodent tumor 
model systems. 56 Great  strides have also been taken to devise similar assays 
for routine clinical screening programs. In this chapter we review the various 
techniques that have been established for the detection of ras  oncogenes 
before and after the development of the polymerase chain reaction. Later, 
we focus on methods that have been designed for the detection of minor 
populations of mutant ras genes. After discussing protocols for the enrich- 
ment of samples for tumor cells, we conclude with a survey of highly 
sensitive methods for the detection of ras gene mutations, including a 
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detailed description of the "enriched" PCR (polymerase chain reaction) 
technique that we developed in our laboratory. 

Just prior to the advent of in  v i t r o  enzymatic DNA amplification proto- 
cols, state of the art methods for the identification of point mutations in 
ras  genes relied on allelic-specific oligonucleotide (ASO) hybridization 7s 
and RNase A mismatch cleavage. 9-~° The former assay involves hybridiza- 
tion of immobilized DNAs to sets of radioactively labeled oligonucleotide 
probes under conditions stringent enough to distinguish between comple- 
mentary duplexes and those that differ by a single nucleotide. The latter 
assay involves solution hybridization of a target DNA or RNA to a radioac- 
tively labeled riboprobe, and is based on the ability of RNase A to recognize 
and cleave at single base mismatches in RNA : RNA and RNA : DNA heter- 
oduplexes. 

Alternative strategies for the detection of mutations within ras genes 
also included analysis by restriction fragment length polymorphism (RFLP), 
and single-strand conformation polymorphism (SSCP). RFLP analysis was 
used to determine whether specific restriction endonuclease sites were 
acquired in mutant ras  alleles following their activation, 1~12 or whether a 
mutation destroyed an endogenous restriction site in the wild-type allele.~3 
These differences were easily distinguished through Southern blot experi- 
ments. SSCP analysis ~4 was based on the knowledge that unique structures 
are formed by single-stranded DNA molecules when they differ from each 
other by as little as a single nucleotide. Mutations could be identified 
through the different mobilities demonstrated by these molecules when 
electrophoresed through nondenaturing polyacrylamide gels. 

The development of the PCR had an immediate and powerful impact 
on the methodology for the detection of ras  gene mutations.~5,~6 The first 

7 j. Bos, M. Verlaan-de Vries, A. Jansen, G. Veeneman, J. van Boom, and A. van der Eb, 
Nucleic Acids Res. 12, 9155 (1984). 

s I. Guerrero,  A. Villasante, V. Corces, and A. Pellicer, Science 225, 1159 (1984) 
9 E. Winter, F. Yamamoto, C. Almoguera, and M. Perucho, Proc. Natl. Acad. Sci. U.S.A. 82, 

7575 (1985). 
l0 K. Forrester, C. Almoguera, K. Kan, W. Grizzle, and M. Perucho, Nature (London) 327, 

298 (1987). 
H E. Santos, D. Martin-Zanca, E. Reddy, M. Pierotti, G. Della Porta, and M. Barbacid, Science 

223, 661 (1984). 
12 M. Kraus, Y. Yuasa, and S. Aaronson, Proc. Natl. Acad. Sci. U.S.A. 81, 5384 (1984). 
~3 A. Feinberg, B. Vogelstein, M. Droller, S. Baylin, and B. Nelkin, Science 220, 1175 (1983). 
~4 M. Orita, H. Iwahana, H. Kanagawa, K. Hayashi, and T. Sekiya, Proc. Natl. Acad. Sci. 

U.S.A. 86, 2766 (1989). 
b A. van Mansfeld and J. BOS, PCR Methods" AppL 1, 211 (1992). 
~6 M. Perucho, in "PCR: Methods and Applications" (K. Mullis, F. Gibbs, and F. Ferre, eds.), 

p. 369. Birkhauser, Boston, 1994. 
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assays to couple  P C R  ampl i f ica t ion  with ras muta t iona l  analysis  involved  
A S O  hybr id iza t ion  w and R N a s e  A mismatch  c leavage  ~s analysis,  as well  
as d i rec t  sequenc ing  of  ampl i f ied  D N A s .  t~) E l a b o r a t e  e l ec t ropho re t i c  tech-  
n iques  were  soon app l i ed  to ampl i f ied  D N A  samples  inc luding SSCP 2°'2~ 
([44] in this vo lume)  and dena tu r ing  g rad ien t  gel e l ec t rophores i s  ( D G G E ) .  22 
M a n y  of  these  t echn iques  r e q u i r e d  the  use of  r ad io i so topes ,  which compl i -  
ca ted  large-scale  screenings ,  a l though  non rad ioac t ive  var ia t ions  have 

been  devised.  

P r i m e r - M e d i a t e d  RFLP  A n a l y s i s  

R F L P  analysis  of  genomic  sequences  that  have been  ampl i f ied  by the 
P C R  prov ides  a r ap id  m e t h o d  for  the  de tec t ion  of  ac t ivat ing mu ta t ions  
within ras genes.  This  a p p r o a c h  was first used to de tec t  muta t ions  at codon  
12 of  the  h u m a n  H-ras  gene.  23 H o w e v e r ,  since many  act ivat ing mu ta t i ons  
do not  c rea te  or  des t roy  a res t r ic t ion  site, they  canno t  be conven ien t ly  
de t ec t ed  by this s t r a igh t fo rward  approach .  To c i rcumvent  this l imi ta t ion ,  
we and o thers  have des igned  a s t ra tegy in which cus tomized  p r imers  that  
con ta in  one or  m o r e  mi sma tches  re la t ive  to thei r  c o r r e spond ing  ta rge t  ras 

sequences  are  used in the  PCR.  O n  i nco rpo ra t i on  into the  ampl i f ied  D N A  
fragments ,  these  p r i m e r  sequences  med ia t e  the  fo rma t ion  of artificial  
R F L P s  that  ove r l ap  po ten t i a l  ac t iva t ion  targets .  This  s t ra tegy,  which we 
refer  to as p r i m e r - m e d i a t e d - R F L P  ( P M - R F L P )  analysis,  has been  used  by 
a n u m b e r  of  g roups  for  the  de tec t ion  of  mu tan t  ras oncogenes  in a var ie ty  
of  tumors .  5'24 3o The  main  advan tage  of  this a p p r o a c h  is that  it does  not  

17 j. Bos, E. Fearon, S. Hamilton, M. Verlaan-dc Vries, J. van Boom, A. van der Eb, and B. 
Vogelstein. Nature (London) 327, 293 (1987). 

is C. Ahnoguera, D. Shibata, K. Forrester, J. Martin, N. Arrheim, and M. Perucho, Cell 
(Cambridge, Mass.) 53, 549 (1988). 

i,) A. Dicker, M. Volkenandt, and A. Albino, Genes, Chromosomes. Cancer 1, 257 (1990). 
2o y. Suzuki, M. Orita, M. Shiraishi, K. Hayashi, and T. Sekiya, Oncogene 5, 101 (1990). 
:l K. Hayashi, PCR Methods Appl. 1, 34 (1991). 
22 K. Burvall, M. Ridanpaa, K. Husgafuel-Pursiainen, and A. Onfelt, Murat. Res. 285, 287 

(1993). 
23 G. Deng, Nucleic Acids" Res. 16, 6231 (1988). 
24 W. Jiang, S. Kahn, J. Guillem, S. Lu, and 1. Weinstein, Oncogene 4, 923 (1989). 
2s A. Haliassos, J. Chomel, S. Grandjouan, J. Druh, J. Kaplan, and A. Kitzis, Nucleic Acids 

Res. 17, 8093 (1989). 
~-~ R. Kumar and L. Dunn, Oncogene Res. 1, 235 (1989). 
27 D. Jacobson and T. Moskovits, PCR Methods Appl. 1, 146 (1991). 
2, T. Mitsudomi, J. Viallet, J. Mulshine, R. Linnoila, J. Minna, and A. Gazdar, Oncogene 6, 

1353 (1991). 
>) G. Capella, S. Cronauer-Mitra, M. Peinado, and M. Perucho. Environ. Health Perspecr 93, 

125 (1991). 
30 G. Berrozpe, J. Schaeffer, M. Peinado, F. Real, and M. Perucho, Inr J. Cancer58, 185 (1994). 



[45] DIAGNOSTIC DETECTION OF MUTANT ras 455 

requ i re  the  use of  r ad ioac t ive  i so topes  and is m o r e  a m e n a b l e  to  rou t ine  

analyses  in cl inical  set t ings.  
The  P M - R F L P  m e t h o d  d e v e l o p e d  in our  l a b o r a t o r y  for  the n o n r a d i o a c -  

t ive de tec t ion  of  h u m a n  ras oncogenes  is d i a g r a m m e d  in Fig. 1, and de ta i l ed  
in T a b l e  I. =4 P M - R F L P  analysis  involves  the  gen e ra t i on  of  d iagnos t ic  restr ic-  
t ion f r agmen t s  f rom P C R - a m p l i f i e d  D N A s ,  so t h a t  those  con ta in ing  act ivat-  
ing mu ta t i ons  can be d i s t ingu ished  easi ly f rom those  t h a t  encode  wi ld - type  
sequences .  T a k i n g  as an e x a m p l e  the  h u m a n  K - r a s  codon  12 assay (see 
Fig. 1), a 157-nucleot ide  D N A  f r agmen t  is ampl i f ied  using a 5' p r i m e r  (K5 ' )  
t h a t  conta ins  a C s u b s t i t u t i o n  at the pos i t ion  c o r r e spond ing  to the  first 
nuc leo t ide  of  c o d o n  11. This  c rea tes  a B s t N I  res t r ic t ion  site t h a t  over laps  
the  first two nuc leo t ides  of  wi ld - type  c o d o n  12. Impor t a n t l y ,  a cont ro l  B s t N I  

site is i n c o r p o r a t e d  into  the  3' p r i m e r  sequence  ( K 3 ' )  to m o n i t o r  the f ideli ty 

WILD TYPE CODON 12 
KS'~, 

I K-ras exon 1 

MUTANT CODON 12 
KS' ~ 

I I K-r s °xon' I 
K3' ~ K3' 

PCR A M P L I F I C A T I O N  

G e n e r a t i o n  o f  1 5 7  n t  f r a g m e n t  

Bst NI Bst NI 

a ~4j L . .  ,43 11141 

~ BST NI DIGESTION 

P O L Y A C R Y L A M I D E  G E L  E L E C T R O P H O R E S I S  

Bst NI 

I.Z.9. I1. 114 

157 N T I  

143 N T I  

114 N T /  

UNDIGESTED 
FRAGMENT MUTANT WILD TYPE HETEROZYGOTE 

FIG. 1. Primer-mediated RFLP analysis for the detection of K-ras codon 12 mutations. 
Shown is a schematic diagram of the strategy used to detect K-ras codon 12 mutations using 
PM-RFLP analysis, A 157-nucleotide DNA fragment is PCR amplified using the primers K5' 
and K3'. K5' contains a single nucleotide substitution corresponding to the first position of 
codon 11. This mediates the formation of a BstNI restriction site on amplification of wild- 
type codon 12 allelic sequences. K3' contains a control BstNI site. On digestion, wild-type 
fragments are cleaved twice, generating a ll4-nucleotide fragment, while mutant fragments 
are cleaved only once, generating a 147-nucleotide fragment. These fragments can be visualized 
on polyacrylamide gel electrophoresis. 
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TABLE 1 
PRIMER SETS FOR DETECTION OF HUMAN ras GENE MUTATIONS BY PRIMER-MEDIATED RFLP 

Fragment size (bp) 

Gene Codon Enzyme Undigested Mutant Normal 

H-ras 13 Nael 121 121 93 
13 Hphl 121 102 89 
61 AIwNI 110 100 73 

K-ras 12 BstNI 157 143 114 
13 Asp ~' Itphl 157 114 157 

N-ras 12 BstNI 128 113 94 
13 PflMI 128 107 76 

Primer sets Sequence 

H-ras 12/13 
5' 
3' 

H-ras 61 
5' 
Y 

K-ras 12/13 
5' 
Y 

N-ras 12 
5' 
3' 

N-ras 13 
5' 
3' 

5' TTGGCAGGTGAGGCAGGAGAC Y 
5' TGGTCAGCGCACTCTTGCCCTCA 3' 

5' GATTCCTACCGGAAGCAGGT 3' 
3' CGGTGCGCAGGTACTGGTCCCGCATGGCGCTGTACAGCTC Y 

5' ACTGAATATAAACTTGTGGTAGTTGGACCT 5' 
5' TCAAAGAATGGTCCTGGACC 3' 

5' GTACAAACTGGTGGTGGTTGGACCA 3' 
5' GGGCTACCCCTGGGCGTCACCTCTA 3' 

5' ACTGAGTACAAAGTGGTGGTGGTTCCAGCA 3' 
5' GGGCTACCTGCGGGGCCTCCACTCTATGG Y 

" Only the glycine-to-aspartic acid mutation is detected in this assay. 

of digestion. O n  digest ion with B s t N I ,  wild-type codon 12 f ragments  are 
cleaved twice, resul t ing in the genera t ion  of a 114-nucleotide f ragment ,  

while m u t a n t  codon 12 f ragments  are cleaved only at the control  site, thus 
genera t ing  a larger, 143-nucleotide fragment .  These  differences can easily 
be dis t inguished by polyacrylamide gel e lectrophoresis  of the digested 

products.  
Table  I details the P M - R F L P  assays that we designed for the detec t ion 

of muta t ions  at K-ras  codon 12 (and the aspartic acid mu ta t i on  at codon 
13), H-ras  codons 13 and  61, and N-ras  codons 12 and 13 (the nucleot ide  
sequences  su r round ing  codon 61 of both  the K- and  N-ras  genes prec luded 
us from using this strategy for detect ing muta t ions  at those positions,  al- 
though mult iple  pr imer  sets can be designed for these targets).  The  restric- 
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tion enzymes for each of the assays is given, along with the expected 
fragment  sizes that are generated following analytical digestion of the ampli- 
fied fragments.  We have per formed these assays using between 10 ng and 
1 /xg of DNA,  under conditions that are given below (see Methodology,  
Second Step Amplification Conditions, below). 

E n r i c h m e n t  of Analyt ica l  S a m p l e s  for T u m o r  Cells 

The ability to detect mutant  ras  genes when present as minor populations 
using classic methods is often hindered by the presence of an excess of 
wild-type alleles. When the source of wild-type alleles is f rom contaminant  
normal cells, certain protocols have been developed to circumvent this 
problem. Simple microdissection of samples has proved useful for the analy- 
sis of frozen specimens and cryostat tissue sections. 31 The PCR has made 
it possible to analyze D N A  from formalin-fixed, paraff in-embedded tumor 
tissues for ras  mutations.aS Because the cellular composition of these tissues 
can be determined microscopically, microtome slices can be stained for 
accurate characterization. D N A  can then be prepared from predetermined 
areas of an adjacent embedded  tissue slice. The possibility of using formalin- 
fixed samples that have been stored at room tempera ture  for marly years 
represents a significant technical advance because it permits the analysis 
of tumors that are difficult to obtain due to their rarity or the poor  prognosis 
of the disease)  2 

A modification of the microdissection approach,  termed selective ultra- 
violet radiation fractionation (SURF),  has further increased the specificity 
of tissue analysis. 33 SURF relies on the inactivation of D N A  for PCR studies 
through its photoreactivity with ultraviolet light (UV). By covering a specific 
sample area with India ink, which is impermeable  to UV frequencies that 
cross-link nucleic acids and protein, predesignated areas of as few as 50 
cells can be protected from irradiation. D N A  from these selected cells can 
then be utilized for further analysis by PCR techniques, although sequential 
amplification steps using nested PCR primers are often necessary. We have 
used SURF in concert with PM-RFLP analysis for the detection of K - r a s  

gene mutations in colorectal a d e n o m a s )  4 

31 B. Vogelstein, E. Fearon, S. Hamilton, S. Kern, A. Preisinger, M. Leppcrt, Y. Nakamura, 
R. White, A. Smits, and J. Bos, N. Engl..I. Med. 319, 525 (1988). 

~) D. Shibata, G. Capella, and M. Perucho, Bailliere's Clin. Gastroenterol. 4, 151 (1990). 
~3 D. Shibata, D. Hawes, Z. Li, A. Hernandez, C. Spruck, and P. Nichols, Am. .L  t-'athoL 141, 

1(1992). 
_s4 D. Shibata, J. Schaeffer, Z. Li, G. Capella, and M. Perucho, J. Natl. (Tancer Inst. 85, 

1058 (1993). 
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TABLE II 
SENSITIVITIES OF POLYMERASE CHAIN REACTION-BASED 

METHODS FOR DETECTION OF MUTANT r a s  GENES 

Method Sensitivity Refs. 

Direct sequencing 10 25% 36, 37 
RNase mismatch 5-10% 16, 18 
PM-RFLP 6% 24 
Oligonucleotide hybridization 5% 19 
SSCP 3% 38 
Enriched PCR 10 3-10 4 39, 40 
Plaque hybridization 10 s 4 
MAMA 10 5 41 
Probe shift 10 s 5 
ASA 10 7 42 

10 s 43 

The  poss ib i l i ty  of  isola t ing t issue specific cells f rom samples  for  subse-  
quen t  P C R  analysis  has been  add re s sed  by  the d e v e l o p m e n t  of  i m m u n o b e a d  
PCR.  35 I m m u n o b e a d  P C R  involves  the  use of  an a n t i b o d y  tha t  recognizes  
a t issue-specif ic  ant igen.  By immobi l i z ing  this an t i body  on a magne t i c  bead ,  
cells tha t  express  the  ta rge t  an t igen  can be  i so la ted ,  and  subsequen t ly  
ana lyzed  for  mu ta t ions  in ras  genes  by  the  techniques  desc r ibed  in this 
chapter .  Th rough  the use of  a m o n o c l o n a l  a n t i b o d y  specific for  ep i the l ia l  
cells, m u t a n t  ras  genes  f rom single SW480 colon  cancer  cells were  ident i f ied  
when  d i lu ted  with  105 l eukocy tes  f rom whole  b lood .  This  t echn ique  should  
be  cl inical ly useful  for  the  ea r ly  de t ec t ion  of  c i rcula t ing cancer  cells, o r  
res idua l  t u m o r  cells fo l lowing t r e a t m e n t  p rocedures .  

D e t e c t i o n  of  r a s  M u t a t i o n s  in  M i n o r  Cel l  P o p u l a t i o n s  b y  E n r i c h e d  
P o l y m e r a s e  C h a i n  R e a c t i o n  

The  d e v e l o p m e n t  of  the  p o l y m e r a s e  chain  reac t ion  has o p e n e d  up a 
P a n d o r a ' s  box  of  e x p e r i m e n t a l  and  cl inical  ques t ions  tha t  can be  add res sed  
th rough  highly  sensi t ive s t ra tegies  for  the  de tec t ion  of  ras  muta t ions .  Tab le  
II  lists the  r e p o r t e d  sensi t ivi t ies  of  the  assays discussed in this chap-  
ter.36 43 Because  the  de tec t iona l  l imits  of  classic assays such as A S O ,  R N a s e  

35 j. Hardingham, D. Katasek, B. Farmer, R. Butler, J. Mi, R. Sage, and A. Dobrovic, Cancer 

Res. 53, 3455 (1993). 
36 M. Bar Eli, H. Ahuja, N. Gonzalez-Cadarid, A. Fotk and M. Cline, Blood 73, 281 (1989). 
37 S. Collins, M. Howard, D. Andrews, E. Agura, and J. Radich, Blood 73, 1028 (1989). 
3s y. Suzuki, T. Sekiya, and K. Hayashi, Anal. Biochem. 192, 82 (1991). 
39 S. Kahn, W. Jiang, T. Culberston, I. Weinstein, G. Williams, N. Tomita, and Z. Ronai, 

Oncogene 6, 1079 (1991). 
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mismatch, RFLP, SSCP, and direct sequencing range from 3 to 25% of the 
total allelic population, we and others have developed assays that greatly 
expand these limits, in some cases to the single-cell level. 

"Enriched" PCR is a modification of PM-RFLP analysis that we have 
developed for the sensitive detection of K-ras codon 12 mutations (see Fig. 
2). 39 In enriched PCR, the wild-type allele is selectively digested, leaving 
the mutant allele intact for further PCR amplification and diagnostic analy- 
sis. K-ras codon 12 sequences are first amplified using the same 5' primer 
(K5') as in the PM-RFLP assay, and a wild-type 3' primer (K3'wt) that 
lacks the artificial control BstNI site referred to previously. Following the 
first round of PCR amplification, the amplified fragments are incubated 
with BstNI, cleaving those that encode wild-type codon 12 sequences, but 
leaving fragments with mutant codon 12 sequences uncut. The products of 
this intermediate digestion are then subject to a second round of PCR 
amplification using the original K5' and K3' primers, resulting in the ampli- 
fication of the remaining full-length fragments that have been enriched in 
mutant codon 12 allele sequences. The reamplified fragments are then 
subject to analytical BstNI digestion and polyacrylamide gel electrophoresis 
(PAGE) analysis as in the original PM-RFLP assay. 

