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
ALAN HarL
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[1] Refolding and Purification of Ras Proteins

By SHARON L. CamMpBELL-BURK and 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 '*N,"*C-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 er al.;* 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
Escherichia coli. Here we describe purification methods for isolating
Ras proteins in high yield from both soluble and particulate fractions of
E. coli. 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.

' M. Barbacid, Annu. Rev. Biochem. 56, 779 (1987).

2J. L. Bos, Cancer Res. 49, 4682 (1989).

YL. A. Feig, B. T. Pan, T. M. Roberts, and G. M. Cooper, Proc. Natl. Acad. Sci. USA 83,
4607 (1986).

Copyright € 1995 by Academic Press, Inc.
METHODS IN ENZYMOLOGY, VOL.. 255 All rights of reproduction in any form reserved.
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Methods

Protein Expression and Cell Growth

The E. coli expression vectors pAT-RasH* and pTACC-RasC’,” 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 'N,'"*C-enriched H-Ras have been
described previously.®’ 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-B-p-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 min 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-HCI (pH 7.2), 100
mM NaCl, 5§ mM MgCl,, 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 min. 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 min, 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
min. 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 of 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. I. Der. T. Finkel, and G. M. Cooper, Cell (Cambridge, Mass.) 44, 167 (1986).

51. John, L Schlichtin, E. Schiltz, P. Rosch, and A. Wittinghofer, J. Biol. Chem. 264,
13086 (1989).

5P.J. Kraulis. P. J. Domaille. S. L. Campbell-Burk. T. Van Aken, and E. Laue, Biochemistry
33, 3515 (1994).

7R. I. DeLoskey, D. E. Van Dyk, T. E. Van Aken. and S. Campbell-Burk, Arch. Biochem.
Biophys. 311, 72 (1994).
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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 X 10 vol of QFF buffer [20 mM Tris-HCI (pH 8.0 at
4°), 50 mM NaCl, 30 uM GDP, 5 mM MgCl,, 10% glycerol (v/v), and | mM
DTT] plus 1 mM PMSF. The dialyzed material is then loaded onto a Q-
Sepharose Fast Flow (Pharmacia, Piscataway, NJ) anion-exchange column
(4.4 X 14.5 cm) equilibrated with QFF bufter at a flow rate of 4 ml/min.
H-Ras is eluted off the column with a 2-liter gradient of 50-1000 mM NaCl
in QFF buffer. Typically, H-Ras elutes off the column as a broad peak
at 250-450 mM NaCl. 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 X 100 cm; Pharmacia) equilibrated with S-200
buffer [20 mM Tris-HCI (pH 8.0, at 4°), 100 mM NaCl, 5 mM MgCl,, 1
mM DTT, 10% (v/v) glycerol, and 30 uM 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-HCI (pH 8.0), 10 mM NaCl, 5 mM MgCl.. | mM DTT, 75%
(v/v) glycerol, and 30 uM 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 from
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-HCI (pH 8.0), 50 mM NaCl, 5 mM MgCl,, 1 mM EDTA, 5 mM
DTT., 1 mM PMSF, 30 uM 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-HCl 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-HCI (pH 8.0), 5 mM
MgCl,, 1 mM DTT, 1 mM PMSF, 5% (v/v) glycerol, and 30 uM 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-HCI (pH 8.0),
50mM NaCl, 5 mM MgCl,, 1 mM EDTA, I mM 2-mercaptoethanol (2-ME),
1 mM PMSF, 30 uM 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 NaCl, 5 mM MgCl,, 30 uM 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 NaCl, 5 mM
MgCl,, 30 uM GDP, 10% (v/v) glycerol, 1| mM DTT], then eluted with a
linear salt gradient from 50 to 1000 mM NaCl, over 10 column volumes.
A typical elution profile from the QFF column is shown in Fig. 1. 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 isloaded
onto an S-200 gel-filtration column (2.5 X 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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Fic. 1. Ras elution profile from a QFF column.

Ras freezing buffer [20 mM Tris (pH 8.0), 10 mM NaCl, 5 mM MgCL. 30
uM GDP, 75% (v/v) glycerol, I mM DTT]. The various stages of urea-
solubilized refolding and purification of Ras can be followed by SDS-
PAGE gel analysis, as shown in Fig. 3.