Through the use of enriched PCR, we found that one mutant codon 12 
K-ras allele could be detected in the presence of as many as 104 wild-type 
alleles (see Fig. 3), a sensitivity that was similar to that of independent 
studies. 40"44 Our initial experiments were performed on mixtures of DNA 
isolated from the SW480 (mutant K-ras codon 12) and HT29 (wild-type 
codon 12) colon cancer cell lines (Fig. 3). Adaptations of the enriched 
PCR/RFLP method have also been used for the sensitive detection of 
pancreatic cancer cells as well as relapse genotypes in acute leukemia pa- 
tients. 45,4~ 

Certain precautions need to be taken when performing enriched PCR. 
The first round of PCR amplification should be performed for a minimal 
number of cycles (we use 15 cycles), to prevent Taq polymerase-induced 
misincorporation of nucleotides into the amplified fragments. In addition, 

40 S. Levi, A. Urbano-Ispizua,  R. Gill, D. Thomas ,  J. Gilberston, C. Foster, and C. Marshall, 
Cancer Res. 51, 3497 (1991). 

4i R. Cha, H. Zarbl, P. Keohavong,  and W. Thilly, PCR Methods AppL 2, 14 (1992). 
42 T. Ehlen and L. Dubeau,  Biochem. Biophys. Res. Commun. 160, 441 (1989). 
43 N. Nelson, B. Futscher,  T. Kinsellm J. Wymer,  and G. Bowden,  Proc. Natl. Acad. Sci. U.S.A. 

89, 6398 (1992). 
47 A. Todd, C. Ireland, and H. Iland, Leukemia 5, 160 (1991). 
45 R. Hruban,  A. van Mansfeld, G. Offerhaus,  D. van Weering, D. Allison, S. Goodman,  

T. Kensler,  K. Bose, J. Cameron,  and J. Bos, Am..1. Pathol. 143, 545 (1993). 
4~, D. Jacobson and N. Mills, Oncogene 9, 553 (1994). 
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Fw,. 2. Enriched PCR analysis for the detection of K-ras codon 12 mutations. Shown is 
a schematic diagram of the strategy used to detect K-ras codon 12 mutations using "enriched" 
PCR analysis. A 157-nucleotide DNA fragment is PCR amplified using the primers K5' and 
K3'wt. K5' mediates the formation of a BstNI site, which overlaps only wild-type codon 12 
sequences. Incubation of first-round PCR products with BstNI selectively cleaves wild-type 
fragments. The digestion products, which are enriched in full-length mutant codon 12 frag- 
ments, are subject to a second round of PCR amplification using the primers K5' and K3'. 
Following analytical digestion of second-round PCR products with BstNI, they are analyzed 
by polyacrylamide gel electrophoresis (see Fig. 3). See text for further details. 

the  level of  K 3 ' w t  p r i m e r  is kep t  low in the  first P C R  ampli f icat ion.  This  
p rec ludes  c o m p e t i t i o n  with the  K3 '  p r i m e r  in the  second  ampli f icat ion,  
o therwise  128- and 157-nucleot ide  f ragments ,  co r re spond ing ,  respect ive ly ,  
to the  wi ld - type  and m u t a n t  alleles,  will a p p e a r  fo l lowing the ana ly t ica l  
B s t N I  diges t ion  step. Impor t an t ly ,  the  i n t e r m e d i a t e  B s t N I  diges t ion  should  
be  p e r f o r m e d  to comple t ion ,  o therwise  res idual  und iges t ed  wi ld - type  frag- 
men t s  will be ampl i f ied  in the  s econda ry  round.  
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FIG. 3. Demonstrat ion of the sensitivity of enriched PCR analysis. Mixtures of DNA from 
SW480 colon carcinoma cells (homozygous K-ras codon 12 mutant) and HT29 colon carcinoma 
cells (wild-type K-ras codon 12) were made at ratios ranging from 1 : 0 (SW480: HT29) to 
10 ~'. Enriched PCR analysis was performed on 1 /*g of each DNA sample, and the products 
were electrophoresed through a 15% polyacrylamide gel. Shown are the results from this 
assay. The indicated sample dilutions are given above each lane. DNA fragment sizes are 
given on the lefl, while positions of the mutant and wild-type bands are given on the right. 
Lane M, 4)X174 HaelII-cut  DNA marker. (Reproduced with permission from Kahn et al. ~)) 

The sensitivity of detection by this method is also limited because of 
the presence of DNA molecules that do not incorporate the artificial poly- 
morphic mutation, t6 While the DNA molecules that have incorporated 
restriction sites by the mutant primers (K5' in Fig. 2) are amplified exponen- 
tially, the initial wild-type DNA molecules, which do not contain a restric- 
tion site (BstNI in Fig. 2), are also linearly amplified. Therefore these DNA 
molecules will be resistant to digestion by BstNI and will also be reamplified 
in the second round of PCR (Fig. 2). This limitation can be mitigated by 
a further diagnostic RFLP step, or by ASO hybridization. 45 

Methodology 

Polymerase Chain Reaction Primers 

K5': 5' A C T G A A T A T A A A C T T G T G G T A G T T G G A C C T  3' 
K3'wt: 5' T C A A A G A A T G G T C C T G C A C C  3' 
K3': 5' T C A A A G A A T G G T C C T G G A C C  3' 

First-Step Amplification Conditions. In a final volume of 100 ml, mix 
together 10 ml of 10× PCR buffer [final concentrations: 50 mM KC1, 10 
mM Tris-HC1 (pH 8.3), 1.5 mM MgC12, 0.01% (w/v) gelatin], 8 ml of 2.5 
mM dNTPs, 2.5 units of Taq DNA polymerase, 10 ng each of K5' and 
K3'wt primers, sterile water, and DNA (up to 1 mg). Reaction mixtures 
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are overlaid with mineral oil. For "hot  start" PCR, leave out Taq polymer- 
ase until the first 95 ° incubation. 

First-Step Amplification Parameters. Begin with 95 ° for 5 min (hot start), 
add Taq polymerase, then proceed with 15 cycles: 94 ° for 48 sec, 56 ° for 
90 sec, 72 ° for 215 sec. 

Intermediate Digestion. Five microliter aliquots of the products from the 
first PCR amplification are digested with 20 units of BstNI (New England 
Biolabs, Beverly, MA) in a final volume of 20 ml at 60 ° for 3 hr under 
conditions recommended by the supplier, ignoring PCR components. 

Second-Step Amplification Conditions. Ten-milliliter aliquots of the in- 
termediate digestion products are diluted to 50 ml by adding 5 ml of 10× 
PCR buffer, 4 ml of 2.5 mM dNTPs, 2.5 units of Taq polymerase (again, 
omit until after the hot start incubation), and 150 ng each of K5' and KY 
primers. Overlay with mineral oil. 

Second-Step Amplification Parameters. Start with 95 ° for 5 rain (hot 
start), add Taq polymerase, then proceed with 30 cycles: 94 ° for 48 sec, 56 ° 
for 90 sec, 72 ° for 215 sec. 

Diagnostic Digestion. Digest 10- to 25-pA aliquots of the products from 
the second PCR amplification with 10 units of BstNI in a final volume of 
35 ml at 60 ° for 2 hr under conditions recommended by the supplier, ignoring 
PCR components. 

RFLP Analysis of  Digested PCR Products. Half of the products from 
the diagnostic digestion are electrophoresed through a 15% polyacrylamide 
gel, along with appropriate controls and a DNA marker. Stain the gel with 
ethidium bromide, and photograph on an ultraviolet light transilluminator. 

Alternat ive Sensit ive Detect ion Methods  

A number of investigators have adopted and designed alternative meth- 
ods for the detection of ras mutations in minor populations. One of the 
first sensitive methods for the detection of ras gene mutations in minor cell 
populations was that of Kumar and Barbacid in 1988. 5 In their "probe 
shift" assay, PCR-amplified DNA fragments were subjected to liquid hy- 
bridization with a radioactively labeled probe, and then electrophoresed 
through a native polyacrylamide gel. A modification of this technique was 
also established for the detection of mutant H-ras alleles in the presence 
of an excess of up to 105 wild-type alleles. A first exon containing a fragment 
of the rat H-ras gene was PCR amplified, using a primer that created an 
XmnI restriction site in the presence of a G-to-A transition at the second 
position of codon 12. Following digestion with XmnI, the PCR products 
were subject to liquid hybridization with a radioactivity labeled probe, and 
separated by native polyacrylamide gel electrophoresis. 
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An involved, but highly sensitive, approach for the identification of 
mutant r a s  genes has also been utilized for the detection of tumor cells in 
clinical samples. 2'4 In this procedure, DNA is prepared from fecal or sputum 
samples, and PCR amplification is used to generate fragments that encode 
target r a s  codons. These fragments are subcloned into a bacteriophage 
vector, and the recombinant bacteriophage are grown and plated on a 
bacterial lawn. Plaque lifts from these plates are processed, and the DNAs 
cross-linked to filters. The filters are then hybridized to a series of radioac- 
tively labeled allele-specific oligonucleotide probes to determine whether 
specific r a s  gene mutations were originally present in the clinical sample. 

It has been well established (sometimes fortuitously) that under appro- 
priate conditions, oligonucleotides that are fully complementary to target 
sequences will prime PCR elongation more efficiently than those with single 
mismatches at their 3' termini. This observation has provided a common 
basis for a series of related techniques for the sensitive detection of muta- 
tions in r a s  genes. While many names have been invoked to describe this 
method, we will refer to it as allele-specific PCR amplification (ASA). 3s'47 
In ASA, an "all or none"  strategy is used to determine whether a mutation 
is present in a sample, and also to denote the exact nature of the mutation. 

The key to ASA lies in the design of test primers at one end of the 
region to be amplified. These test primers end at a common 3' position 
corresponding to an activation target within a r a s  gene, but encode different 
3' terminal nucleotides. When used individually in separate reactions under 
the appropriate PCR conditions, the test primers direct amplification only 
if their 3' termini are fully complementary to sequences within the sample. 
Thus, the presence of a specific r a s  mutation can be ascertained through 
the generation of PCR products using the appropriate ASA primer. 

A twist on ASA, termed the mismatch amplification mutation assay 
(MAMA),  6,4k has been utilized to determine whether mutations in the H- 
r a s  gene found in N-nitroso-N-methylurea-induced rat mammary tumors 
are spontaneous or carcinogen-induced mutations. 6 MAMA utilizes a PCR 
primer that carries a double mismatch at its 3' end, increasing the amplifica- 
tion specificity of the mutant alleles. 

Table II also includes the reported limits for many of these sensitive 
PCR-based methods. While claims of successful detection of mutant r a s  

alleles as high as 1 in 108 have been reported using ASA procedures, 43 
values of 1 in 105 are more realistic. Importantly, since 1 /xg of genomic 
D NA contains --10 ~' copies of an autosomal gene, tests on dilutions higher 
than this would in principle be uninformative. The - 1 0  4 mutation/nucleo- 

47 p. Stork, M. Loda, S. Bosari, B. Wiley, K. Poppenhusen,  and H. Wolfe, Oncogene 6, 
857 (1991). 
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tide rate of T a q  DNA polymerase 48 needs to be considered when ap- 
proaching the limits of many highly sensitive assays (although other thermal 
stable DNA polymerases might be substituted when appropriate). On the 
other hand, the high sensitivity achieved by ASA methods is limited by 
mispriming events during the PCR amplification. When performing sensi- 
tive detection assays, we cannot overstress the importance of carrying out 
parallel appropriate negative control experiments, mainly to rule out car- 
ryover contamination. This is the most common source of error leading to 
false-positive results or to overestimation of the relative ratio of mutant 
versus normal alleles in these experiments. 

F u t u r e  Direct ions 

In this chapter we have reviewed many techniques currently in use for 
the sensitive detection of ras  gene mutations. Those that we have not 
touched on include chemical cleavage, competitive oligonucleotide priming, 
blocker PCR, the ligase chain reaction, and many other imaginative assays. 
The future direction of ras  oncogene detection shows great promise for 
basic research as well as for clinical applications. Because the sensitivity 
of ras  diagnostics has approached the single-cell level, important genetic 
questions are now being addressed and answered. However,  the clinical 
applications of these assays still need to be further explored. Present tech- 
niques for the detection of ras  oncogenes are still too involved for wide- 
spread use in a clinical setting. And with clinical medicine now taking on 
more of a molecular biology flavor in both therapeutics and diagnostics, 
available methods must be simplified, deemed reproducible, perhaps auto- 
mated, and made cost effective before wide-scale preventive and diagnostic 
screenings are implemented. Nevertheless, the diagnostic detection of ras 

mutations in minor cell populations should soon be a routine and powerful 
tool for the early detection of cancer. 
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[46] RAS in Yeast: Complementa t ion  Assays 
for Test of Funct ion 

B y  L1 CHEN and SCOTT POWERS 

In t roduc t ion  

Underscoring the high degree of structural conservation of Ras proteins, 
human ras genes were shown to complement their yeast counterparts for 
growth and to possess functional homology involving AP-1 transcription 
factors and ultraviolet (UV) responses. 1-3 A large number of mammalian 
ras-like genes have been shown to complement their yeast counterparts. 
Such studies have been useful in obtaining some idea about the conservation 
and specificity of function. The mammalian R a p l A  protein can complement 
the mating deficiency of rasl  mutants in Sch izosaccharomyces  pombe ,  but 
it fails to supply the essential growth function in RAS-de f i c i en t  Saccharo- 
rnyces cerevisiae mutants. 4'5 Rather, it more closely substitutes for RSR1  
function in S. cerevisiae. 5 

We discuss below some simple biological assays that can be used to test 
for Ras function in S. cerevisiae. One criticism of these complementation 
experiments is that they have utilized standard yeast expression vectors for 
production of the mammalian protein in yeast cells, and most often these 
expression vectors direct the production of much higher levels of the pro- 
teins than would be found in normal cells. Important  aspects of function 
can be missed when proteins are overexpressed, for example, the essential 
role of prenylation of Ras proteins to support yeast viability is missed when 
the nonprenylated mutant is overexpressed. ~ To address this problem we 
describe below simple methods for introducing into the proper chromo- 
somal location in yeast single-copy expression R A S 2  alleles that are under 
the control of the normal R A S 2  promoter. If one constructed a vector 

1 T. Kataoka, S. Powers, C. McGill, O. Fasano, J. Strathern, J. R. Broach, and M. Wigler, 
Cell (Cambridge, Mass.) 37, 437 (1984). 

2 D. DeFeo-Jones, K. Tatchell, L. C. Robinson, I. S. SigaI, W. C. Vass, D. R. Lowy, and 
E. M. Scolnick, Science :128, 179 (1985). 

3 D. Engelberg, C. Klein, H. Marlinetto, K. Struhl, and M. Karin, Cell (Cambridge, Mass.) 
77, 381 (1994). 

4 H. P. Xu, Y. Wang, M. Riggs, L. Rodgers, and M. Wigler, Cell Regul. 1, 763 (1990). 
R. Ruggieri, A. Bender, Y. Matsui. S. Powers, Y. Takai, J. R. Broach, and K. Matsumoto, 
Mol. Cell Biol. 12, 758 (1992). 

~' R. J. Deschenes. J. B. Stimmel. S. Clarke, J. Stock, and J. R. Broach, J. Biol. Chem. 264, 
11865 (1989). 

Copyright c; 1995 by Academic Press, Inc. 
METHODS IN ENZYMOLOGY. VOI. 255 All rights of reploduction in any hwm reserved 



466 BIOLOGICAL ACTIVITY [46] 

replacing the RAS2 coding sequence with a mammalian ras gene, identical 
experiments could be performed with the mammalian ras gene. In this 
manner one can ascertain whether under normal conditions a given alter- 
ation in a Ras protein would have any effect in vivo. 

Chromosoma l  Rep lacemen t  of E n d o g e n o u s  RAS2  Locus 
with Mutan t  Alleles 

Several methods have been developed in yeast for gene replacement]  
but the one that we have found to be easiest to implement utilizes transfor- 
mation of yeast with a fragment of DNA corresponding to the gene one 
wishes to introduce, and the use of a host strain with all of the endogenous 
gene coding sequence replaced with the URA3 gene. The exogenous gene 
fragment is cotransfected with a gratuitous selectable marker plasmid (we 
use a relatively unstable HIS3 vector called pHV1. 8 Following selection of 
His + transformants and screening them for the Ura phenotype by the use 
of 5-FOA plates, 7 allele replacement is confirmed by polymerase chain 
reaction (PCR) analysis. 

Complemen ta t ion  Assays  

Testing for Restoration o f  Normal  Glycogen Levels" 
in RAS1 + ras2 Mutants 

Unlike deletion of the RAS1 gene, deletion of the RAS2 gene of S. 
cerevisiae has several easily measured phenotypic alterations. 9 Rapidly cy- 
cling yeast cells express both Rasl  and Ras2 proteins, but as cells enter 
stationary phase RAS1 expression is turned off and the presence or absence 
of RAS2  becomes important. 1° The absence of RAS2 causes yeast cells to 
exaggerate or prematurely initiate growth arrest responses such as accumu- 
lation of storage carbohydrates glycogen and trehalose. 9 Glycogen levels 
are readily assayed in a qualitative sense by inverting petri dishes with 
yeast over a petri dish filled with iodine crystals (Sigma, St. Louis, MO). 
The iodine vapors will within 3 to 8 min penetrate the yeast cells and darkly 
stain yeast colonies or patches that contain appreciable levels of glycogen 
(such as a ras2- strain), ras2 mutants that harbor plasmids expressing 

7 R. Rothstein,  this series, Vol. 194, p. 281. 
s M. D. Rose and J. R. Broach, this series, Vol. 194, p. 195. 
9 D. Brevario, A. Hinnebusch,  J. Cannon,  K. Tatchell, and R. Dhar,  Proc. Natl. Acad. Sci. 

U.S.A. 83, 4152 (1986). 
t0 D. Breviario, A. G. Hinnebusch,  and R. Dhar,  E M B O  J. 7, 1805 (1988). 
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TABLE I 
ABILITY OF EXOGENOUSLY ADDI:D R A S  GENES TO REPLACE THE 

SUPPRESSOR PI.ASMID IN rasl ras2 MUTANTS a 

Transformed plasmid Plasmid exchange activity (%) 

pRS316 (no RAS gene) <0.3 
pRS316-RAS2 99 
pRS316-ras2 c31 ~)s 65 

"The essential growth function of two different RAS2 alleles 
was examined by a plasmid replacement assay. The strain 
STIO0, in which both RAS1 and RAS2 are disrupted and 
which is viable owing to overexpression of the protein kinase 
gene SCH9 on a LEU2 plasmid, was transformed with three 
different URA3 plasmids. Transformants were selected on 
(-)Leu(  )Ura dropout plates. After the colonies formed, 
three or more were patched onto a YPD plate and grown for 
24 hr to allow for loss on the plasmids. The cells from the 
YPD patches were plated onto YPD plates to examine the 
fate of individual colonies. Individual colonies were scored 
for the presence or absence of the URA3 and LEU2 plasmids. 
The data are expressed as the percentage of colonies that 
were U r a  Leu , that is, ones thai had lost the multicopy SCH9 
suppressor plasmid. More than 300 colonies were examined 
in each case. 

f u n c t i o n a l  ras/RAS g e n e s  ( m a m m a l i a n  o r  yeas t )  wil l  b e h a v e  m o r e  n o r m a l l y  

and  s h o w  a l i gh t e r  stain.  

Testing for Restoration o f  Growth in Ternperature-Sensitive ras Mutants 

Y e a s t  cel ls  c a r r y i n g  a d e l e t i o n  o f  t he  RAS2 g e n e  a re  t e m p e r a t u r e  sensi -  

t ive  (ts) fo r  g r o w t h  on  n o n f e r m e n t a b l e  c a r b o n  sources .  )̀ P l a smids  tha t  con -  

ta in  ras/RAS g e n e s  can  be  t r a n s f o r m e d  in to  a ras2- s t ra in  and  a s sayed  fo r  

t h e i r  ab i l i ty  to  r e s t o r e  t e m p e r a t u r e - s e n s i t i v e  g rowth .  

Testing ,for Ability to Supply Essential Growth Function 
in rasl ras2 Mutants" 

O n e  can  tes t  if  a ras/RAS g e n e  can  p r o v i d e  g r o w t h  f u n c t i o n  in t he  

c o m p l e t e  a b s e n c e  o f  e n d o g e n o u s  R A S  g e n e s  by  t e s t ing  fo r  t he  ab i l i ty  to 

c o m p l e m e n t  a rasl ras2 m u t a n t .  Th is  can  be  d o n e  by  i n t e g r a t i n g  t h e  ras/ 
R A S  g e n e  in to  t h e  c h r o m o s o m a l  D N A  a n d  t e s t ing  fo r  c o m p l e m e n t a t i o n  

by  t e t r a d  analys is ,  bu t  it c an  be  d o n e  m o r e  r e a d i l y  by  t e s t ing  fo r  t he  abi l i ty  

o f  t h e  ras/RAS g e n e  to  subs t i t u t e  fo r  a s u p p r e s s o r  p l a s m i d  in a rasl ras2 
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mutant.t1 Strains with their chromosomal RAS1 and RAS2 genes disrupted 
can grow if they contain an episomal plasmid expressing RASI  or RAS2 
or if they contain a plasmid overexpressing a downstream component of 
the Ras signaling pathway, u The ras/RAS gene to be tested is placed into 
a plasmid with a unique auxotrophic marker (e.g., LEU2) and transformed 
into the rasl- ras2 mutant that contains a suppressor plasmid with another 
auxotrophic marker (e.g., URA3). After selecting for transformants that 
contain both markers, two or more transformants are grown in nonselective 
medium (yeast-peptone-dextrose, YPD) overnight to allow for loss of 
either plasmid. The overnight culture is placed out on YPD plates to obtain 
300-1000 individual colonies. After the colonies have grown, the plates are 
replicated to test for the presence or absence of the two auxotrophic mark- 
ers. We normally use the strain ST100 (MAT  a rasl::TRP1 ras2::ADE8 
ura3 leu2 his3 ade8 trpl), which is suppressed by multicopy SCH9, a kinase 
gene that when overexpressed can substitute for the Ras/cAMP pathway 
in yeast. The following experiment serves to illustrate this method and 
provide a caveat about overexpression. Strain ST100, containing multicopy 
SCH9 marked with LEU2, was transformed with the URA3-centromere 
vector pRS316, along with pRS316-RAS2, and pRS316-ras2 c3v)s. The latter 
two plasmids do not greatly overexpress Ras2 proteins (perhaps fivefold 
at most) because they utilize the endogenous Ras2 promoter and the centro- 
mere vector is relatively low in copy. Note that the cells greatly prefer to 
maintain the Ras2 plasmid rather than the overexpressed SCH9 plasmid, 
a feature of this assay that adds to its sensitivity (Table I). Surprisingly, 
ras2 c319s, which when present in single copy is unable to supply essential 
growth function, 6 was functional by this assay (Table I). 

11 D. Brock, T. Toda, T. Michaeli, L. Lcvin, C. Birchmeier, M. Zoller, S. Powers, and M. 
Wigler, Cell (Cambridge, Mass.) ,18, 789 (1987). 

[471 Y e a s t  A d e n y l y l  C y c l a s e  A s s a y s  

By KE1TH A .  MINTZER a n d  JEFFREY FIELD 

Adenylyl cyclase (adenylate cyclase, EC 4.6.1.1) from Saccharomyces 
cerevisiae was the first Ras effector to be identified.l This enzyme catalyzes 
the conversion of ATP to cAMP, which can be quantitatively measured 

1 T. Toda, 1. Uno, T. lshikawa, S. Powers, T. Kataoka, D. Broek, S. Cameron, J. Broach, 
K. Matsumoto, and M. Wigler, Cell (Cambridge, Mass.) 40, 27 (1985). 
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using the adenylyl  cyclase assay. U n d e r  appropr ia te  condit ions there is as 
much  as 100-fold st imulat ion of  activity by Ras proteins.  The p rocedure  
we describe is based on the me thod  deve loped  by Sa lomon et al. 2 and later 
modified in the labora tory  of  M. Wigler  (Cold Spring H a r b o r  Labora tor ies)  
to s tudy the interaction of  Ras with yeast  adenylyl cyclase. The  assay has 
p roved  to be an excellent system for the character izat ion of  the propert ies  
of  Ras proteins.  The  demons t ra t ion  that  human  Ras proteins also activate 
yeast adenylyl  cyclase has al lowed the assay to be used to characterize bo th  
yeast and human  R a s )  Some of  the major  proper t ies  of  Ras that have thus 
far been  character ized include the fact that  only G T P - b o u n d  Ras will 
activate yeast  adenylyl  cyclase, 4's and that farnesylated Ras is almost  100- 
fold more  efficient in activating adenylyl cyclase. 6 Adenyly l  cyclase assays 
have also been  useful in mapping  the effector  domain  of  R a s ]  The  system 
has greatly advanced our  current  unders tanding  of  Ras and in the future 
will p robably  cont inue  to be a powerful  tool for the study of  new Ras-like 
proteins and new mutat ions  in Ras. We describe here a me thod  for the 
prepara t ion  of  Ras-responsive  yeast  adenylyl  cyclase, ei ther  as a crude cell 
extract or  as a highly purified protein and a p rocedure  for  carrying out  
adenylyl  cyclase assays. A representat ive  Ras activation assay is presented 
in Table I. ~ 

Cho ice  o f  Y e a s t  S t r a i n s  

The most  impor tan t  factor  in prepar ing an active extract  is the choice 
of  the appropr ia te  yeast strains. Re c om bi na n t  adenylyl cyclase expressed 
in E s c h e r i c h i a  co l i  is not  Ras responsive,  and therefore  yeast  must  be used 
as the source of  the enzyme.  In theory,  Ras-responsive adenylyl cyclase 
can be p repared  f rom any strain of  S. ce rev i s iae  that  contains the gene 
which encodes  adenylyl cyclase (CYR1)~).m; however ,  to obtain high levels 

2 y. Salomon, C. Londos, and M. Rodbell, Anal. Biochem. 58, 541 (1974). 
D. Broek, N. Samiy, O. Fasano, A. Fufiyama, F. Tamanoi, J. Northup, and M. Wiglet, Cell 
(Cambridge, Mass.) 41, 763 (1985). 
E. De Vendinis, A. Vitelli, R. Zahn, and O. Fasano, EMBO J. 5, 3657 (1986). 

sJ. Field, D. Broek, T. Kataoka, and M. Wigler, Mol. Cell. Biol. 7, 2128 (19871,. 
~' H. Horiuchi, K. Kaibuchi, M. Kawamura, Y. Matsuura, N. Suzuki, Y. Kuroda, T. Kataoka 

and Y. Takai, Mol. Cell. Biol. 12, 4515 (1992). 
7 1. S. Sigal, J. B. Gibbs, J. S. D'Alonzo, and E. M. Scolnick, Proc. Natl. Acad. Sci. U.S.A. 

83, 4725 (1986). 
s M. Wigler, J. Field, S. Powers, D. Broek. T. Toda, S. Cameron, J. Nikawa, T. Michaeli, 

J. Colicetli, and K. Fergusun, Cold Spring Harbor Syrup. Quant. Biol. 53, 649 (1988). 
~) K. Matsumoto, 1. Uno, Y. Oshima, and T. Ishikawa, Proc. Natl. Acad. Sci. U.S.A. 79, 

2355 (1982). 
> T. Kataoka, D. Broek, and M. Wigler, C~,ll (CambrMge, Mass.) 43, 493 (198511. 
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TABLE I 
ACTIVATION OF PURIFIED ADENYLYL CYCLASE BY VARIOUS 

Ras PROTEINS 

Maximum activity 
Ras protein Cation (pmol cAMP/30 min) 

None Mn 2~ 130 
None Mg 2+ 5.9 
Ras2 Mg > 260 
Ras2Val ~9 Mg2- 220 
Ha-Ras Mg 2" 73 
Ha_RasWll-12 Mg 2 ~ 58 

of activity it is necessary to overexpress adenylyl cyclase. This can be 
accomplished by expressing the yeast C Y R 1  gene on a plasmid under the 
control of a strong promoter .  Overexpression of CYR1  suppresses the 
lethality due to the loss of the S. cerevisiae genes R A S 1  and RAS2 .  Such 
a strain is ideal for testing exogenously added Ras proteins because there 
is no endogenous Ras to activate adenylyl cyclase. In addition, since the 
viability of these cells is dependent  on the expression of adenylyl cyclase 
directed by the shuttle plasmid, the C Y R 1  plasmid is maintained without 
the need to select continuously for the auxotrophic marker  gene on the 
plasmid. This allows the cells to be grown on the commonly used rich 
medium, YPD [1% (w/v) yeast extract, 2% (w/v) peptone,  and 2% (w/v) 
glucose]. For reasons that are unclear we have found that cells grown 
on the synthetic media, used to maintain plasmids, yield extracts with 
approximately 10-fold lower specific activities of adenylyl cyclase. We use 
the shuttle plasmids pYCR and p E F - C Y R 1 ,  ~ 1,12 which contain the C Y R I  

gene under the control of the yeast alcohol dehydrogenase promoter  
( A D H 1 ) .  From these plasmids adenylyl cyclase is expressed with the H A  
epitope ( Y P Y D V P D Y A )  fused to its N terminus, so it can be recognized 
by the monoclonal antibody 12CA5. One yeast strain specifically modified 
for these assays is JF36Al (MATc~ leu2 his3 ura3 trpl  ade8 canl  
ram : : U R A 3  ras2 : : HIS3  p E F - C Y R 1 ) .  The antibody can be used for immu- 
noprecipitations, purifications, and Western blots to detect the fusion pro- 
tein. Ant i -HA monoclonal and polyclonal antibodies can be purchased 
from Boehringer Mannheim Corporat ion (Indianapolis, IN) and from the 

11 j. Field, J. Nikawa, D. Broek, B. MacDonald, L. Rodgers, 1. A. Wilson. R. A. Lerner, and 
M. Wigler, Mol. Cell. Biol. 8, 2159 (1988). 

12 j. Field, H. P. Xu, T. Michaeli, R. Ballester, P. Sass, M. Wigler, and J. Colicelli, Science 
247, 464 (1990). 
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Berkeley Antibody Company (Richmond, CA), respectively. The Berkeley 
Antibody Company also sells the HA epitope peptide. 

Procedure for Preparing Yeast Adenylyl Cyclase Extract  

The procedure we use for making yeast that contain RAS-responsive 
adenylyl cyclase is described below. General methods for the growth of 
yeast are described elsewhere in this series. ~3 Once the cells are grown, all 
procedures are carried out at 0-4 ° to minimize loss of activity. Proteinase 
inhibitors are added frequently throughout the extraction procedure. We 
find that it is sufficient to use a single proteinase inhibitor, phenyhnethylsul- 
fonyl fluoride (PMSF), at a concentration of 1 raM. PMSF is unstable in 
aqueous solutions, so it is kept as a 500 mM stock solution in either 2- 
propanol or dimethyl sulfoxide (DMSO) and fresh PMSF is frequently 
added during the preparation procedure. 

Growing and Harvesting Cells" 

Day 1. Inoculate 5 ml of yeast medium, preferably YPD medium [1% 
(w/v) yeast extract, 2% (w/v) peptone, and 2% (w/v) glucose] with a single 
yeast colony from the appropriate strain. Grow the culture of saturation 
in an environmental incubator at 30 °, rotating at 225 rpm; this takes approxi- 
mately 24 hr. 

Day 2. Inoculate 1 liter of yeast medium, prepared in a 2-liter Erlen- 
meyer flask, with the culture started on day 1. Grow the culture in an 
environmental incubator at 30 °, 225 rpm, to a cell density of approximately 
2 X 10  7 cells/ml. This density corresponds to an OD600 of about 0.5-1.0 
for strain JF36. Growth varies between strains, but usually takes from 12 
to 24 hr. 

Day 3. Harvest the cells by centrifugation in a refrigerated centrifuge 
such as a Beckman (Palo Alto, CA) J6 series centrifuge with a JS 4.2 rotor. 
Spin at 4000 g for 20 rain at 4 °. Discard the supernatant and resuspend the 
cell pellet in 20 ml of buffer C [20 mM 2-(N-morpholino)ethanesulfonic 
acid (MES), pH 6.2, 0.1 mM MgC12,0.1 mM EGTA, 1.0 mM 2-mercaptoeth- 
anol]. We recommend preparing a 10× stock of buffer C and diluting it 
with NaC1 and detergents when needed. Transfer the cells to a sterile, 
disposable 50-ml tube and centrifuge the suspension as described above. 
Discard the supernatant and either store the pellet at - 80  ° or continue 
with the procedure. Pellets that have been frozen may produce extracts 
that are less active in adenylyl cyclase assays. 

~3 C. Guthrie and G. R. Fink, eds., lhis series, Vol. 194. 
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Preparation of Crude Yeast Membranes 

Of the many methods that have been described for the preparation of 
yeast extracts t4 we have obtained the most reliable results using a French 
press (available from SLM Instruments, Rochester,  NY). Cell lysis with 
the French press is rapid and reproducible, but has two disadvantages. The 
first is that the cost of the apparatus itself is high and the second is that 
the steel cell used in the French press procedure is rather heavy and cumber- 
some. To achieve greater than 90% lysis, cells must be passed through the 
French press at a pressure equal to or greater than 20,000 psi. A less 
expensive, less cumbersome alternative to the French press is the Bead 
Beater  (Biospec, Bartlesville, OK) or a comparable apparatus that lyses 
yeast cells by disruption with glass beads. We do not recommend using 
enzymatic procedures that digest the cell walls because the enzymes usually 
contain contaminating proteinases. The procedure to lyse cells using a 
French press cell is outlined below. 

1. Resuspend the yeast cell pellet, described above, in buffer C to a 
final volume of 35 ml. At this point add PMSF to a final concentration of 
1 mM. 

2. Transfer the resuspended cell pellet to the French press cell and carry 
out the lysis, following the procedure recommended by the manufacturer. 
Monitor cell lysis using a phase-contrast microscope; lysed cells appear 
phase dark while unlysed cells are phase light. Repeat  this procedure until 
lysis is greater than 90%. In general 90% lysis can be accomplished by one 
or two passes through the French press cell. 

3. Centrifuge the lysed cells at 1000 g for 10 min at 4 ° to remove unlysed 
cells and other debris. 

4. Transfer the supernatant from step 3 to a centrifuge tube and centri- 
fuge at 27,000 g in a Sorvall SS34 rotor, or an equivalent rotor, at 4 ° for 
30 rain. 

5. Resuspend the pellet in buffer C, approximately 5 ml of buffer per 
liter of cells grown. The pellet will not readily go into solution; it should 
not be vortexed but resuspended by disruption with a Pasteur pipette. At 
this point the extract can either be solubilized with 1% (w/v) deionized 
Lubrol PX and 0.5 M NaC1 to solubilize the membrane-associated adenylyl 
cyclase or the extract can be stored at - 8 0  °. 

Solubilization of Membranes 

Adenylyl cyclase can be solubilized from yeast membrane preparations 
with 0.5 M NaC1 and 1% (w/v) Lubrol PX. The solubilized epitope-tagged 

~4 s. M. Jazwinski, this series, Vol. 182, p. 154. 
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adenylyl cyclase has been used to purify a Ras-responsive adenylyl cyclase 
and to demonstrate a physical interaction between adenylyl cyclase and 
other members of the Ras/adenylyl cyclase pathway, such as CAP (cyclase- 
associated protein). ~ 

1. Add NaC1 and deionized Lubrol PX to the crude membrane extract 
to final concentrations of 0.5 M and 1% (w/v), respectively. Lubrol PX must 
be deionized by stirring a 10% (w/v) stock solution at room temperature 
overnight with a mixed bed resin, such as analytical-grade mixed-bed resin 
A G 501-X8 (available from Bio-Rad Laboratories, Richmond, CA). 

2. Incubate the extract at 4 ° for 60 min with gentle agitation. 
3. Transfer to a centrifuge tube and centrifuge at 27,000 g for 60 min 

at 4 ° in an SS34 rotor. 
4. Collect the supernatant from step 4; this fraction will contain soluble 

adenylyl cyclase. The supernatant should be stored at - 8 0  °. The adenylyl 
cyclase in the supernatant is stable for several years and will maintain 
adenylyl cyclase activity for as many as five freeze-thaw cycles. 

Pur i f icat ion of Epi tope-Tagged Adenylyl  Cyclase 

Membranes or solubilized extracts are sufficient for most assays. How- 
ever, adenylyl cyclase can be purifed using the epitope-tagging method. To 
purify adenylyl cyclase, a solubilized extract from a strain expressing HA- 
tagged adenylyl cyclase is prepared and is passed over a column of antibody 
12CA5 cross-linked to CNBr-activated beads (Pharmacia, Piscataway, N J). 
The column chosen should have a water jacket attachment because the 
temperature is rapidly raised to 30 ° for 10 rain during the peptide elution 
procedure. A circulating water bath is also needed, with a pump that can 
be attached to the column. 

1. Cross-link about 1 mg of purified antibody 12CA5 per milliliter of 
column bed, following procedures recommended by the manufacturer. A 
1- to 2-ml column is adequate for an extract prepared from 5 to 10 liters 
of cells from the strain described. 

2. Load a solubilized extract onto the column. A single loading run 
under gravity pressure is recommended.  Wash the column, first with 25 ml 
of buffer C containing 0.5 M NaC1 and 1% (w/v) Lubrol, and then with 25 
ml of buffer C containing only 0.5 M NaCI. 

3. After washing, connect the column to a water pump and circulate 
water at 30 ° through the jacket. Immediately add 1 mg of the peptide 
Y P YDVP DYA dissolved in buffer C (prewarmed to 30 ° at least 1 hr before 
needed) to the column. Pipette the peptide and the resin up and down 
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several times carefully, to ensure that the peptide mixes with the resin and 
to minimize the air bubbles formed from the rapid heating. After 10 rain 
at 30 °, rapidly wash the column with ice-cold buffer C and collect fractions. 
Minimize the time the column is exposed to the high temperature (30 ° ) 
because the enzyme is heat labile. Typically, 1 -10/zg  of purified protein 
is obtained from an extract of 10 liters of cells, with about 25% overall re- 
covery. 

4. Wash the column with 0.1 M glycine, pH 2.9, followed by buffer C 
to regenerate the resin. We have used columns up to 10 times without 
significant loss of yields. 

Adenylyl Cyclase Assays  

Adenylyl cyclase assays can be performed, with little modification, on 
crude yeast extracts, solubilized extracts, antibody-immobilized enzyme, 
or on purified enzyme. Ras activation is salt sensitive, and therefore the 
concentration of NaC1 should be minimized, usually to 50 mM or less. The 
assay for Ras activation exploits the difference in activity when different 
divalent cations are used (first reported by Casperson et aL)]  5 When Mn z+ 
is used as the divalent cation, activity is Ras independent; however, when 
Mg 2+ is present adenylyl cyclase requires GTP-bound Ras for activity. 

The assay itself measures conversion of [a-32p]ATP to [a-32P]cAMP. 
The product is separated from other labeled compounds using a series of 
two columns: Dowex (AG 50W-X4 100-200 mesh; Bio-Rad Laboratories),  
1-ml volume, and neutral alumina (Sigma Chemical Company, St. Louis, 
MO) (Cat. No. A9003), 0.9-ml volume, as described by Salomon et aL 2 The 
columns are reusable for many years and plastic racks can be constructed 
to hold 100 columns so that the samples can be dripped from the Dowex 
column to the alumina column and then eluted directly into scintillation 
vials for counting. The exact specifications for building the racks depend 
on the columns (we use Poly-Prep columns, purchased from Bio-Rad) and 
scintillation vials used. The setup should be shielded with Plexiglas because 
the columns become radioactive with repeated use. 

Before performing the adenylyl cyclase assay it is necessary to prepare 
the Dowex and alumina columns. They are washed as follows: The Dowex 
columns are washed first with 5 ml of 1 N HC1 and then three times 
with 5 ml of H20. The alumina columns are washed twice with 5 ml of 
0.1 M imidazole-0.13 M NaC1 (pH 7.45) and then three times with 5 ml 
of H20. 

15 G. F. Casperson, N. Walker, A. R. Brasier, and H. R. Bourne, J. Biol. Chem. 258, 7911 (1983). 
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1. Incubate Ras with either GTP or GDP for 60 min at 37 °, in the 
presence of excess E D T A  to Mg 2÷, to ensure that the nucleotide exchanges 
completely. After the incubation add an excess of Mg 2+. 

2. In a 1.5-ml microfuge tube, mix crude yeast extract (about 50/xg of 
total protein) and purified Ras (about 5/zg of total protein). Bring the final 
volume to 50/xl with buffer C. 

3. To the Ras and membrane preparation, add 50 /xl of a reaction 
mix containing 0.5 mM cAMP, 2 mM ATP, 20 mM creatinine phosphate, 
creatinine phosphokinase (20 units/ml), 5 mM MgC12 (or MnCI::), 10/xCi 
of [o~YP]ATP [New England Nuclear (Boston, MA), NEG-003X 1 in buffer 
C. Mix briefly and then incubate at 30 ° for 60 min. 

4. To stop the reactions, add 0.9 ml of stop mix [0.25% (w/v) SDS, 5 
mM ATP, 0.18 mM cAMP, 0.5 mM Tris-HC1 (pH 7.5), and approximately 
30,000 cpm of [3H]cAMP to monitor sample recovery from the columns] 
to the reaction tubes and then vortex the tubes briefly. 

5. To run the columns, first apply each sample to a washed Dowex 
column by pouring the terminated reaction mixture directly into each col- 
umn. After the sample runs through, wash the columns twice with 0.9 ml 
of H20. These washes should be collected and discarded as radioactive 
waste. After the second wash step, shake the column briefly to remove any 
residual drops, and then align the Dowex columns over the alumina columns 
and wash the Dowex columns with an additional 3.5 ml of H20,  to wash 
the sample onto the alumina columns. After both of the columns run dry, 
collect the washes and discard them as radioactive waste. Remove the 
Dowex columns and return them to their case. Position a tray of scintillation 
vials filled with a scintillant for aqueous solutions, such as Ultima Gold 
(Packard Instrument Company, Inc., Meridan, CT) under the alumina racks, 
taking care to align the vials with the columns. Wash the columns with 3.5 
ml of the same imidazole solution used to prepare the columns. Collect 
the samples and count the radioactivity on a counter set for dual 3H and 
,~2p labels. Be sure to include a control that does not have any enzyme 
added to be used as the blank value. Also count 1 /xl of the reaction mix, 
which will be used to determine the specific activity of the substrate (about 
500 cpm/pmol),  and count 0.9 ml of the stop mix, which will be used to 
calculate the recovery from each column. 