Alternate Batch Q-Sepharose Fast Flow Purification 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 1 hr. The
QFF mixture is then passed over a glass funnel with perforated plate (No.
36060-600C; Corning, 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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Fi6. 2. Elution profile of Ras from an §-200 column.

F16. 3. A 15% SDS-PAGE gel of purification fractions. Lane 1, molecular weight markers:
lane 2. inclusion bodies; lane 3. solubilized inclusion bodies in 6M urea buffer; lane 4, refolded
Ras (QFF load): lane 5, insofuble material from the refold: tane 6, S-200 load; lane 7. purified
Ras from $-200 column: lanc 8, molecular weight markers.
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Lot No. 11H0109; Sigma, St. Louis, MO) as the protein standard.” 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-PAGE 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), 1 mM di-
thiothreitol, 1 mM EDTA, BSA (1 mg/ml) with 1 uM [a-*P]GTP or [8,5'-
*H]GDP (10* cpm/pmol) for 30 min at 20°. MgCl, is added to 5 mM and
proteins placed on ice. Ras-bound nucleotide is determined by vacuum
filtration on 0.1-um 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.” 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).

L. A. Quilliam, C. J. Der, R. Clark, E. C. O’'Rourke, 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.''"!* 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 1 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 it 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 ureais 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.'>~'® The addition of glycerol to an aqueous protein
solution results in preferential binding of water to proteins. The hydrated

'], London, C. Skrzyna, and M. E. Goldberg, Eur. J. Biochem. 47, 409 (1974).

2F. A. Marston, P. A. Lowe, M. T. Doel, J. M. Schoemaker, S. White, and S. Angul, Bio/
Technology 2, 800 (1984).

3M. E. Winker, M. Blaber, G. Bennett, W, Holmes, and G. A. Vehar, Bio/Technology 3,
990 (1985).

“'F. A. Marston, Biochem. J. 240(1), 1 (1986).

137, Jarakab, A. E. Seeds, Jr., and P. Tralalay, Biochemistry 5, 1269 (1966).

167, S. Myers and W. B. Jakoby, Biochem. Biophys. Res. Commun. 51, 631 (1973).

'7H. Hoch, J. 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." 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 *'P and "H,"”’N NMR data show one species
of H-Ras, predominantly bound to GDP, suggesting the GDP-binding stoi-
chiometry was >0.9. Moore ef 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 refolded 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 of 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 C, 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 FE. coli cells.

K. Gekko and S. N. Timasheft, Biochemistry 20, 4677 (1981).
K. J. M. Moore, M. R. Webb, and I. 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

Purity Soluble Ras

from supernatant

resuspend pellet to resuspend pellet to 10 mg/ml

10 mg/mlin 6 M Urea in 5 M Guanidine-HClI
Adjust t0 0.03% ;
i spin
spin polyethyleneimine P
Dialyze or dilute 20-fold dilute 100-fold

Stir for 20 min, spin out DNA

'

Dialyze (2X) overnight

dialyze (2X) overnight

stir overnight at 4°
next day spin

Load on QFF

‘ elute, 50-1000 mM NaCl
15% SDS-PAGE
pool fractions containing

Ras, concentrate

Gel filtration on S-200

15% SDS-PAGE

pool fractions containing
Ras, concentrate

Freeze

FiG. 4. Flowchart of procedures for purification of Ras protein from both soluble and
particulatc fractions of E. coli.

Two-dimensional NMR spectra of soluble and refolded H-Ras were
also compared. Our NMR results indicate that the refolded protein has a
structure similar to that of protein purified from the soluble fraction and
that only one species predominantly exists in the refolded protein.’



2] PURIFICATION OF BACULOVIRUS-EXPRESSED Ras aND Rap 13

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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[2] Purification of Baculovirus-Expressed Recombinant
Ras and Rap Proteins

By EMiL10 PorrFir1l, ToNy Evans, GIDEON BoLLAG, RoBIN CLARK,
and JouN F. HAncoOCK

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.! 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
(Rapl A, Rap1B, and Rap?2) are Ras-related GTPases that share 53% amino
acid homology with Ras and are able to antagonize the effects of cncogenic
Ras in vivo.?