The calculation for determining the quantity of cAMP synthesized is 
as follows. Determine the recovery from each column, using Eq. (1): 

Recovery = 3H Cpmsample/3H cpmstop mi . . . . .  pie (1)  

Correct 32p cpm for background and sample loss during chromatography 
using Eq. (2): 
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Corrected 32p cpm = (Cpmsample -- cpmblank)/ recovery (2) 

Calculate the cAMP synthesized using Eq. (3): 

cAMP (picomoles) 
= corrected 32p cpm/specific activity of the substrate (3) 

where specific activity (cpm/pmol) equals the 32p cpm in 1 /xl of reaction 
mix divided by 2000. The calculations can be done by computer with any 
spreadsheet program. The spillover between the 32p and 3H channels is 
usually low enough that it need not be included in the calculations. 
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[48] P u r i f i c a t i o n  o f  H u m a n  N e u t r o p h i l  N A D P H  O x i d a s e  

C y t o c h r o m e  b - 5 5 8  a n d  A s s o c i a t i o n  w i t h  R a p  1A 

By MARK T. QUINN,  CHARLES A. PARKOS, and ALGIRDAS J. JESAITIS 

Introduction 

Stimulation of human neutrophils with chemoattractants, opsonized 
particles, and other agonists results in the release of superoxide anion (O2)  
into phagolysosomes or into the extracellular environment.l The initiation 
of 02 production results from the activation of an inducible plasma mem- 
brane-bound NADPH oxidase, which is an electron transport system that 
transfers high-energy reducing equivalents from NADPH to 02 to form 
02-. 2.3 The activation of this system involves the assembly of membrane- 
bound and cytosolic components to form the active complex in the plasma 
membrane 2"3 (see Fig. 1). The plasma membrane-associated component 
directly mediating electron flow is a low-potential b-type cytochrome 
(e.g., cytochrome b-558, cytochrome b-559, or cytochrome b-245). 4 In neu- 

l M. Baggiolini, F. Boulay, J. A. Badwey, and J. T. Curnutte, F A S E B  J. 7, 1004 (1993). 
2 R. A. Clark, J. Inject. Dis. 161, 1140 (1990). 
3 F. Morel, J. Doussiere, and P. V. Vignais, Eur. J. Biochem. 201, 523 (1991). 
4 A. W. Segal, J. Clin. Invest. 83, 1785 (1989). 
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FI(;. 1. Model of the phagocyte NADPH oxidase, showing the central role cytochrome b 
plays in assembly of the complex. Cytosolic components (p47-phox, p67-phox, and Rac) 
translocate separately or as a complex to the plasma membrane,  where they assemble with 
the cytochrome b - R a p l A  complex. R a p l A  is associated with cytochrome b in resting and 
activated cells. 
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trophil  membranes ,  a low molecular  weight G T P - b i n d i n g  protein ,  R a p l A ,  
is also associated with cytochrome b, 5 a l though its funct ion  in the N A D P H  

oxidase is current ly  unknown.  The cytosolic componen t s  requi red  for 

N A D P H  oxidase activity include p 4 7 - p h o x ,  p 6 7 - p h o x ,  and  a second low 
molecular  weight G T P - b i n d i n g  protein ,  Rac. t' 9 All  three have been  shown 

to t ranslocate  to the plasma m e m b r a n e  on act ivat ion of the oxidase 1°'11 
(see Fig. 1). 

Cytochrome b is a he te rod imer  of a glycosylated 91-kDa subuni t  (gp91- 

p h o x )  noncova len t ly  b o u n d  to a nonglycosyla ted  22-kDa subuni t  (p22- 
p h o x )  ~2,13 and  appears  to conta in  mul t ip le  heroes, one of which may be 

shared be tween  both  subunits .  H,15 Studies suggest that  the phagocyte  cyto- 
chrome is actually a f lavocytochrome conta in ing  the N A D P H - b i n d i n g  site 
and flavin 16'j7 and is capable  of producing  02-  in v i t ro  even in the absence 

of all o ther  N A D P H  oxidase c o m p o n e n t s J  8 Thus,  it is now bel ieved that 
the other  componen t s  of the oxidase are necessary for regula t ion  of the 

cellular funct ion of this f lavocytochrome. Because of the impor tance  of 
phagocyte  cytochrome b to the N A D P H  oxidase and the possible funct ional  

role of R a p l A  in cellular cytochrome funct ion,  we have developed methods  
for isolating and purifying cytochrome b and cytochrome b - R a p l A  com- 
plexes. 5,12 

5 M. T. Quinn, C. A. Parkos, L. Walker, S. H. Orkin, M. C. Dinauer, and A. J. Jesaitis, 
Nature (London) 342, 198 (1989). 

~' B. D. Volpp, W. M. Nauseef, and R. A. Clark, Science 242, 1295 (1988). 
7 H. Nunoi, D. Rotrosen, J. I. Gallin, and H. L. Malech, Science 242, 1298 (1988). 
s U. G. Knaus, P. G. Heyworth, T. Evans, J. T. Curnutte, and G. M. Bokoch, Science 254, 

1512 (1991). 
9 A. Abo, E. Pick, A. Hall, N. Totty, C. G. Teaham and A. W. Segal, Nature (London) 353, 

668 (1991). 
~0 R. A. Clark, B. D. Volpp, K. G. Leidal, and W. M. Nauseef, J. Clin. Invest. 85, 714 (1990). 
11M. T. Quinn, T. Evans, L. R. Loenerle, A. J. Jesaitis, and G. M. Bokoch, J. Biol. Chem. 

268, 20983 (1993). 
~2 C. A. Parkos, R. A. Allen, C. G. Cochrane, and A. J. Jesaitis, J. Clin. Invest. 80, 732 (1987). 
t3 C. A. Parkos, R. A. Allen, C. G. Cochrane, and A. J. Jesaitis, Biochim. Biophys. Acta 932, 

71 (1988). 
~4 M. C. Dinauer, E. A. Pierce, G. A. P. Bruns, J. T. Curnutte, and S. H. Orkin, J. Clin. Invest. 

86, 1729 (1990). 
~5 M. T. Quinn, M. L. Mullen, and A. J. Jesaitis, J. Biol. Chem. 267, 7303 (1992). 
l~, D. Rotrosen, C. L. Yeung, T. L. Leto, H. L. Malech, and C. H. Kwong, Science 256, 

1459 (1992). 
17 A. W. Segal, i. West, F. Wientjes, J. H. A. Nugent, A. J. Chavan, B. Haley, R. C. Garcia, 

H. Rosen, and G. Scarce, Biochem. J. 284, 781 (1992). 
l~ V. Koshkin and E. Pick, FEBS Lett. 338, 285 (1994). 
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Procedure 

Reagents and Buffers 

The general chemicals and reagents used are of the highest quality 
commercially available. Of exceptional importance to these procedures is 
the source of heparin-Ultrogel used for affinity purification of the cyto- 
chrome. We have found that heparin-Ultrogel A4R from IBF Biotechnics, 
Inc. (Savage, MD) provides the best results, while other preparations of 
heparin-Ultrogel or heparin-Sepharose are not as effective for affinity puri- 
fication of cytochrome b. Antibodies prepared against p22-phox (whole 
protein)] 2 gp91-phox peptide (residues 546-558), 5 and RaplA peptide 
(residues 131-140) 1') have been produced and characterized previously by 
our laboratory. Anti-Ras antibody (142-24E05) is purchased from Microbi- 
ological Associates (Bethesda, MD). 

Dulbecco's phosphate-buffered saline (DPBS) is purchased from Sigma 
Chemical Co. (St. Louis, MO). Nitrogen cavitation buffer consists of 100 
mM KC1, 10 mM NaC1, 3.5 mM MgC12, lmM ATP, chymostatin (10/~g/ 
ml), 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM N-2-hydroxyeth- 
ylpiperazine-N'-2-ethanesulfonic acid (HEPES), pH 7.4. Membrane resus- 
pension buffer consists of 100 mM KC1, 10 mM NaCI, 1 mM EDTA, 
chymostatin (10/~g/ml), 1 mM PMSF, 10 mM HEPES (pH 7.4).. 

Wheat germ agglutinin (WGA)-conjugated Sepharose 4B (WGA- 
Sepharose) is prepared by incubating 30 g of prewashed cyanogen 
bromide-activated Sepharose 4B (Pharmacia Biotech, Piscataway, NJ) 
with 90 mg of WGA (Sigma Chemical Co.) in 0.5 M NaCI, 0.1 M 
NaHCO3 (pH 7.8) plus 25 mM N-acetylglucosamine overnight at 4 ° on 
a rotating mixer. The beads are pelleted by centrifugation (5 min at 
500 g), and any remaining active groups are blocked by incubating the 
beads for 30 rain in 0.5 M NaC1, 0.3 M Tris (pH 8.6). The beads are 
then washed extensively using eight alternating washes of 0.5 M NaCI 
plus 0.1 M sodium citrate (pH 4.2) or 0.1 M Tris (pH 8.6). The final 
WGA-Sepharose beads containing - 1  mg of WGA/ml are stored in 
membrane resuspension buffer plus 0.01% (w/v) NaN3 and can be used 
for many cytochrome b preparations. 

Preparation of Neutrophil Membranes 

Purified human neutrophils are obtained from peripheral blood using 
gelatin sedimentation followed by lysis of any remaining erythrocytes with 

i~ M. T. Quinn, M. L. Mullen, A. J. Jesaitis, and J. G. Linner, Blood 79, 1563 (1992). 



480 BIOLOGICAL ACTIVITY [481 

isotonic ammonium chloride. ~2 Typically, 1 unit of blood yields 1.0-1.2 × 
109 neutrophils. The resulting cell suspensions from different units are 
pooled and treated with 3 mM diisopropyl fluorophosphate (DFP) for 15 
min to inactivate serine proteases. The DFP treatment is essential to ensure 
that the cytochrome remains intact during subsequent preparation steps, 
and we have found that gp91-phox is sensitive to proteolysis by neutrophil 
granule proteases. After DFP treatment, the cells are washed twice with 
DPBS and resuspended at 108 cells/ml in DBPS containing 0.1% (w/v) 
glucose, 0.1% (w/v) bovine serum albumin, catalase (250 U/ml), and super- 
oxide dismutase (50 U/ml) to protect the cytochrome from oxidative 
damage. 

Resuspended cells are warmed to 37 °, treated with dihydrocytochalasin 
B (2/xg/ml) for 7 min, and stimulated with 1/xM N-formylmethionylleucyl- 
phenylalanine for 3 min to degranulate the cells completely, lz':° In addition, 
degranulation ensures that the plasma membranes are maximally enriched 
in cytochrome b while minimizing contamination with granule proteases. 
The reaction is terminated by the addition of 4 vol of ice-cold DPBS; the 
cells are pelleted (500 g for 10 minutes at 4°), washed twice with DPBS, 
resuspended in cavitation buffer at 108 cells/ml, and disrupted by nitrogen 
cavitation at 450 psi for 15 rain at 4 ° with slow stirring. The cavitate is 
collected into a tube containing one-tenth the starting volume of cavitation 
buffer plus 12.5 mM EGTA and separated into a low-speed (1000 g for 
5 min) supernatant and foam/pellet residue. The foam/pellet residue is 
rehomogenized by 10 strokes in a Dounce (Wheaton, Millville, NJ) homoge- 
nizer and again fractionated by low-speed centrifugation. The low-speed 
supernatants are then combined and centrifuged for 45 rain at 144,000 g 
(ray) at 4 ° in a Beckman Ti60 rotor (Beckman Instruments, Inc., Palo 
Alto, CA). The resulting membrane pellets are resuspended in membrane 
resuspension buffer at 5 x 10 s cell equivalents/ml by sonication and stored 
at -70 ° until enough membranes are accumulated for a cytochrome b 
preparation. Again, it should be noted here that it is essential to degranulate 
the cells completely prior to membrane preparation not only to enrich the 
cytochrome content of the plasma membrane but also to ensure that the 
azurophil and specific granules are removed. If degranulation is incomplete, 
the membrane pellets will be green, as opposed to the yellowish color of 
the granule-free membranes, and this contamination by azurophil granules 
results in the presence of high amounts of granule enzymes that destroy 
the cytochrome and other NADPH oxidase components during storage 
and subsequent purification. 

20 G. Mukherjee, M. T. Quinn, J. G. Linner, and A. J. Jesaitis,.L Leukocyte BioL 55, 685 (1994). 
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Cytochrome b Purification 

Typically, we begin cytochrome preparations using stored membranes 
from approximately 101° neutrophils. The membranes are thawed on ice, 
resuspended by brief sonication, and then washed with 1 M NaC1 by adding 
1 ml of 5 M NaC1 per 4 ml of membrane suspension, mixing, and centrifuging 
the mixture at 144,000 g (ray) for 30 min at 4 ° in a Ti60 rotor. This salt 
wash removes peripheral membrane proteins from the membranes. The 
membrane pellet is resuspended in membrane resuspension buffer by son- 
ication, and octylglucoside is then added to a final concentration of 2% 
(w/v). The detergent solution is then stirred on ice for 30 rain. Following 
extraction, the mixture is centrifuged at 144,000 g (rav) for 40 min at 4 °, 
and the 2% octylglucoside supernatant is collected. The 2% supernatant is 
diluted to 0.5% octylglucoside using membrane resuspension buffer, be- 
cause we have found that cytochrome binding to WGA-Sepharose is en- 
hanced at octylglucoside concentrations below the critical micellar concen- 
trations. The diluted detergent extract is then added to WGA-Sepharose 
at a ratio of 1.7 ml of affinity beads per 4 ml of extract and incubated 
overnight at 4 ° with end-over-end mixing. After washing the protein-bound 
WGA-Sepharose  with membrane resuspension buffer containing 0.5% oc- 
tylglucoside, the cytochrome b is eluted with two bed volumes of membrane 
resuspension buffer containing 200 mM N-acetylglucosamine, chitobiose 
(200/zg/ml), 0.4 M NaC1, and 0.2% (v/v) Triton X-100 for 1 hr at room 
temperature with end-over-end mixing.The detergent is changed from octyl- 
glucoside to Triton X-100 at this point because this increases our overall 
yield of cytochrome b eluted from the WGA-Sepharose,  and the stability 
of the cytochrome is enhanced in Triton X-100. The eluate is removed and 
saved and the WGA-Sepharose  is eluted a second time with one bed volume 
of the same elution buffer. The two eluates are pooled, concentrated 10- 
fold with an Amicon (Danvers, MA) concentrator (PM30 membrane)  at 
4 °, and diluted -10-fo ld  with 10 mM HEPES (pH 7.4) plus 0.1% (v/v) 
Triton X-100 to reduce the salt concentration to 50 mM. The resulting 
mixture is then loaded onto a 3 to 5-ml column of heparin-Ultrogel at - 1 5  
ml/hr at 4 °. During loading, an orange/red-colored band is observed at the 
top of the column. The column is then washed with five column volumes 
of 40 mM NaC1, 10 mM KC1, 1 mM EDTA,  10 mM HEPES (pH 7.4), and 
0.1% (v/v) Triton X-100. The cytochrome is then eluted with a 25-ml linear 
gradient of 0-1.5 M NaCI in membrane resuspension buffer containing 
0.1% (v/v) Triton X-100, chymostatin (10/~g/ml), and 1 mM PMSF at a 
flow rate of 20 ml/hr. The protein content of the eluate is ->90% cytochrome 
b with a yield of -40 -55%.  The purified material can then be stored at 4 ° 
for extended periods of time [we add 0.1% (w/v) sodium azide to prevent 
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bacterial growth]. It should be noted that although we normally purify 
cytochrome b in Triton X-100 owing to the higher stability of the cyto- 
chrome in this detergent, we have also successfully used octylglucoside 
instead of Triton X-100 in this procedure, and presumably other detergents 
that maintain the integrity of the cytochrome would also work. 

Analysis of the purified protein isolated from the heparin-Ultrogel col- 
umn by SDS-PAGE and Coomassie staining shows that approximately 90% 
is cytochrome b with a major contaminating protein at -150  kDa and 
minor contaminating proteins of lower molecular weights (see Fig. 2, lane 
1). Western blotting with anti-cytochrome b antibodies shows that indeed 
we have purified a heterodimer of gp91-phox (Fig. 2, lane 2) and p22-phox 
(Fig. 2, lane 3). In addition, Western blotting with specific anti-RaplA 
antibodies shows that the 22-kDa Rapl A copurifies with the cytochrome 
in the heparin-Ultrogel eluate (Fig. 2, lane 4). Figure 3 shows that the elution 
profile of cytochrome b from the heparin-Ultrogel column (determined 
spectrophotometrically) and the elution profile of RaplA (determined by 
densitometric scans of Western blots) are essentially identical, as is consis- 
tent with a direct association of the two molecules. We have shown that 
this copurification is the result of a direct association of RaplA with the 
cytochrome, and immunoaffinity purification on affinity matrices of both 
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Flo. 2. Analysis of heparin-Ultrogel eluate for cytochrome b and RaplA.  Heparin-Ultrogel 
eluate (5 pmol/lane) was subjected to SDS-PAGE on 7-18% polyacrylamide gradient gels 
followed by Coomassie blue staining (lane 1) and Western blot analysis using anti-gp91- 
phox peptide (lane 2), anti-p22-phox (lane 3), and ant i -RaplA peptide (lane 4) antibodies. 
Representative of the analysis of six separate heparin-Ultrogel eluates. 
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Fl{;. 3. Coelution of RapIA and cytochrome b from heparin-Ultrogel. Eluted fractions 
from heparin-Ultrogel were analyzed for cytochrome b spectrum, and percentage of maximal 
activity is plotted for each fraction (©) with 100% activity being 3.5/, M cytochrome b. Rap 1A 
distribution was determined by Western blot analysis of the column fractions with anti-RaplA 
peptide antibodies. Western blots of RaplA were quantitated densitometrically, and the band 
densities are plotted as percentage of maximal activity where the densest band represents 
100% activity (Q). (Reproduced with permission from Quinn et aL 22) 

a n t i c y t o c h r o m e  b and  an t i -Ras  an t ibod ie s  5 shows copur i f ica t ion  of  the  par t -  
ner  mo lecu l e  in this comp lex  (see be low) .  

Affinity Purification of  Cytochrome b - R a p l A  Complexes 

F u r t h e r  pur i f ica t ion  is necessa ry  to i sola te  c y t o c h r o m e  b - R a p l A  com- 
plexes ,  and  this is done  using a n t i c y t o c h r o m e  b or  a n t i - R a p l A  immunoa f -  
finity matr ices .  These  immunoaf f in i ty  ma t r i ces  are  p r e p a r e d  fo l lowing the  
m e t h o d  of  Schne ide r  et a1.,21 in which the an t ibod ie s  a re  c ross - l inked  on to  
p ro t e in  A - S e p h a r o s e  4B using d ime thy l  p ime l imida t e .  H e p a r i n - U l t r o g e l  
co lumn e lua te  is then  incuba ted  in ba tch  with the  immunoaf f in i ty  b e a d s  
for  - 2 0  hr  at 4 ° [ - 0 . 5  nmol  of  c y t o c h r o m e  b/ml of beads  in 100 m M  KCI, 
10 m M  NaC1, 1 m M  E D T A ,  10 m M  H E P E S ,  0.1% (v/v) Tr i ton  X-100], 
washed  with  five bed  vo lumes  of  the  same  buffer ,  and  e lu ted  with 50 m M  
d ie thy lamine ,  p H  11.5, con ta in ing  0.1% (v/v) Tr i ton  X-100 (2 m l / m l  of  

2~ c. Schneider, R. A. Newman, D. R. Sutherland, U. Asser, and M. F. Greaves, J. Biol. 
Chem. 257, 10766 (1982). 
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affinity beads). We have found that the cytochrome spectrum is less sensitive 
to this high-pH treatment than to low-pH (<5) exposure, and, therefore, 
high-pH elution is used to minimize denaturation of the cytochrome b. The 
eluate is immediately neutralized with 0.5 M NaH2PO4. As shown in Fig. 
4, cytochrome b - R a p l A  complexes can be immunoaffinity purified using 
affinity matrices conjugated with anti-gp91-phox, anti-p22-phox, or anti- 
Ras antibodies, confirming a direct and fairly stable association of the two 
molecules [these results were confirmed with anti-RaplA immunoaffinity 
matrices when our anti-RaplA peptide antibody became available ~9 (data 
not shown)[. It should be noted that this immunoaffinity purification proce- 
dure has also been used successfully to isolate cytochrome b - R a p l A  com- 
plexes directly from solubilized neutrophil membraneslg; however, the yield 
is much greater using the heparin-Ultrogel eluate. In addition, contamina- 
tion and cytochrome b degradation by neutrophil proteases, and so on, 
become more of a problem when processing solubilized neutrophil mem- 
branes. 
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FI(i. 4. Purification of cytochrome b - R a p l A  complexes on immunoaffinity matrices. Di- 
luted heparin-Ultrogel eluate was incubated with immunoaffinity beads conjugated with anti- 
gp91-phox peptide (lanes 2, 3, 8, 13, 14, 19, and 20), anti-p22-phox (lanes 4, 9, and 15), and 
anti-Ras (142-24E05) (lanes 5, 10, and 16) antibodies or with control underivatized beads 
(lanes 6, 11, and 17) as described in text. The eluted and neutralized samples and control 
samples of untreated heparin-Ultrogel eluate (lanes 1, 7, 12, and 18) were subjected to SDS- 
PAGE on 7-18% polyacrylamide gradient gels, followed by silver staining (lanes 18-20) and 
Western blot analysis (lanes 1 17) using anti-gp91-phox peptide (lanes 1-6), anti-p22-phox 
(lanes 7-11), and anti-Ras (lanes 12-17) antibodies. Specificity of the anti-gp91-phox peptide 
antibody matrix was confirmed by blocking binding of cytochrome b RaplA complexes to 
the beads with 100 p,M peptide (added to the affinity beads for 10 rain prior to the addition 
of the heparin-Ultrogel eluate) (lanes 3, 14, and 20). Prestained standards (Std) were used with 
these gels (Bethesda Research Laboratories). Representative of five separate experiments. 
(Reproduced with permission from Nature, M. T. Quinn, C. A. Parkos, L. Walker, S. H. 
Orkin, M. C. Dinauer, and A. J. Jesaitis, 342, 198 (1989) Macmillan Magazines Limited.) 
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Fl(;. 5. Dissociation of cytochrome b and RaplA by velocity sedimentation in detergent- 
containing sucrose density gradients. (A) Sucrose density gradient fractions were analyzed 
for cytochrome b spectrum, and percentage of maximal activity is plotted for each fraction 
((3) with 100% activity being 3.5 p~M cytochrome b. RaplA distribution was determined by 
Western blot analysis of the gradient fractions with anti-RaplA peptide antibodies. Western 
blots of RaplA were quantitated densitometrically, and the band densities are plotted as 
percentage of maximal activity, where the densest band represents 100% actMty (0) .  (B) 
Western blot analysis of heparin-Ultrogel eluate (lane 1) and highly purified cytochrome b 
from a peak fraction of the sucrose density gradient (lane 2) using anti-RaplA peptide 
antibodies (15 pmol of cytochrome b per lane). As a control, both samples also blotted 
positively for p22-phox and gp91-phox (not shown). Representative of four separate experi- 
ments. (Blot reproduced with permission from Quinn et al? 2) 

Dissociation of RaplA from Cytochrome b 

The final step in purification of the cytochrome is carried out using 
velocity sedimentation in detergent-containing sucrose density gradients. 
This procedure results in an essentially homogeneous cytochrome b prepa- 
ration. However, this sucrose gradient sedimentation also causes the dissoci- 
ation of RaplA from cytochrome b. 22'23 For this purification step, heparin- 
Ultrogel eluate (or immunoaffinity-purified cytochrome b - R a p l A  com- 
plexes) is concentrated to a final concentration of 2-4 /xM cytochrome b 
using a microconcentrator (Centricon 30; Amicon). It is imporlant not to 

22 M. T. Quinn, J. T. Curnutte, C. A. Parkos, M. L. Mullen, P. J. Scott, R. W. Erickson, and 
A. J. Jesaitis, Blood 79, 2438 (1992). 

~_3 G. M. Bokoch, L. A. Quilliam, B. P. Bohl, A. J. Jesaitis, and M. T. Quinn, Science 254, 
1794 (1991). 



486 BIOLOGICAL ACTIVITY [48] 

overconcentrate the heparin-Ultrogel eluate, as the cytochrome b tends to 
aggregate at concentrations greater than 5-6 tzM. Approximately 325 pJ 
of the concentrated heparin-Ultrogel eluate is overlaid on 5-20% (w/v in 
membrane resuspension buffer) linear sucrose gradients containing 0.1% 
(v/v) Triton X-100, and the gradients are centrifuged at 192,000 g (ray) for 
20 hr in a Beckman SW 55 rotor at 4 °, and 350/,1 fractions are collected 
from the gradient with a densiflow pump (Buchler Instruments, Inc., Fort 
Lee, N J) at a flow rate of 0.6 ml/min. Figure 5a shows the distribution 
of cytochrome b (determined spectrophotometrically and confirmed by 
Western blotting) and RaplA (determined by densitometric scans of West- 
ern blots with anti-RaplA peptide antibodies) on these sucrose density 
gradients. It is evident from the profiles that cytochrome b and RaplA are 
dissociated during the velocity sedimentation step, and Fig. 5B showing 
Western blots of heparin-Ultrogel eluate and sucrose gradient-purified cyto- 
chrome b probed with anti-RaplA peptide antibodies confirms that the 
final purification step results in RaplA-free cytochrome b. It is not yet 
clear why RaplA dissociates from the cytochrome during the final velocity 
sedimentation step; however, the combination of high sucrose, low ionic 
strength, the presence of detergent, and shear forces encountered in the 
sucrose gradients does result in RaplA being stripped off the cytochrome. 
It is interesting that the free RaplA sediments to the bottom of the gradient, 
suggesting that it aggregates together when association with the cytochrome 
is lost. In addition to the removal of RaplA, this sucrose density gradient 
sedimentation step also effectively separates the cytochrome from a major 
contaminant of -150 kDa. By Western blotting we have determined this 

T A B L E  1 

NEUTROPHIL CYTOCHROME b PURIFICA'I ION AND ASSOCIATION WITH R a p l N '  

Recovery  from 

l0 ~° cells 
Specific activity Presence /absence  of 

Purification step nmol % (nmol/rng protein) associated R a p l A  

Purified neutrophils  20.3 + 3.2 - -  ().10 _+ 0.003 Present  

Cytochrome-enr iched  m e m b r a n e s  18.8 _+ 2.8 90 95 (/.3(/ + 0.15 Present  
Octylglucoside (2%) extract  18.8 + 2.8 90 95 1.49 + 0.50 Present  

W G A - S e p h a r o s e  eluate 14.5 _+ 2.7 65 75 3.49 + 0.50 Present 
Hepar in-Ul t roge l  eluate 8.6 -+ 1.2 40 55 12.(I + 2.44 Present  
Peak  sucrose gradient  fractions 4.9 + (/.89 20-30 26.11 ± 3.92 Absent  

" Cytochrome b was quant i ta ted by difference (reduced - oxidized) spectroscopy using a 559 - 541) nm extinction 
coefficient of 21.6 m M  i cm ~, and the presence or  absence of R a p l A  was de te rmined  by Western  blotting with 
a n t i - R a p l A  pept ide  antibodies.  Octylglucoside extract  refers  to the 144,00 g supernatant  of  the 2°~ octylglucoside 
extract,  and peak  sucrose gradient  fractions refers  to the three peak fractions containing 60-70% of the applied 
cytochrome b. Recover ies  of  cy tochrome b at various stages of purification ( repor ted  as m e a n  ± SD) are based 

on start ing cell contents. 
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contaminant to be the a subunit of C D l l b / C D 1 8  (M. T. Quinn and C. A. 
Parkos, unpublished results, 1995). 

Table I summarizes the specific contents and recoveries of cytochrome 
b at the various stages of purification that have been described. In addition, 
the presence/absence of R a p l A  associated with the cytochrome at the 
various stages of purification is also noted. 

S u m m a r y  

The availability of sufficient quantities of highly purified phagocyte 
cytochrome b-558 has been necessary for many of the biochemical and 
immunological analyses of this important N A D P H  oxidase component,  and 
it was only through the analysis of highly purified cytochrome b that the 
subunit composition was elucidated and the small subunit (p22-phox) was 
cloned and sequenced. ~2 In addition, the association of the small GTP- 
binding protein Rap1A with cytochrome b-558 was discovered through the 
analysis of purified cytochrome b. 5 

The procedures described here provide an easy, efficient, and highly 
reproducible method for the purification of cytochrome b as well as cyto- 
chrome b - R a p l A  complexes. The ability to purify cytochrome b and cyto- 
chrome b - R a p l A  complexes will also allow further analysis of the structure 
of this novel plasma membrane redox protein and the role of its association 
with low molecular weight GTP-binding proteins in the structure and regu- 
lation of the phagocyte N A D P H  oxidase. 
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[49] Use of Yeast Two-Hybrid System 
to Evaluate Ras Interactions with 

Neurofibromin- GTPase-Activating Protein 

By PATRICK POULLET and FUYUH1KO TAMANOI 

I n t r o d u c t i o n  

GTPase-act ivat ing proteins (GAPs )  are impor tan t  regulators  of  Ras 
proteins.l'2 G A P s  negatively regulate the biological activity of  Ras by stimu- 
lating its intrinsic GTPase  activity. They  may  also act as effectors of  Ras. 
Oncogenic  mutants  of  ras become  consti tutively activated by eluding down- 
regulation by the GAPs .  Various  R a s - G A P s  have been identified f rom 
different organisms, which points to the critical role the G A P s  play in 
cellular physiology. It appears  that Ras proteins can be regulated by more  
than one G A P .  For  instance, in vertebrates,  at least two Ras -GAPs ,  p120- 
G A P  and neurof ibromin (NF1), have been  identified. The exact reason for 
the occurrence of  multiple G A P s  is not well unders tood.  

All the R a s - G A P s  contain a conserved domain  called the GAP- re l a t ed  
domain  ( G R D ) ,  which is responsible for their G A P  activity on Ras. The 
mechanism of G A P  activity and the residues of  G A P  proteins essential for 
the activity still need  to be identified. Various techniques are used to 
investigate these points. G A P  assays that  measure  the biochemical  activity 
of  a G A P  protein in stimulating intrinsic GTPase  activity of  Ras is the 
most  commonly  used technique.3 A n o t h e r  technique,  an in vivo counterpar t  
of  the G A P  assay utilizing yeast, is based on the ability of  the G A P  to 
suppress activated R A S  phenotypes  that are associated with the disruption 
of  one of  the two genes ( IRA1 and I R A 2 )  encoding the R a s - G A P s  in 
Saccharornyces cerevisiae. 4"5 However ,  to evaluate the physical interaction 
be tween Ras and GAPs ,  it is necessary to use more  complex assays. The 
assay that  gives the most  quanti tat ive data is the compet i t ion  assay/~ How-  
ever, the complexi ty of  these assays somet imes leads to conflicting results, 

1 M. S. Boguski and F. McCormick, Nature (London) 366, 643 (1993). 
2 M. A. Barbacid, Annu. Rev. Biochem. 56, 779 (1987). 
3 M. Trahey and F. McCormick, Science 238, 542 (1987). 
4 K. M. Tanaka, M. Nakafuku, T. Satoh, M. S. Marshall, J. B. Gibbs. K. Matsumoto, Y. 

Kaziro, and A. Toh-e, Cell (Cambridge, Mass.) 60, 803 (1990). 
5 R. Ballester, T. Michaeli, K. Ferguson, H.-P. Xu, F. McCormick, and M. Wigler, Cell 

(Cambridge, Mass.) 59, 682 (1989). 
t, M. D. Schaber, V. M. Garsky, D. Boylan, W. S. Hill, E. M. Scolnick, M. S. Marshall, I. S. 

Sigal, and J. B. Gibbs, Proteins 6, 306 (1989). 
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as is the case with the conserved lysine residue at position 1423 of NF1 
within the GRD.  Mutations of this residue were originally found in samples 
from neurofibromatosis patients as well as in tumor samples, and it has 
been shown to be critical for the activity of neurofibromin; however, its 
precise function in NF1-Ras  interaction remains controversial]  ~) 

In this chapter, we describe the application of the two-hybrid system 
to investigate further the interaction between Ras protein and NF1. It 
provides a quick and versatile assay that is suitable for further characteriza- 
tion of residues important for Ras-NF1 interaction. 

Materials  

Yeast Growth Media 

Yeast cells are grown in YPD [1% (w/v) Bacto-yeast extract, 2% (w/v) 
Bacto-peptone, 2% (w/v) glucose] before transformation. After transforma- 
tion by electroporat ion]  ° cells are plated on synthetic complete medium 
(SC) lacking leucine and tryptophan (SC-L, W) supplemented with 1 M 
sorbitol. The transformants obtained are then grown on SC-L, W without 
sorbitol. The carbon source used is glucose (2%, w/v) unless otherwise 
specified. When 3-aminotriazole (3-AT) is used, it is added to the medium 
as dry flakes after autoclaving. Alternatively, a filter-sterilized 1 M solution 
can be used. Plates containing 3-AT are stored at 4 ° and are good for 
1 month. 

Yeast Strain 

The yeast strain Y190 [MA Ta gal4 gal80 his3 trpl-901 ade2-101 ura3- 
52 1eu2-3,-112 + URA3::GAL --~ lacZ, LYS2: :GAL(UAS)  --~ HIS3 cyh~], 
which is a derivative of Y153] ~ is used in all of the experiments. This strain 
is deleted for the G A L 4  gene as well as the GAL80 gene, which encodes 
a negative regulator of GAL4.  Y190 harbors two chromosomal reporters, 
one of which is the lacZ coding sequence under the control of the G A L l  
promoter.  The other is HIS3, in which the HIS3 regulatory sequences 

: Y. Li, G. Bollag, R. Clark, J. Stevens. L. Conroy, D. Fults, K. Ward, E. Friedman, W. 
Samowitz, M. Robertson, P. Bradley, F. McCormick, R. White, and R. Cawlhon, Cell 
(('ambridge, Mass.) 69, 275 (1992). 

'~ L. WcismOller and A. Wittinghofer, J. Biol. Chem. 267, 10207 (1992). 
'~ P. Poullet, B. Lin, K. Esson, and F. Tamanoi, Mol. Cell. Biol. 14, 815 (1994). 

~'~ D. M. Becker and L. Guarcnte, lhis series, Vol. 194, p. 182. 
/1 T. Durfee, K. Bechercr, P.-L. Chcn, S.-H. Yeh. Y. Yang. A. E. Kilburn, W.-H. Lcc. and 

S. J. Elledge, Genes Dev. 7, 555 (1993). 
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have been replaced by the G A L l  upstream activating sequence (UASo)  
to provide a G A L 4  dependency for activation. 

Plasmids  and Constructs 

The N F 1 - G R D  coding sequence (amino acid residues 1172-1538) is 
fused in frame to the 3' end of the DNA-binding domain of GAL4  (amino 
acids 1-147) in pGBT9.12'13 For this purpose, a K p n I  linker (8-mer) is first 
inserted into the E c o R I  site of pGBT9.  A K p n I - S a l I  fragment  of pKP22 
contaning the NF1 - G R D  sequence ~4 is then subcloned into pGBT9 at K p n I  

and SalI sites. The resulting construct is named pGBT9-NF1-GRD.  The 
activated mutant  H-ras va112, having a deletion of the C-terminal C A A X  

box, 2 is fused to the C-terminal end of the activation domain of G A L 4  

(residues 768-881), resulting in the plasmid pGAD-rasV122x. This is con- 
structed by inserting a ClaI -Sa l I  fragment of p H R D  (this plasmid is a 
derivative of pHR-L915 and is constructed by deleting the sequence corre- 
sponding to three C-terminal amino acids of Ras) containing the H-ras vail2 

coding sequence into p G A D - G H ,  13,16 which is blunt ended at the E c o R I  

site. The upstream B a m H I  site of p G A D - G H  is filled in to establish the 
proper  reading frame between the fused sequences. As a positive control 
for the assays, we use the full-length G A L 4  coding sequence on the plasmid 
pCL1.12 This construct is used together with the vector plasmid pTU10, 
which allows for t ryptophan prototrophy.  The two interacting proteins 
SNF1 and SNF4, encoded by the plasmids p S E l l l 2  and p S E l l l l ,  respec- 
tively, are also used as positive controls. ~ 

Methods  

Basic Principle 

The physical interaction between the catalytic domain of neurofibromin 
( N F 1 - G R D )  and the human c-H-Ras protein can be studied using an in 
vivo approach described as the two-hybrid system. 12 This method uses the 
yeast S. cerevisiae to detect p ro te in-pro te in  interaction by reconstituting 

L2 s. Fields and O.-K. Song, Nature (London) 340, 245 (1989). 
~3 L. Van Aelst, M. Barr, S. Marcus, A. Polverino, and M. Wigler, Proc. Natl. Acad. Sci. 

U.S.A. 90, 6213 (1993). 
14 G. Xu, B. Lin, K. Tanaka, D. Dunn, D. R. Wood, R. Gesteland, R. White, R. Weiss, and 

F. Tamanoi, Cell (Cambridge, Mass.) 63, 835 (1990). 
is K. Miura, Y. Inoue, H. Nakamura, S. Iwai, E. Ohtsuka, M. Ikehara, S. Noguchi, and S. 

Nishimura, Jpn. J. Cancer Res. 77, 45 (1986). 
1(, C.-T. Chien, P. L. Barrel, R. Sternglanz, and S. Fields, Proc. Natl. Acad. Sci. U.S.A. 88, 

9578 (1991). 
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the activity of the G A L 4  protein, a yeast transcriptional activator, which 
induces transcription of genes involved in galactose metabolism such as 
GALl and GALIO. The G A L 4  protein consists of two functional domains, 
an N-terminal  DNA-binding domain that binds to an upstream activating 
sequence (UAS6)  of GAL-inducible genes and an activation domain solely 
responsible for the stimulation of the transcription. If the two domains are 
physically separated,  the transcriptional activation is not seen. In the two- 
hybrid system, two interacting proteins can be fused, one with each domain 
of the G A L 4  protein. The affinity between the two fusion proteins is then 
used to reconstitute GAL4,  leading to the activation of GAL4-dependent 
transcription, which can be detected using repor ter  genes such as lacZ or 
HIS3 under the control of the GAL4-dependent promoter .  1H2 The cells 
can then be analyzed for levels of /3-galactosidase production or their 
protot rophy for histidine. 

Modifications for NF1-Ras Experiments 

For the two-hybrid assay, the G R D  of neurofibromin is fused to the 
DNA-binding domain of GAL4, whereas H-ras is fused to the activation 
domain. Since the interaction must take place inside the nucleus, it is 
advisable to remove the four C-terminal amino acids of Ras, which are 
involved in its membrane  localizationJ 7 A previous report  using Ras pro- 
teins in the two-hybrid system suggests that this sequence can interfere 
with the nuclear localization of the hybrid. ~3 A mutated  version of the Ras 
protein (Ras w'l-12) should be used since a functional interaction between 
N F 1 - G R D  and R a s - G T P  results in the production of a GDP-bound  form 
of Ras that has a poor  affinity for the G A P  proteins. In the wild-type 
situation, the two proteins would dissociate when G T P  is hydrolyzed. The 
mutant  Ras yaH2 binds normally to NF1 but is insensitive to its G A P  activity. 2 
Furthermore,  Ras vaH~ is defective in its intrinsic GTPase  activity, a defect 
that helps maintain the protein in a GTP-bound  form. 2 

Protocols  a n d  Resu l t s  

Analysis of NF1-Ras Interaction Using Histidine Prototrophy Assay 

This assay is based on the ability of the reconstituted G A L 4  activity to 
stimulate the expression of the HIS3 repor ter  gene required for histidine 
prototrophy.  It was originally designed to allow rapid positive selection of 
interacting proteins when a large number  of candidates must be screened 

~7 B. M. Willumsen, A. Christensen, N. L. Hubbert, A. G. Papageorge, and F). R. Lowry, 
Nature (London) 310, 583 (1984). 
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(e.g., a library). Nevertheless, this method is also practical for evaluation 
of the interaction between known proteins, such as NF1 and Ras. 

The strain Y190 exhibits residual expression of the HIS3 reporter gene 
independent of GAL4 activity. The residual level is sufficient to allow 
growth in the absence of histidine. 11 This problem can be solved by adding 
3-aminotriazole (3-AT) to the plates. ~1 This molecule is an inhibitor of the 
imidazole glycerol phosphate dehydratase (IGP dehydratase) encoded by 
the HIS3 gene. In addition to solving the background problem, the use of 
3-AT provides a way to investigate the strength of the interaction between 
two proteins. Since the level of IGP dehydratase activity is dependent on 
the level of GAL4 activity, which in turn is dependent on the affinity 
between the two proteins studied, increasing concentrations of 3-AT can 
be used to assess the strength of their interaction. The stronger the interac- 
tion, the higher the concentration of 3-AT required to inhibit growth on 
the plate. Single colonies from Y190 cells transformed with the two-hybrid 
plasmids are streaked on SC-L, W, H plates containing increasing concen- 
trations of 3-AT and incubated at 30 ° for 2 to 4 days. 

An example of the results obtained is shown in Fig. 1. As can be seen, 
all the transformants are able to grow within 2 days on a plate without 
3-AT, including the negative controls (SNF1 + pGAD-GH and NF1-GRD- 
WT + pGAD-GH; sections 3 and 6 in Fig. 1). Addition of 25 mM 3-AT 
is sufficient to inhibit the basal IGP dehydratase activity and renders the 
histidine prototrophy dependent on GAL4 activity. This is shown by the 
strong inhibition of growth in the negative controls under these conditions. 
As expected, the growth of cells containing the full-length GAL4 protein 
(section 1 in Fig. l) or cells producing the SNF1 and SNF4 hybrid proteins 
(section 2 in Fig. 1) is not affected by the drug. Interaction between NF1 
and Ras can be seen here by the growth of cells containing the NF1-GRD- 
WT and RasV12 constructs (section 4 in Fig. 1). The mutant protein NF1- 
GRD-K1423E is found in samples from neurofibromatosis patients as well 
as in tumor samples] We have shown by an in vitro assay that this protein 
has greatly reduced affinity to Ras/) Negligible growth is observed with 
transformants carrying NF1-GRD-K1423E and RasV12 even after 3 days 
of incubation (section 5 in Fig. 1), suggesting that its interaction with 
Ras var-t2 is too weak to be detected by this technique. The weak residual 
growth observed with the mutant remains indistinguishable from that of 
the negative controls even after 5 days of incubation (data not shown). 
This residual growth can be completely inhibited by adding 100 mM 3-AT. 
However, a slight inhibition of growth for both SNF1 + SNF4 and NF1 + 
Ras cells is observed under this condition. Only cells expressing the full- 
length GAL4 protein are able to grow on 250 mM 3-AT, although their 
growth is hindered. A weak residual growth is observed with the NF1 + 
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F~(;. 1. Analysis of NFI-Ras interaction using the histidine prototrophy assay. Y 190 cells 
harboring the indicated constructs were plated on SC-L, W, H containing 0, 25, 100, and 250 
mM 3-aminotriazole. Cells were then incubated al 30 ° for 2 to 4 days. (1) pCLl(full-length 
GAL4) + pTU10; (2) pSElll2(SNFI) + pSEllll(SNF4); (3) pSElll2(SNF1) + pGAD- 
GH: (4) pGBT9-NFI-GRD-WT + pGAD-RasV12A: (5) pGBT9-NFI-GRD-K/E + pGAD- 
RasV12A (6) pGBT9-NF1-GRD-WT + pGAD-GH. 

ras and  SNF1 + SNF4 hyrids,  ind ica t ing  that  the  full act ivi ty of  G A L 4  is 
not  r e s t o r e d  by  the hybr id  pro te ins .  

Analysis of NF1-Ras Interaction Using Filter Assays for fi-Galactosidase 

N F I - R a s  in te rac t ion  can also be o b s e r v e d  by using the filter assay,  which 
de tec ts  the level of  f i -ga lac tos idase  p r o d u c e d  by  the act ivi ty of  r econs t i t u t ed  
G A L 4 .  Cells  ca r ry ing  the  two-hyb r id  cons t ruc ts  a re  s t r e a k e d  on an SC-L,  
W pla te  and  a l lowed to g row for 24 hr  at 30 °. It is i m p o r t a n t  tha t  cells do  
not  reach  sa tu ra t ion  be fo re  the  assay. Sa tu ra t ion  can be easi ly e s t ima ted  
by m o n i t o r i n g  the red  co lo r  level  of  the  cells. Y I 9 0  cells are  ade2 , thus 
they  accumula t e  an i n t e r m e d i a t e  of  the  adenos ine  b iosynthes i s  pa thway  
that  p r o d u c e s  a da rk  red  co lo r  at sa tura t ion .  Best  resul ts  are  o b t a i n e d  when 
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N F 1  " ~  ~ A ".,4 

NF1-K/E SNF1 
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FIG. 2. Analysis of NFI-Ras interaction using the filter assay for/3-galactosidase. Refer 
to text for details about the procedure. Cells used harbored the following plasmids: [GAL4], 
pCLl(full-length GAL4) + pTUI0; [SNF1 + SNF4], pSEllI2(SNFI) + pSEl l l  I(SNF4); 
[SNFI], pSEl112(SNF1) + pGAD-GH; [NFI-WT + Ras2Vl2], pGBTg-NF1-GRD-WT + 
pGAD-RasV12A; [NF1-K/E + RasV12], pGBT9-NF1-GRD-K/E + pGAD-RasV12A: [NF1- 
WT], pGBT9-NF1-GRD-WT -- pGAD-GH. 

the cells are still white or pink. After appropriate growth, the filter lift 
assay is performed as described below. Is 

1. Soak a chromatography paper (3MM; Whatman, Clifton, NJ) in a 
10-cm petric dish containing 2.5 ml of Z buffer [Na2HPO4" 7H20 (16.1g/ 
liter), NaHePO4"H20 (5.5 g/liter), KCI (0.75g/liter), MgSO4.7H20 
(0.246g/liter), 2-mercaptoethanol (2.7 ml/liter)] (pH 7) + 1 mg/ml of 
5-bromo-4-chloro-3-indoyl-fl-D-galactopyranoside (X-Gal). Prepare a 100- 
mg/ml stock solution of X-Gal in N,N-dimethylformamide and store at 
-20  ° ' 

2. Make a replica of the plate by laying a circular nitrocellulose filter 
(BA85, 0.45-~m pore size, Cat. No. 20440; Schleicher & Schuell, Keene, 
NH) onto it. Wait until the filter has become completely wet. 

3. Lift the nitrocellulose filter from the plate and place in liquid nitrogen 
for 5 to 10 sec to break the cells. 

4. Remove the filter from the liquid nitrogen and place (cells facing 
up) in the petri dish containing the Whatman paper. 

5. Wrap with Parafilm to prevent evaporation and incubate at 30 ° over- 
night. 

Typical results are shown in Fig. 2. The results obtained by the X-Gal 
assay correlate with those of the histidine prototrophy assay. The negative 
controls (SNFI and NF1-WT) stay white even after 3 days of incubation. 
The full-length GAL4 protein produces a strong blue color usually detect- 
able in less than 20 min. With this assay, NF1-GRD-WT + RasV12 shows 

IS L. Breeden and K. Nasmyth, Cold Spring Harbor Syrnp. Quant. Biol. 50, 643 (1985). 
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a stronger interaction than SNF1 + SNF4. The blue color appears within 
1-2 hr for the former, whereas it is not detectable before 4 hr for the 
latter. No color is detected with the NF1-GRD-K1423E mutant protein, 
confirming the loss of interaction with the Ras protein as observed in Fig. 
1. This assay can also be performed with cells grown on SC-L, W, H + 
3-AT plates. Although no data can be obtained for cells unable to grow 
on 3-AT, growing cells under these conditions appears to give stronger 
/3-galactosidase activity: NF1 + Ras turns blue in less than 30 rain. 

Analysis of NF1-Ras Interaction Using Liquid Assays 
for ~-Galactosidase 

An assay that provides quantitative results for NF1-Ras  interaction is 
the liquid assay, which detects the level of/3-galactosidase activity. It moni- 
tors the hydrolysis of o-nitrophenylgalactoside (ONPG) into o-nitrophenol, 
which produces a yellow color. The following procedure that we use is a 
modification of the method by Miller. 19 

1. Inoculate single colonies from yeast transformants in 3 ml of SC-L, 
W containing 2% (w/v) galactose, 2% (v/v) ethanol, and 2% (v/v) glycerol 
as carbon sources. Incubate at 30 ° until cultures reach an OD~00 of about 1. 

2. Centrifuge and resuspend cells in an appropriate volume of Z buffer, 
depending on the activity expected. Make a blank with Z buffer alone. 

3. Add 50 /xl of chloroform and 50 /xl of 0.1% (v/v) SDS to 800 /zl 
of suspension in an Eppendorf  tube to permeabilize the cells. Vortex for 
15 sec. 

4. Add 160/xl of ONPG (4 mg/ml in 0.1 M phosphate buffer, pH 7). 
Incubate at 30 ° until a yellow color appears (the color should appear within 
20 rain to 3 hr). 

5. Stop the reaction with 400/zl of 1 M Na2CO3. 
6. Centrifuge for 10 min in a microfuge to pellet the cell debris. 
7. Read the absorbance of the supernatant at 420 nm against the blank. 
8. Calculate the/3-galactosidase activity using the following equation: 

/3-galactosidase activity = 1000[OD420/(OD600 × tv)] in Miller units, where 
t is time of the reaction in minutes, and v is the volume of the culture used 
for the assay (in milliliters). 

The results obtained are shown in Table 1. As expected, the full-length 
GAL4 gives the strongest/3-galactosidase activity. The SNFI + SNF4 and 
NF1-WT + Ras combinations give comparable activity, which is about 100- 
fold lower than that of GAL4. These activities are, however, significantly 

lu j. H. Miller, in "Exper iments  in Molecular Genet ics"  Cold Spring Harbor  Lab., Cold Spring 
Harbor,  NY, 1972. 
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TABLE l 
LIQUID ASSAY FOR/3-GM,Ac'roSH)ASl " 

Hybrids B Galactosidase units 

G a14 1800 
SNF1 + SNF4 22.9 

SNF1 0.9 
NFI-WT + RasVl2 15 
NF1-K/E + RasV12 <0.2 

NF1-WT <0.2 

" Data representative ofa lypical/3-GAL experiment 
are shown. The assay was performed as described 
in text. The OD of the cultures varies from 0.8 to 
1.3 at 600 nm. The volume of culture used was I0 
/xl for GAL4 and ranged from 0.2 to 1 ml for the 
other cultures. A standard variation of about 20% 
was observed between different experiments. 

h igher  than  those  o b t a i n e d  with the  nega t ive  controls .  In a g r e e m e n t  with 
the  resul ts  of  the  p rev ious  assays, the  m u t a n t  N F 1 - G R D - K I 4 2 3 E  does  not  
show any significant in te rac t ion  with Ras.  

In this assay, it is i m p o r t a n t  to use a ca rbon  source  that  a l lows full 
induct ion  of  the  G A L l  promote r .  G lucose  should  be avo ided  since it inhib-  
its the  induc t ion  and gives poo r  results.  Sucrose  (2%, w/v)  was found  to 
be be t t e r  than  glucose,  but  was still sl ightly inhibi tory ,  Raff inose  (2%, 
w/v)  was r e p o r t e d  to be a conven ien t  subs t i tu te  for glucose.  > H o w e v e r ,  
we do not  r e c o m m e n d  the use of  raffinose with s t ra in  Y190, which grows 
poo r ly  on this ca rbon  source.  W e  o b t a i n e d  the bes t  results  with a mix ture  of  
ga lac tose  (2%, w/v) ,  e thano l  (2%, v/v),  and  glycerol  (2%, v/v) as p rev ious ly  
desc r ibed  by  Fie lds  and Song. 12 

C o n c l u d i n g  R e m a r k s  

In this chap te r  we have desc r ibed  th ree  d i f ferent  assays using the two- 
hybr id  sys tem to de tec t  physical  in te rac t ion  b e t w e e n  N F I - G R D  and Ras  
p ro te ins  in vivo. W e  found  that  the  in te rac t ion  b e t w e e n  the ca ta ly t ic  d o m a i n  
of  NF1 and  H-ras is c o m p a r a b l e  to, if not  s t ronger  than,  the  in te rac t ion  
be tween  the typical  pos i t ive  control .  A l t h o u g h  no b iochemica l  da t a  are  
ava i lab le  conce rn ing  the affinity be tween  SNF1 and SNF4 pro te ins ,  our  
obse rva t ion  is cons is ten t  with the  low K d (40 nM)  found  for  N F 1 - G R D -  
Ras  in te rac t ion  using in vitro assays. Thus,  this sys tem prov ides  a conven ien t  

2o K. H. Holt, A. L. Olsen, W. S. Moyc-Rowley, and J. E. Pessin, Mol. Cell. Biol. 14, 42 (1994). 
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assay to evaluate NF1-Ras  interaction. It requires neither the purification 
of proteins of interest nor the use of radiolabeled compounds. The drawback 
of not working with purified proteins is the inability to evaluate their 
concentration and level of activity. However,  the most recent vectors used 
in this system contain epitope tags to allow efficient detection of the fusion 
proteins by Western blotting. The fusion to the domains of GAL4 and/or  
the nuclear localization of the hybrids does not appear to alter the binding 
properties of NF1 and Ras, since our in v ivo  observations agree with previ- 
ous biochemical findings concerning the affinity of N F 1 - G R D  for H-ras. 21 

Although one must use caution when comparing different sets of hybrid 
proteins, the two hybrid system can be used with significant accuracy to 
compare the binding abilities of various mutants of NF1, using the wild 
type as reference. For instance, we found a dramatic decrease in the ability 
of the mutant NF1-GRD-KI423E protein to bind Ras compared to the 
wild type. The same defect has been observed by biochemical means. ') 
Western blot analyses as well as the ability of the mutant to interact with 
proteins other than Ras suggest that the substitution of the Lys-1423 does 
not affect the global stability of the N F 1 - G R D  protein but instead specifi- 
cally destabilizes the interaction with the Ras protein, v,22 Little is known 
about the residues of N F 1 - G R D  that are important for its G A P  activity: 
Residues directly responsible for the stimulation of Ras GTPase activity 
as well as residues involved in the binding to Ras have not been identified. 
The two-hybrid system is a convenient technique with which to verify 
whether residues known to be critical for NF1 activity are required for NF1 
binding to Ras. 
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L i b r a r i e s  f o r  S H 3  L i g a n d s  

By ANDREW B. SPARKS, NILS B. ADEY, LAWRENCE A. QUILLIAM, 
JUDITH M. THORN, and BRIAN K. KAY 

I n t r o d u c t i o n  

Src h o m o l o g y  3 (SH3)  doma ins  are  conse rved  50- to 70-amino  acid 
regions  found  in a va r ie ty  of  p ro t e ins  with i m p o r t a n t  ro les  in signal  t r ansduc-  
tion. 1 These  doma ins  have  been  shown to m e d i a t e  cri t ical  p r o t e i n - p r o t e i n  
in te rac t ions  in a n u m b e r  of  s ignal ing p a t h w a y s ]  In the  pas t  few years ,  
severa l  p ro t e ins  tha t  in te rac t  with var ious  SH3 doma ins  have  been  ident i -  
fied; these  p ro te ins  possess  shor t  p ro l ine - r i ch  segments ,  some  of  which have  
been  di rec t ly  imp l i ca t ed  in SH3 b i n d i n g /  8 A l t h o u g h  a n u m b e r  of  SH3- 
l igand consensus  mot i fs  have  been  p r o p o s e d ,  2,~ the  fac tors  tha t  gove rn  SH3 
b inding  and specif ici ty r e m a i n  p o o r l y  def ined.  Effor ts  to e luc ida te  these  
fac tors  have  been  c o m p l i c a t e d  by  the l imi ted  n u m b e r  of  SH3 l igands  charac-  
t e r ized  to date ,  the  of ten  low degree  of  s imi lar i ty  a m o n g  l igands for  the  
same  SH3 domain ,  and  the p re sence  of  mul t ip le  ove r l app ing  pu ta t ive  SH3- 
b ind ing  reg ions  wi thin  the  same prote in .  In  an a t t e m p t  to c i rcumvent  these  
obstacles ,  m e t h o d s  have  been  d e v e l o p e d  for  sc reening  r a n d o m  p e p t i d e  
l ibrar ies  (RPLs )  for  SH3 l igands.  9 ~l 

1 C. A. Koch, D. Anderson, M. F. Moran, C. Ellis, and T. Pawson, Science 252, 668 (1991). 
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Screening phage-displayed RPLs represents a powerful means of identi- 
fying peptide ligands for proteins of interest. 12 A library of ~109 different 
peptides expressed on the surface of bacteriophage M13 may be produced 
by cloning a degenerate  oligonucleotide cassette into M13 gene III  or VIII .  
The resultant phage population expresses the degenerate  D N A  as random 
peptides fused to the amino terminus of the phage capsid protein I I I  or 
VIII .  Peptide ligands are typically identified via affinity purification of 
binding clones with a target protein; peptide sequences are readily deter- 
mined by sequencing the D N A  insert. Phage-displayed RPLs have been 
used to identify epitopes for monoclona113 and polyclonaP 4 antibodies, as 
well as ligands for a variety of proteins, including streptavidin, ~5"~i calmodu- 
lin, 17'1s and the endoplasmic reticulum protein BiPJ 9 Interestingly, RPL- 
derived ligands tend to interact with the natural ligand-binding sites of 
their target proteins. This observation has encouraged us to undertake 
mapping pro te in-pro te in  interactions with RPLs. Here,  we describe meth- 
ods used for the identification of SH3 ligands from phage-displayed RPLs. 

Me thods  

The library screening protocol  is outlined in Fig. 1. As described below, 
screening consists of the following steps: immobilization of the G S T - S H 3  
fusion protein in microtiter plate wells; affinity purification of phage that 
bind immobilized G S T - S H 3  fusion protein; isolation and propagat ion of 
affinity-purified clones; testing of clones for SH3-binding activity; D N A  
sequence determination of SH3-binding peptide sequences; and quantita- 
tive characterization of SH3-binding activity of SH3-binding clones. 

~2 R. H. Hoess. Curr. Opin. Struct. Biol. 3, 572 (1993). 
13j. K. Scott and G. P. Smith, Science 249, 386 (1990). 
14 B. K. Kay, N. B. Adey, Y.-S. He, J. P. Manfredi, A. H. Mataragnon, and D. M. Fowlkes 

Gene 128, 59 (1993). 
15 j. j. Devlin, L. C. Panganiban, and P. E. Devlin, Science 249, 404 (199(/). 
~' K. Lam, S. Salmon, E. Hersh, V. Hruby, W. Kazmierski, and R. Knapp, Nature (London 

354, 82 (1991). 
~7 j. R. Dedman, M. A. Kaetzel, H. C. Chan, D. J. Nelson, and G. A. Jamieson, J. Biol. Chem. 

268, 23025 (1993). 
~s B. K. Kay, N. B. Adey, H. L. Hanson, I. D. Clark, J. D. Brennan, and A. G. Szabo, 

in preparation. 
i~ S. Blond-Elguindi, S. Cwirla, W. Dower, R. Lipshutz, S. Sprang, J. Sambrook, and M.-J. 

Gcthing, Cell (Cambridge, Mass.) 75, 717 (1993). 
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FIG. 1. Flowchart of screening process. Ovals indicate processes and rectangles indicate 
products. Each process is discussed in detail in text. 

Library Considerations 

The construction of phage-displayed RPLs is described in detail else- 
where. 2°21 Two general considerations (library complexity and peptide deg- 

2o N. B. Adey and B. K. Kay, in "Phage Display of Peptides and Protein Domains: A Laboratory 
Manual" (B. K. Kay. J. Winter, and J. McCafferty, eds.). Academic Press, San Diego, CA 
(in press). 

21 G. P. Smith and J. A. Scott, this series, Vol. 217, p. 228. 
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radation) relating to the quality of libraries used in screening experiments 
are discussed below. 

To maximize representation of sequence space, it is important to screen 
a highly complex library. A hexamer RPL would require approximately 
2.5 × 109 unique clones to represent all possible hexamer peptide sequences 
with 99% confidence. While it is possible to generate phage-displayed RPLs 
with this complexity, biological selection against sequences incompatible 
with phage propagation and the nonuniform distribution of amino acids 
within the genetic code impose additional constraints on representation. It 
is therefore important to screen as large a library as possible. A complemen- 
tary approach is the use of libraries of longer peptides, wherein a single 
long peptide contains many different short peptide sequences. 14 

To minimize problems arising from instability of phage-displayed pep- 
tides, phage should be protected from proteolytic degradation. Displayed 
peptides are susceptible to degradation while phage are propagated in 
bacterial culture; the degree of susceptibility varies among recombinants. 
Therefore, phage used in screening experiments should be from a freshly 
amplified stock or frozen aliquot of a freshly amplified stock. 

GST-SH3 Fusion Protein Immobilization 

To facilitate simultaneous affinity purification of multiple libraries with 
different SH3 domains, we immobilize GST-SH3 fusion protein in the 
wells of an enzyme-linked immunosorbent assay (ELISA) 96-well microti- 
ter plate (Costar, Cambridge, MA). Alternatively, the target protein may 
be immobilized on magnetic beads ~4 or Sepharose columns, 17 the target 
protein may be biotinylated and phage-protein complexes recovered with 
immobilized streptavidin, 22 or complexes may be detected using nitrocellu- 
loase filter lifts. ~'~ Using the microtiter plate format, a single well is required 
per round of purification per target protein-library combination. 

1. Isolate GST-SH3 fusion protein as described. ~s Elute the fusion 
protein with elution buffer [10 mM reduced glutathione, 50 mM Tris-HC1 
(pH 8.0), 100 mM NaC1]. The eluted fusion protein need not be dialyzed 
to remove free glutathione. 

2. Add 1 10/xg of GST-SH3 fusion protein in elution buffer to each 
microtiter well. Bring the total volume to 150/xl with phosphate-buffered 
saline (PBS), pH 7.3 (137 mM NaC1, 2.7 mM KCI, 4.3 mM Na2HPO4, 
1.4 mM KH2PO4). Seal the wells with Scotch tape to avoid ewaporation, 
and incubate the plate at room temperature for 1-3 hr or at 4 ° overnight. 

"~ S. E. Parmley and G. P. Smith, Gene 73, 305 (1988). 
~3 D. B. Smith and K. S. Johnson,  Gene 67, 31 (1988). 
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3. Add 150 /xL of 1.0% (w/v) bovine serum albumin (BSA; Sigma 
Chemical, St. Louis, MO) in PBS to each microtiter well. Seal the wells 
and incubate the plate at room temperature for 1-3 hr or at 4 ° overnight. 

4. Discard the solution by rapidly inverting the plate and shaking out 
its contents. Remove any residual liquid by slapping the inverted plate on 
a mat of paper towels several times. 

5. Remove unbound protein by washing the wells four or five times 
with 200/xl of buffer A [PBS, 0.1% (w/v) BSA, 0.1% (v/v) Tween 20]. 

GST-SH3 Affinity Purification of Phage-Displayed Random Peptide 
Libraries: Round 1 

One round of affinity purification using target proteins immobilized in 
microtiter wells typically effects the recovery of approximately 1% plaque- 
forming units (PFU) representing binding clones and 0.0001% PFU repre- 
senting nonbinding clones. These rates of recovery correspond to a 104- 
fold enrichment of binding over nonbinding phage. To ensure that binding 
clones are not lost to incomplete recovery, we screen 1000 library equiva- 
lents (usually 5 × 10 j~ PFU) in the first round of affinity purification. 

1. Dilute the library in buffer A to the appropriate titer. Add 150/xl 
of diluted library to each well containing target protein. Seal the wells and 
incubate the plate at room temperature for 1-3 hr. Remove nonbinding 
phage by washing the wells as described above. 

2. Elute bound phage by adding 150/xl of 200 mM glycine-HCl (pH 
2.0) to each well and incubating the plate at room temperature for 15 rain. 
Neutralize the solution by transferring the eluted phage to a new well 
containing 150 /xl of 1 M NaHPO4 (pH 7.4). This represents the output 
from round 1. 

GST-SH3 Affinity Purification of Phage-Displayed Random Peptide 
Libraries: Phage Amplification 

One round of affinity purification typically reduces the phage titer from 
1011--1012 to 105--107 PFU, thereby eliminating a large fraction of the non- 
binding clones in the library. However, the number of phage particles 
representing any given binding clone is reduced to the point that binding 
clones may be lost if subjected to a second round of purification without 
intervening amplification. Amplification should result in a 105- to 10V-fold 
increase in the titer of any given clone from round 1. This titer is generally 
sufficient to allow recovery of binding clones after two subsequent rounds 
of affinity purification without amplication. 
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1. Dilute 50 /zl of an overnight culture of F + Escherichia coli (e.g., 
DH5c~F') in 5 ml of sterile 2 × YT (10 g of tryptone, 10 g of yeast extract, 
5 g of NaC1, 1 liter of H20). 

2. Add 290/zl of round 1 output phage and incubate the culture at 37 °, 
220 rpm for 6-8 hr. To minimize proteolytic degradation of phage-displayed 
random peptides, do not incubate longer than 8 hr. 

3. Pellet cells by centrifugation at 6000 g for 10 rain and transfer the 
phage supernatant to a new tube. 

4. Precipitate 2 ml of the phage supernatant by adding 500/zl of filter- 
sterilized polyethylene glycol (PEG) solution [20% (w/v) PEG 8000, 2.5 M 
NaC1], mixing well, incubating the solution at 4 ° for 1 hr, and centrifuging 
at 15,000 g for 30 min. The phage pellet is visible as a light film along the 
side of the tube; resuspend the pellet in 200/zl of buffer A. 

GST-SH3 Affinity Purification of  Phage-Displayed Random Peptide 
Libraries: Rounds 2 and 3 

Rounds 2 and 3 are performed in a manner identical to round 1, ex- 
cepting the use of dilute elution buffers in round 2 to minimize the contribu- 
tion of these buffers to the composition of the binding reaction in round 3. 

1. Immobilize the target protein on microtiter wells as above. Add 
150/,1 of amplified phage (1011-10 ~ PFU) to each well. Seal the wells and 
incubate the plate at room temperature for 1-3 hr. Remove nonbinding 
phage by washing the wells as described above. 

2. Elute bound phage by adding 100 p,1 of 50 mM glycine-HC1 (pH 2.0) 
to each well and incubating the plate at room temperature for 15 min. 
Transfer the eluted phage to a new well containing 100 /,1 of 200 mM 
NaHPO4 (pH 7.4). This represents the output from round 2. 

3. Immobilize the target protein on microtiter wells as described above. 
Add 50/,1 of PBS and 150/,1 of round 2 output phage to each well. Seal 
the wells and incubate the plate at room temperature for 1-3 hr. Remove 
nonbinding phage by washing the wells as described above. 

4. Elute bound phage by adding 150 /,1 of 200 mM glycine-HC1 (pH 
2.0) to each well and incubating the plate at room temperature for 15 min. 
Transfer the eluted phage to a microcentrifuge tube containing 150 p,1 of 
1 M NaHPO4 (pH 7.4). This represents the output phage population from 
the GST-SH3 affinity purification; anywhere from 0 to 105 PFU may be 
present in the output. 

Isolation of  GST-SH3 Affinity-Purified Phage Clones 

GST-SH3 affinity-purified phage stocks are plated to determine titers 
and yield isolated plaques from which clonal cultures are produced for 
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further analysis. We use dilution plating methods designed for high- 
throughput screening of multiple phage stocks. 

1. Using a 12-channel pipetter, fill the wells of a non-ELISA 96-well 
microtiter plate (Costar) with 180 /zl of PBS. Add 20 /~1 of each phage 
stock to be titered in row A; 12 different samples may be accommodated 
per microtiter plate. Mix by pipetting 180/M up and down about five times. 

2. Using a 12-channel pipetter set to draw 180/~1 and loaded with tips 
marked to indicate a 20-~1 volume, transfer 20/zl from row A to row B. 
Mix by pipetting 180 p,l up and down about five times. Wick any residual 
liquid from the tips with a paper towel. 

3. Repeat to continue the dilution series through the remaining rows. 
In this way, one may perform 12 separate 10-fold dilution series over 
8 orders of magnitude in 10 min using only 24 pipette tips. 

4. Overlay a 2 x YTA plate [2 x YT, 1.5% (w/v) Bacto-agar (Difco, 
Detroit, MI); autoclaved: 30 ml/petri dish] with 3 ml of liquefied 1.2% 
(w/v) top agar [2 × YT, 1.2% (w/v) agar] plus 200/~1 of an overnight culture 
of DH5~F' ]plus 30/M of 100 mM isopropyl-l-thio-/3-D-galactoside (IPTG; 
US Biochemical, Cleveland, OH) plus 30 ~1 of 100 mM 5-bromo-4-chloro- 
3-indolyl-/3-D-galactosidase (X-Gal; US Biochemical) for detection of/3- 
galactosidase activity, if desired]. After the top agar has solidified, let it 
harden by incubating the plate at 4 ° for 15 rain. 

5. Flame sterilize a 48-pronged replica plater (Dan-Kar Corp., Reading, 
MA), allow it to cool, and place it in the dilution series microtiter plate. 
Carefully rest the replica-plater prongs on the plate prepared above; this 
procedure will transfer -2/~1 per prong onto the plate surface. 

6. Incubate the inverted plate at 37 ° . Plaques should be visible after 
8 hr and may be used to estimate the titer of the original phage stock. 
Isolated plaques may be used to generate clonal phage stocks (see below). 

7. If isolated plaques are not obtained as described above, use an appro- 
priate well from the serial dilution plate to serve as a source of phage in 
the following procedure. Overlay a 2 x YTA plate with 30-300 PFU of 
diluted phage plus 3 ml of liquefied 0.8% (w/v) top agar [2 × YT, 0.8% 
(w/v) agar; autoclaved] plus 200 p.1 of an overnight culture of DH5o~F' 
(plus 30/xl of 100 mM IPTG plus 30/zl of 100 mM X-Gal for detection of 
/3-galactosidase activity, if desired). Incubate the inverted plate at 37°; 
isolated plaques should be visible after 8 hr and may be used to generate 
clonal phage stocks (see below). 

Propagation of GST-SH3 Affinity-Pur~[ied Phage Clones 

Isolated plaques are used to generate clonal phage stocks for further 
analysis. We use methods designed for simultaneous propagation of multi- 
ple phage clones. 
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1. Dilute 200 >1 of an overnight culture of DH5c~F' 1 : 100 in 20 ml of 
sterile 2 × YT. Using a 12-channel pipetter, aliquot 200/,1 into each well 
of a non-ELISA 96-well microtiter plate (Costar). 

2. Using sterile toothpicks, carefully transfer isolated plaques into indi- 
vidual wells of the microtiter plate, and incubate the plate at 37 °, 220 rpm 
for 6-8  hr. A covered sequencing tip box provides a convenient reservoir 
for the plate. To minimize evaporation, place a damp paper towel at the 
bottom of the box. 

3. Pellet the cells by centrifugation with a microtiter plate rotor at 
6000 g for 10 min. The supernatant may serve as a source of phage (-1()  ~2 
PFU/ml)  for binding experiments or for high-throughput single-stranded 
DNA sequencing. 24 The cell pellets may be frozen in sterile 20% (v/v) 
glycerol as a source of infected bacteria for future phage propagation. 

4. For production of larger amounts of phage, pick an isolated plaque, 
inoculate 3 ml of a 1 : 100 diluted overnight culture, and incubate the culture 
at 37 °, 220 rpm for 6-8  hr. 

5. Pellet the cells by centrifugation at 6000 g for 10 rain. The cell pellet 
may serve as a source of double-stranded DNA for sequencing, 2~ while the 
supernatant may serve as a source of phage (~1012 PFU/ml) for binding ex- 
periments. 

6. If the phage are to be used in binding experiments, they should be 
PEG precipitated as above and stored at 4 ° or placed in sterile 20% glycerol 
and stored at 70 ° , for short-term (1-2 weeks) or long-term (indefinite) 
stability of the displayed peptides, respectively. 

Rapid Confirmation of SH3-Binding Activity of GST-SH3 
AJfinity-Pur~fied Phage Clones 

Although affinity purification serves to enrich for binding clones, not 
all GS T-S H3  selected phage represent SH3-binding clones. For example, 
we have isolated GST-binding phage from screens with a variety of GST 
fusion proteins. We use an anti-phage ELISA detection system to screen 
multiple phage clones simultaneously for SH3-binding activity. Using this 
protocol, 48 clones may be screened in a single microtiter plate in as little 
as 4 hr (Fig. 2). 

1. For each clone to be tested, immobilize - 1  /,g of G S T-S H 3  fusion 
protein in an ELISA microtiter well as described above. As a negative 
control, immobilize an equal amount  of GST in a separate well. 

2. Add 100 ~1 of buffer A to each well containing immobilized protein. 
Add 25 bd of phage stock representing each clone to a separate pair 

:4 A. T. Bankier, K. M. Weston, and B. G. Barrel, this series, Vol. 155, p. 51. 
~-~ F. Sanger, S. Nicklen, and A. R. Coulscn. Proc. Natl. Acad. Sci. U.S.A. 74, 5463 (1977). 
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FIG. 2. Rapid contirmation of Src SH3-binding activity by anti-phage ELISA. Forty-eight 
GST-SH3 affinity-purified phage clones were screened by anti-phage ELISA for binding to 
1 /xg of GST Src SH3 or GST. Clones that bind Src SH3 ( i )  and GST ([]) are indicated. 

(positive/negative) of wells. Seal the wells and incubate the plate at room 
temperature for 1-3 hr. Remove nonbinding phage by washing the wells 
as described above. 

3. Dilute horseradish peroxidase-conjugated anti-phage antibody 
(Pharmacia, Piscataway, NJ) 1:5000 in buffer A. Add 100/~1 of the diluted 
conjugate to each well. Seal the wells and incubate the plate at room 
temperature for 1 hr. Wash the wells as described above. 

4. Add 100 /M of ABTS reagent (Pharmacia) containing 0.05% (v/v) 
H202 to each well. Incubate the plate at room temperature until the color 
reaction develops (10-30 rain). Quantify the reaction by measuring the 
absorbance at 405 nm with a microtiter plate reader. Positive interactions 
produce absorbances in the range of 0.5 to 3.0, while negative signals 
typically range between 0.05 and 0.3. 

DNA Sequence Determination of Peptide Sequences Displayed by 
SH3-Binding Phage Clones 

Once phage clones with bona fide SH3-binding activity have been identi- 
fied, DNA sequencing is used to determine the binding peptide sequences 
(Fig. 3). A protocol that takes advantage of microtiter plates to prepare 
and sequence single-stranded DNA templates from 96 different phage 
clones simultaneously has been described previously. 24 For less ambitious 
sequencing efforts, double-stranded DNA may be prepared from 3-ml cul- 
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A 

T9 NH2-S(S/R)XXXXXXXXXXXXXXXXXXPGXXXXXXXXXXXXXXXXXXSRPSR 

T12 

B 

NH 2 -S  (_S/Z) XXXXXXXXXX (G/C/R/S) _G (V/A/D/E/G) XXXXXXXXXXTRPSR 

T9 S SFDQQDWDYSIAEKMHPIRP_G_GF 

SSSGYVVPKRLGDMREYNAHPGLHVPPN 
S~SRGEGNNIISSRPFLSNSDPG__VSNKLTGRW 

SSDNWARRVHASELIYTDLSPGILLAQ 
SSYNDLGTRPVSEVIKYDYFPGYSQHVITPDGSYST 

P GYARIVSYRF 
SSESPLNYNRVGALQSLTSVPGSMMHFALQ 

RELPPLP PSRASFGGGASRPSR 
SPLPPLP THLQSSRPSR 
GPLPPLP NDSRPSR 
RQLPPTP GRDPSHSRPSR 
RPLPSRP S R 
RALPSPP SASRPSR 
RRLPRTP PPASRPSR 

T12 STAVSFRFMPGGGGAFYST RPVPPIT RPSR 
STRWSHSWPGYVGGANPSPAT RPLPTRP SR 

STAHSLWDWGTFSGVSHK SRLPPLP TRPSR 
STMYGVSWLSSGSGG ILAPPVP PRNTRPSR 

STAPWGLRVAHEGGVLK RPLPIPP VTRPSR 
STNVWVTGSVIARGAQS RPLPIPP ETRPSR 
STNDVDWMHMWNSGGPH RRLPPTP ATRPSR 

Collsensus R P L P P L P 

FIG. 3. Deduced amino acid sequence of peptides displayed by SH3-binding phage. (A) 
Sequences of random peptides displayed by T9 and TI2 phage. X, Positions wherein any of 
the 20 naturally occurring amino acids may reside. (B) Sequences of SH3-binding peptides 
isolated from phage-displayed RPLs T9 and T12. Residues within the random peptides that 
match the consensus RPLPPLP have been aligned. Underlined residues are fixed in all clones. 

tures of infected cells, using standard alkaline lysis methods, 26 and se- 
quenced as describedY 

Quantitative Characterization of SH3-Binding Activity of SH3-Binding 
Phage Clones 

Phage clones displaying specific peptides represent convenient reagents 
for comparing the binding characteristics of different peptide sequences. 
Whereas the ELISA described above allows for qualitative comparison of 
different phage clones, we use a PFU-based assay for quantitative analysis 
of phage binding. This assay measures the percentage of input PFU retained 
by immobilized target protein and has a signal-to-noise ratio of 103-104 

2~ j. Sambrook, E. F. Frisch, and T. Maniatis, "Molecular Cloning: A Laboratory Manual." 
Cold Spring Harbor Lab., Plainview, NY, 1989. 
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(Fig. 4). It should be emphasized that this assay measures phage binding. 
As each phage displays more than one peptide, high target protein concen- 
trations may produce binding results that reflect phage avidity (due to 
multivalent interactions) rather than peptide affinity (due to monovalent 
interactions). We have found that limiting target protein concentrations 
yield the greatest linear response. 

1. For each clone-target protein combination to be tested, immobilize 
- 1  ~g of target protein in an ELISA microtiter well as above. If multiple 
clones and/or target proteins are to be tested, care must be taken to ensure 
that equimolar amounts of target protein are immobilized in each well. 

2. Using a 12-channel pipetter, add 100/~1 of buffer A to each well in 
the microtiter plate. Add an equal titer (1 x 109-1 × 10 ~ PFU) of each 

A 

lx10 -1, 

lx10 -2, 

lx10 -3, 

lx10 -4 ,~ 

B 
3"01 

2.,3 

G ST-Src SH3 GST-Abl SH3 GST CaM BSA 

"•2.01 
~ 1.5, 

0 1,0, 

0.5, 

0.0, 
GST-Src SH3 GST-Abl SH3 GST CaM BSA 

FIG. 4. Binding and specificity ofSrc SH3-binding phage. Phage (1 x 10 '; PFU) representing 
an Src SH3-binding ckme (black bars) and a calmodulin-binding clone (white bars) were 
tested for binding to 1 /xg of immobilized GST-Src SH3, GST-Abl  SH3, GST, calmodulin, 
and BSA. (A) Results from PFU assay. Values represent the percent recovery of input PFU. 
(B) Results from anti-phage ELISA. Each point was performed in triplicate: values are average 
absorbance at 405 nm. 
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phage stock to the appropriate set of microtiter wells. Seal the wells and 
incubate the plate at room temperature for 1-3 hr. 

3. Elute bound phage by adding 150/xl of 200 mM glycine-HC1 (pH 
2.0) to each well and incubating the plate at room temperature for 
15 min. Transfer the eluted phage to a new well containing 150 /xl of 
1 M NaHPO4 (pH 7.4). This represents the output from the binding reaction. 

4. Using a 12-channel pipetter and a non-ELISA microtiter plate, per- 
form serial dilutions on the binding reaction output as described above. 
Use the replica-plater method to determine output titer as described above. 
Calculate the percentage of input PFU recovered from the binding reaction. 

Summary  of Results 

Using GST-Src SH3 fusion protein to screen the phage-displayed RPLs 
T914 and T12, is we have isolated biologically active peptide ligands for, 
and characterized the binding specificity of, the Src SH3 domain2 Peptides 
displayed by Src SH3 affinity-purified phage contain similar proline-rich 
regions that yield a consensus motif of RPLPPLP (Fig. 3); this motif is 
similar to a region of p85 phosphatidylinositol 3'-kinase known to interact 
with Src SH3. 5"s Phage expressing peptides related to the RPLPPLP motif 
bind GST-Src SH3, but not GST-Abl SH3 or GST alone (Fig. 4). Similarly, 
synthetic peptides containing the RPLPPLP motif compete Src SH3-binding 
proteins, but not Abl SH3- or PLCT SH3-binding proteins, from cell lysates. ~) 
Finally, RPLPPLP-related peptides are able to accelerate progesterone- 
induced maturation of Xenopus laevis oocytes~); a similar acceleration is 
observed in oocytes treated with activated, but not normal, Xenopus Src. 2v 
These results suggest that screening nonbiased peptide libraries may repre- 
sent a general means of isolating peptide ligands for, and characterizing 
the binding specificities of, other domains thought to mediate protein- 
protein interactions, including other SH3 domains, armadillo repeats, and 
PH domains. 

2VT. F. Unger and R. E. Steele, Mol. Cell. Biol. 12, 5485 (1992). 
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heteroduplex formation, 445,449 
nmtant fragment purification, 451 
polymerase chain reaction, 445 448 

Dexamethasone, inducible expression of 
Ras N17, 232, 234 

DGGE, s e e  Denaturant gradient gel electro- 
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GRB, s e e  Growth factor receptor-bound 
protein 

Growth factor receptor-bound protein, SH2 
domain-containing, screening with 
EGF receptors 
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filter probing, 365,367 
plaque purification, 367-368 
probe preparation, 361-363 
SH2 library plating, 363-365 
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121, 152-153 
thin-layer chromatography, 118, 121 

122, 153-154 
transformed fibroblasts, 122-125 

fluorescent analogs 
isomerizatiom 106-107 
synthesis, 97-98 

Ras complex, purification, 98-100, 173 
GTPasc, activity of Ras 

assay 
activated charcoal, 164 
filter assay, 164-165 
immunoprecipitated Ras, 112-113 
solvent partitioning, 163-164 
thin-layer chromatography, 165 

inactivation and cancer, 118, 149. 161- 
162, 171 

intrinsic rate constants, 163-164 
GTPase-activating proteins (GAP), s e e  Neu- 

rofibromin; pl20-GAP; Rap1 GAP 
GTP dissociation inhibitor, carboxyl methyl- 

ation and Ras binding, 81-82 
Guanine nucleotide exchange 

assay 
filter-binding assay. 95-96, 105-106 
fluorescence assay, 96-97. 106-1(/9 
immunoprecipitated Ras, 111 112 



SUBJECT INDEX 541 

permeabilized fibroblasts, 156 161 
dissociation rates measurement, 103-104, 

107-108 
fitting of kinetic data, 104 
initiation, 100 
Ras peptide competition, 174-175, 178 

Guanine nucleotide exchange factors, s e e  

CDC25; SOS 
Guanosine, p21 ~a~ stabilization, 101 

H 

High-performance liquid chromatography 
guanine nucleotide, 102 
isoprenoids, 238, 242 

HPLC, s e e  High-performance liquid chro- 
matography 

H-Ras 
assay 

CDC25 interaction, two-hybrid analysis 
cloning, 142 
critical residue determination, 147 
plasmid preparation, 138-140, 143, 

147-148 
polymerase chain reaction, 140-141 
principle of assay, 136-138 
screening of transformants, 142-143 
yeast screening, 143-146 

guanine nucleotide-binding assay, 9, 11, 
13, 19-21 

protein determination, 7.9, 19 
immunoprecipitatiom 314 
NMR structural analysis, 3, 12 
purification from baculovirus expression 

system 
epitope tagging, 16 
immunoaffinity chromatography, 15. 17 
ion-exchange chromatography, 15 
large-scale purification, 18-19 
prenylated protein, 17-19 
transfection of Sf9 cells, 16 
unprocessed protein. 17 19 

purification from E s c h e r i c h i a  c o i l  expres- 
sion system 

cell lysis. 4 
expression vectors, 4, 50 
inclusion bodies 

guanidine hydrochloride solubiliza- 
tion, 5, 10 

protein purification, 5 7 
refolding of proteins, 3, 5--6, 9-11, 

13 
urea solubilization, 6, 10, 13 

prenylation assay substrate, 51-52 
soluble protein, 4-5 

SDS PAGE, 9, 19 
Hybridization, s e e  Allelic-specific oligonucle- 

otide hybridization 
Hydroxylamine, cleavage of thioester link- 

age, 242 

I 

Insulin, activation of Ras, 430-4131 
Isoprenoids, prenylation analysis 

chemical analysis, 59 60 
high-performance liquid chromatography, 

238. 242 

d 

JNK, s e e  c-Jun kinase 

K 

K-Ras 
assay, 19-21 
immunoprecipitation, 313-314 
purification from baculovirus expression 

system, 15-19 

L 

Luciferase 
assay, 421 423 
reporter plasmid in transfection assays, 

414, 421 
stability, 421 

M 

MAMA, s e e  Mismatch amplification muta- 
tion assay 

MAPK, s e e  Mitogen-activated protein 
kinase 

MAPKK, s e e  Mitogen-activated protein ki- 
nase kinase 
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MAPKKK, see Mitogen-activated protein 
kinase kinase kinase 

MEK, see Mitogen-activated protein kinase 
kinase 

MEKK, see Mitogen-activated protein ki- 
nase kinase kinase 

Membranes, Saccharomyces  cerevMae  

preparation, 472 
solubilization, 472 473 

Methanol, protein methyl esterase assay, 79 
Mevalonic acid, labeling of cells, 42 43, 57, 

240 241 
Mevinolin. inhibition of hydroxymethylglu- 

taryl-CoA reductase, 240 
Microinjection 

apparatus, 428-429, 436 437 
cell analysis 

immunofluorescence staining, 439-440 
morphology, 440, 442 
proliferation, 440 

cell growth, 436-437 
DNA, 435,439 
injection solutions, 432, 437 438 
Ras protein, 274, 431-433,435 
survival rate of cells, 439 
X e n o p u s  laevis oocyte, 428-429 

cDNA, 435 
monnclonal antibody, 431 432, 435 
oncogenic Ras proteins 

maturation induction, 431 432 
reporter gene activation, 433, 435 

Mismatch amplification mutation assay, Ras 
mutation detection, 463 

Mitogen-activated protein kinase 
assay 

electrophoretic mobility shift assay, 
227 229, 283 

gel renaturable activity assay, 275 276, 
283-284 

immune complex kinase assay 
antisera, 247 248 
cell extract preparation, 249 
p42 m~'pk mutant, expression and puri- 

fication, 248-249 
sensitivity, 256 

immunoblotting, 283,432 
immunoprecipitates, 276-277, 282 
myelin basic protein as substrate, 229, 

272, 275-277, 280-281 
tissue extracts, 281 282 

-glutathione S-transferase fusion protein, 
purification, 288 289 

phosphorylation and activation, 227, 245, 
277,290, 432 

Western blot analysis, 254, 256, 277-278 
Mitogen-activated protein kinase kinase 

assay, 272, 284 285 
autophosphorylation, 309 

glutathione S-transferase fusion protein, 
purification, 289-290 

immune complex kinase assay 
antisera, 247-248 
cell extract preparation, 249 
filter assay, 252-254 
gel analysis, 251-252 
p42 m~'pk mutant, expression and purifi- 

cation, 248-249 
sensitivity, 256 

phosphorylation and activation, 290-291 
purification of recombinant protein, 259- 

260 
structure, 245 246 
Western blot analysis, 254, 256 

Mitogen-activated protein kinase kinasc ki- 
nase, see also Raf proteins 

activation by growth factors, 291,296 
assay 

autophosphorylation, 296-297 
gel autoradiography, 287, 295-296 
ion-exchange chromatography, 297- 

298, 300-301 
domains, 291 
immunoprecipitation, 294-295 
isoforms, 291 
purification of amino-terminal GST fu- 

sion protein 
affinity chromatography, 293-294 
cell growth, 292 293 
plasmid construction, 291 292 

N 

Neurofibromin 
assay 

crude extracts, 166, 168 
immunoprecipitated protein, 115 1 I7 

cancer role, 161-162 
GAP-related domain activity, 23, 30, 488 
gene, splicing sites, 23 
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homology with pl20-GAP, 22, 161 
Michaelis-Menten curves, 166-167 
purification 

baculovirus expression system, 24 
Escher ichia  coli expression system, 

24-25 
immunoaffinity chromatography, 27-28 
inclusion body proteins, 28-30 

Ras interaction, two-hybrid system 
analysis 

dissociation constant, 496 
/~-galactosidase fusion protein 

filter assay, 493-495 
liquid assays, 495-496 

histidine prototrophy assay, 491 493 
plasmid construction, 490-491 
principle of assay, 490-491 
yeast 

growth, 489 
strain selection, 489-490 

sensitivity 
detergent, 170 
salt, 170 

NMR, see Nuclear magnetic resonance 
N-Ras, immunoprecipitatiom 314 
Nuclear magnetic resonance 

H-Ras structure analysis, 12 
prolein quantity requirements, 3 

O 

Oncogene-responsive element 
cancer role, 413 
characteristics, 412-413 

Oocytes, X e n o p u s  laevis 

germinal vesicle breakdown and matura- 
tion, 427, 429-431 

isolation, 427-428 
microinjection 

apparatus, 428-429 
cDNA, 435 
monoclonal antibody, 431-432, 435 
oncogenic Ras proteins, 431-433, 435 

oogcncsis, 426-427 
Ras activation by hormones, 430-431 
Ras-dependent ERK kinase stimulator, 

purification, 260-262, 264 
SH3 ligand role in maturation. 509 

ORE. see Oncogene-responsive element 

P 

p21 r~, see Ras proteins 
p62, pl20-GAP complex 

binding region, 180 
gel filtration, 183-184 
immunoblotting, 185, 191 
immunoprecipitation, 181-183. 191 
phosphorylation 

dependence of complex, 179, 187-188 
removal, 188-189, 191-192 

SH2 domain binding, 187-191 
subcellular fractionation, 185-186 

p120-GAP 
assay 

crude extracts, 166, 168 
immunoprecipitated protein 115-117 
kinetic competition assay, 172-174, 

177-178 
complex with p62/p190 

binding region, 180 
gel filtration, 183-184 
immunoblotting, 185, 191 
immunoprecipitation, 181 1.83, 191 
phosphorylation 

dependence of complex, 179, 187- 
188 

removal, 188 189, 191-192 
SH2 domain binding, 187 191 
subcellular fractionation, 185-186 

GAP-related domain activity. 23.30 
homology 

ncurofibromin, 22 
signaling proteins, 22-23 

Michaelis-Menten curves, 166-167 
purification 

baculovirus expression system protein. 
24, 172 

Escherichia coli expression system pro- 
tein, 24-25. 172 

extract preparation, 25 
ion-exchange chromatography, 25 26 
size-exclusion chromatography, 25-26 

Raf competition for Ras binding. 330 
331 

sensitivity 
detergent. 170 
salt, 170 

structure, 22 23 
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p190, pI20-GAP complex 
binding region, 180 
gel filtration, 183-184 
immunoblotting, 185, 191 
immunoprecipitation, 181-183, 191 
phosphorylation 

dependence of complex, 179, 187-188 
removal, 188-189, 191-192 

SH2 domain binding, 187-191 
subcellular fractionation, 185-186 

Palmitoylation 
cell labeling, 242 
hydroxylamine cleavage of thioesters, 242 
Ras proteins. 14, 83. 238-239 
reversibility, 239 
site of modification, 238 

PCR, see  Polymerase chain reaction 
Polymerase chain reaction 

cDNA amplification 
oligonucleotide design, 140-141 
reaction conditions, 141 

error rate, 444 
Ras genes 

GC clamps, 443-444 
primers, 445-446 
product purification. 448, 451 
reaction conditions, 446-448 

Ras mutation detection 
allele-specific PCR amplification, 463 

464 
enriched PCR, 459-462 
immunobead PCR, 458 
mismatch amplification mutation assay, 

463 
screening of transformants, 142 143 
tumor cells, 457-458 

Prenylation, see  a lso  Geranylgeranyl trans- 
ferase I: Geranylgeranyl transferase II; 
Protein farnesyltransferase 

assay 
baculovirus-expressed proteins, 54-57 
hydrophobicity, 57-58 
membrane association of proteins, 58 

59 
partially purified prenyltransferases, 

53-54 
reticulocyte lysate system, 49-50, 52- 

53, 62-64 
substrates, bacterial, 49, 51-52 

isoprenoid analysis 
chemical analysis, 59-60 
high-performance liquid chromatogra- 

phy, 238, 242 
pulse-chase labeling, 244-245 
role, Ras proteins, 40. 46, 80 81 

Prenylcysteine carboxyl methyltransferase 
assay 

microsomal membranes, 64-65 
turnover rate, 68-69 

eukaryotes, types, 66-67 
inhibitor specificity. 76-78 
pH optima, 73 
structure, 74-76 
substrate specificity, 67, 72-74, 76-78 
tissue distribution, 73 

Protein farnesyltransferase 
metal dependence, 38-39 
mutant, generation in yeast 

characterization, 89-90 
gene library construction, 87 88 
inhibitor resistance, 90 
selection for altered substrate specific- 

ity, 88, 91 
purification, 41-42 
reaction mechanism, 39 
structure, 38, 83 
substrate specificity, 38-39, 48 

Protein farnesyltransferase inhibitor 
assays 

cell assays, 42-46, 380, 382 386 
Ras-processing assay, 383-384 
SDS PAGE, 380 
soft agar assay, 384-386 
in vitro, 40 42, 381-382 
yeast assay, 84-86, 90 

cancer therapy, 379, 386 
design, 379 
selectivity, 380 

Protein methyl esterase 
assay by methanol production, 79 
substrate specificity, 78-79 

R 

Rab proteins 
expression vectors, bacteria, 50-51 
posttranslational modification, 48 
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Raf proteins 
activation 

phosphorylation, 302, 304, 312 
role of Ras, 301-302 

assay 
immunoprecipitation assay, 306-308 
kinase, 285-288, 308-310 

baculovirus expression system 
cell lysate preparation, 305-306 
recombinant virus, generation, 304 305 
Sf9 cell infection, 305 

-glutathione S-transferase fusion protein 
binding affinity for Ras mutants, 

328-329 
expressiom 324 325 
purification, 325 

immunoblotting, 306, 313~ 316-318, 327 
MAPKK, phosphorylation, 279, 287, 309~ 

311 
Ras complex 

affinity chromatography, 326 328 
binding affinity 

competitive inhibition assay of pl20- 
GAP, 330-331 

quantitative coprecipitation competi- 
tion assay, 327-330 

binding site, 302, 324 
cancer role, 312, 328 
detection in mammalian cells, 313-319 
GTP dependence, 323-324, 341 
immunoprecipitation 

antibody specificity, 313-314, 321 
antibody titration, 319-321 
buffer composition, 321-323 
competitive inhibition assay, 319 
crude lysates, 316 
transformed fibroblast complexes, 

318-319 
two-hybrid analysis, 332-341 

SDS-PAGE, 316 317 
stability of activated protein, 309 

Random peptide library 
phage-display, 499-501 
screening for SH3 ligands, 499-509 

Rapl GAP 
assay, 33 

cytochrome b complex 
affinity purification from neutrophils, 

478, 482-484 

dissociation by sucrose gradient centrif- 
ugation, 485-487 

gene cloning, 31 
phosphorylation, 31-32 
purification from baculovirus expression 

system, 34-38 
Ras complex, 312 
stability, 32 33 
substrate specifcity, 32 

Rap proteins 
assay 

guanine nucleotide-binding assay, 
19-21 

protein determination, 19 
prenylated protein and Triton X-l14 par- 

titioning, 17, 19 
purification from baculovirus expression 

system 
epitope tagging, 16 
immunoaffinity chromatography, 15, 17 
ion-exchange chromatography, 15 
transfection of Sf9 cells, 16 
unprocessed protein, 17-18 

Ras proteins, homology, 13 
SDS-PAGE, 19 

Ras-dependent ERK kinase stimulator 
activation, 258, 263 
assay, 260 
purification from Xenopus eggs 

cell lysate, 260-261 
chromatography, 261,264 
Western blot analysis, 261-262 

Ras lipid modification, effect on activity, 
258, 264 

Ras N17 
immunoblot analysis, 235-236 
inducible fibroblast expression system 

cell selection, 232, 234 
DNA synthesis, response to mitogens. 

237 
plasmid construction, 230-232 
transfection, 232 

inhibition of cell proliferation, 230 
Northern blot analysis, 234-235 
nucleotide binding preference, 221,230 
transcription activation assay, 414, 426 
vaccinia virus expression system 

extracellular signal-regulated kinase de- 
tection, 227 229 
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GPT selection, 224-225 
immunoprecipitation, 226 227 
infection, 223, 226 
plaque isolation, 225-226 
plasmid construction, 223 
recombination, 223 
transfection, 223 224 
virus stock preparation, 226 

Ras proteins, see  a l so  H-Ras: K-Ras; 
N-Ras; Ras N17 

antibodies and immunoprecipitation, 
204 205 

assay 
hydrophobicity, 57 58 
membrane association, 58-59, 211, 

213-214 
electrophoretic mobility, effect 

point mutation, 219 220 
posttranslational modification, 220 

GTPase activity 
assay, 112-113, 163-165 
inactivation and cancer, 118, 149, 161 

162. 171 
intrinsic rate constants, 163-164 

GTP complex, purification, 98-100, 173 
immunofluoresccnce localization, 214 

218, 439-440 
mutations 

cancer association, 13, 195, 221,274, 
312, 318, 452 

detection 
allele-specific PCR amplification, 463 
allelic-specific oligonucleotide hybrid- 

ization. 453 
denaturant gradient gel electrophorc- 

sis, 442 445,449-451 
enriched PCR, 459-462 
filter hybridization, 463 
mismatch amplification mutation 

assay, 463 
probe shift assay, 462 
restriction fragment length polymor- 

phism analysis, 453 
ribonuclease mismatch cleavage, 453 
single-strand conformation polymor- 

phism analysis, 453 
nucleotide-depleted protein 

preparation, 133-134 
renaturation from inclusion bodies, 

134-135 

nucleotide dissociation rates, measure- 
ment, 103 104. 107-108 

nucleotide exchange, see  Guanine nucleo- 
tide exchange 

nucleotide loading, 325-326 
Raf complex, see  Raf protein 
Rap proteins, homology, 13 
scrape-loading, 274-275 
signal transduction, 257-258, 279 

MAPK pathway, blocking by antibody, 
273 

semiintact mammalian cells, 270-273 
Sll10/Pl/)0 fractionation, 211,213-214, 

239-240 
transcription activation 

promoter elements, 412-413 
transient cotransfection assay 

cell growth, 416-417 
chloramphenicol acetyltransferase 

assay. 419-420 
luciferase assay, 421 424 
plasmids, 414 416 
transfection, 417 419 

yeast 
complementation assays 

glycogen level restoration, 466-467 
growth function. 467-468 
growth restoration in temperature- 

sensitive mutants, 467 
R A S 2  locus, replacement with mutant 

alleles, 465 466 
REKS. see  Ras-dependent ERK kinase 

stimulator 
Restriction fragment length polymorphism 

analysis 
primer-mediated analysis. 454-457, 459 
Ras mutation identification, 453 
sensitivity, 458 

Reticulocyte lysatc 
prcnylation assay, 49 50, 52-53, 62-64 
in vi tro translation, 62 63 

RFLP analysis, see  Restriction fragment 
length polymorphism analysis 

Rho 
Dbl binding assay, 131 133 
nucleotide-dcpleted protein 

preparation, 133 134 
renaturation from inclusion bodies, 

134 135 
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Ribonuclease mismatch cleavage 
Ras mutation identification. 453 
sensitivity, 458 

RPL. see Random peptide library 

S 

Saccharomyces  cerevisiae 

growth and harvesting, 471 
membranes 

preparation. 472 
solubilization, 472 473 

strain selection for adenylyl cyclase assay, 
469 471 

Scrape-loading. Ras proteins into fibro- 
blasts, 274-275 

SDS-PAGE. see Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis 

Selective ultraviolet radiation fractionation. 
DNA inactivation for PCR analysis. 
457 

Sf9 cell. see Spodop tera  .#ug iperda  

SH2 domain, see Src homology domain 2 
SH3 domain, see Src homology domain 3 
Single-strand conformation polymorphism 

analysis 
Ras mutation identification. 453 
sensitivity, 458 

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis 

c-Jun kinase, 344, 347-348 
eylochrome b, 482 
gel preparation, 200 201. 316 
immunoblotting, 2(12-204. 206, 316 317 
Raf. 316-317 
Ras. gel running conditions, 9, 19, 2(ll- 

202,210-211. 316 
SOS 

assay 
filter assay. 127-129 
immunoprecipitated protein, 113-115 

mechanism, 125 126 
purification from baculovirus expression 

system, 126-127 
Spodop tera  f r u g i p e r d a - b a c u l o v i r u s  expres- 

sion system 
growth. 55 
infection, 55 56 

Src homology domain 2 
binding in phosphoprotein complexes, 

187 191,360, 369 
GRB proteins containing, screening with 

EGF receptors 
cloning, 360-361,367-368 
filler probing. 365,367 
plaque purification. 367-368 
probe preparation. 361-363 
SH2 library plating, 363-365 

Src homology domain 3 
binding specificity in protein complexes, 

369 
consensuus sequence of ligands, 507. 509 
-glutathione S-transferase fusion pro- 

teins, 370-373. 499-505 
proteins binding, blot assay 

affinity purification of complex, 
374 375 

cell lysate, 372 373,375 
limitations, 378 
principle of assay, 370 371 
protein extract, 372 373, 3751 
radiolabeling and visualization 

glutathione S-transferase fusion pro- 
reins in bacteria, 373-374, 377 

phosphorylation sites. 376-377 
protein A. 376 

reagent preparation, 372 
proteins binding, two-hybrid analysis, 

369-370 
random peptide library, screening for li- 

gands 
binding assay, 505-509 
DNA sequencing, 506 507 
glutathione S-transferase fusion protein 

affinity purification. 502 503 
immobilization, 501 502 

library construction. 499 501 
phage 

amplification, 502-503 
isolation, 503 504 
propagation, 504 505 

SSCP analysis, see Single-strand conforma- 
tion polymorphism analysis 

Streptolysin O. fibroblast permeabilization. 
156-158 

Stress-activated protein kinase (SAPK). see 

c-Jun kinase 
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Sucrose gradient centrifugation, dissociation 
of cytochrome b-558-RaplA complex, 
485-487 

SURF, see Selective ultraviolet radiation 
fractionation 

T 

Thin-layer chromatography 
chloramphenicol acetyltransferase assay, 

419-420 
guanine nucleotides. 118, 121-122. 153- 

154, 165 
TLC. see Thin-layer chromatography 
Triton X-II4 

partitioning assay, prenylated proteins, 
17, 19. 239, 243-244 

stock solution preparation, 243 
Two-hybrid analysis 

CDC25-Ras interaction 
cloning, 142 
critical residue determination, 147 
plasmid preparation, 138-140. 143, 

147-148 
polymerase chain reaction, 140-141 
principle of assay, 136-138 
screening of transformants, 142-143 
yeast 

/3-galactosidase screening, 145-146 
media, 143-144 
strains, 144 
transformation, 144-145 

Ras-neurofibromin interaction 
dissociation constant. 496 
/3-galactosidase fusion protein 

filter assay, 493-495 
liquid assays, 495-496 

histidine prototrophy assay, 491-493 
plasmid construction. 490-491 
principle of assay, 490-491 
yeast 

growth, 489 
strain selection, 489-490 

Ras-Raf interaction 
library 

characterization, 338-339 
mating assay, 340 
plasmid segregation. 339 

positive clone analysis, 340-341 
transformation, 337 338 

plasmid preparation. 332-336 
yeast 

/3-galactosidase screening, 336-337 
media, 334 
strains, 333-334 

SH3 domain-binding proteins, 369-37(/ 
yeast systems for protein-protein interac- 

tions, 135-136 
Tyrosine kinase 

activation of Ras, 150 
pl20-GAP as substrate, 179 

Tyrosine phosphatase, inhibition in kinase 
assays, 281-282 

V 

Vaccinia virus 
cell types infected. 221 222 
infection effects 

protein phosphorylation, 222 
vaccinia virus growth factor expression, 

222 
Ras N17. 223-229 

W 

Western blot analysis 
c-Jun kinase, 347 348 
MAPK, 254, 256, 277 278 
MAPKK, 254, 256 
Ras-dependent ERK kinase stimulator, 

261 262 

X 

X e n o p u s  laevis, oocyte 
germinal vesicle breakdown and matura- 

tion, 427,429-431 
isolation, 427 428 
maturation, role of SH3 ligand, 509 
microinjcction, 428-429, 431-433. 435 
oogenesis, 426 427 
Ras activation by hormones. 430-431 
Ras-dependent ERK kinase stimulator, 

purification, 260 262. 264 