"H. R. Bourne. D. A, Sanders, and F. McCormick. Nature (London) 349, 117 (1991).
> H. Kitayama, Y. Sugimoto. T. Matsuzaki. Y. Ikawa, and M. Noda. Cell (Cambridge, Mass.)
56, 77 (1989).
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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 CAAX 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 AAX amino
acids, and carboxymethylation.*> 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.®

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.” A high yield of recombinant H-Ras
or N-Ras proteins has been obtained by expressing them in Escherichia
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.
coli proteases.

Bacterially produced Ras proteins do not undergo posttranslational
processing at the C-terminal CAA 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,® K-Ras
is farnesylated,” and Rap is geranylgeranylated.!” The series of posttransla-
tional modifications is completed by proteolysis of the AAX amino acids

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

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

58. Clarke, Annu. Rev. Biochen. 61, 355 (1992).

®J. F. Hancock, H. Patcrson, and C. J. Marshall, Cell (Cambridge, Mass.) 63, 133 (1990).

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

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

?P. N. Lowe. M. J. Page. S. Bradley, S. Rhodes. M. Svdenham, H. Patcrson, and R. H.
Skinner. J. Biol. Chem. 266, 1672 (1991).

1T, 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.! It has been estimated that processed Ras can
constitute up to 20% of the total Ras protein expressed in insect cells.”

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.™!” 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, Rap1, 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)."” An anti-Glu-Glu monoclonal antibody (MAD),
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.'? 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
MADb," the hemagglutinin tag (YPYDVPDYA) recognized by the 12CAS5
MAD," the Flag (Immunex, Seattle, WA) tag (DYKDDDDK) recognized
by the 4E11 MAD," and the tripeptide Glu-Glu-Phe tag recognized by the
YL1/2 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

"' P. N. Lowe. M. Sydenham. and M. J. Page. Oncogene 5, 1045 (1990).

2 T. Grussenmeyer, K. H. Scheidtmann, M. A. Hutchinson. W. Eckhart. and G. Walter, Proc.
Natl. Acad. Sci. U.S.A. 82, 7952 (1985).

¥ G. A. Martin, D. Viskochil, G. Bollag. P. C. McCabe, W. J. Crosier., H. Haubruck, L.
Conroy, R. Clark. P. O'Connell. R. M. Cawthon, M. A. Innis, and F. McCormick, Cell
(Cambridge, Mass.) 63, 843 (1990).

" 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).

'*T. P. Hopp. K. S. Prickett, V. L. Price, R. T. Libby. C. J. March, D. P. Cerretti. D. L. Urdal.
and P. J. Conlon, Bio/Technology 6, 1204 (1988).

'*R. H. Skinner. S. Bradley. A. L. Brown, N. J. E. Johnson, S. Rhodes. D. K. Stammers. and
P. N. Lowe. 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 K'T3 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
Baculovirus-Insect Cell System

The DNA sequence (GAATACATGCCAATGGAA) 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 Xbal sites of the pAcC13"
baculovirus transfer vector to place the ras genes under the control of the
polyhedrin promoter. To generate recombinant baculovirus 2 ug of Ras-
pAcC13 or Rap-pAcC13 DNA is cotransfected in Sf9 (Spodoptera frugi-
perda, fall armyworm ovary) cells with 1 ug of gapped and linearized
Autographa californica nuclear polyhedrosis virus DNA (PharMingen, San
Diego).!® Cotransfections are carried out by lipofection, using the synthetic
lipid  N-[1-(2,3-dioleyloxy)propyl]-N,N,N-triethylammonium  chloride
(DOTMA) mixed 1:1 with dioleoylphosphatidylethanolamine. Recombi-
nant virus is isolated from occlusion negative (occ™) plaques following two
cycles of reinfection.!” 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 X
10° cells/ml are infected with 5 to 10 X 10° plaque-forming units (PFUY/
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 X 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.

'7S. Munemitsu, M. A. Innis, R. Clark. F. McCormick, A. Ullrich, and P. Polakis, Mol. Cell.
Biol. 10, 5977 (1990).

¥ G. E. Smith. M. D. Summers. and M. J. Fraser. Mol. Cell. Biol. 3, 2156 (1983).

P, R. O'Reilly, K. L. Miller, and V. A. Luckow, “Baculovirus Expression Vectors: A
Laboratory Manual.” Freeman, New York, 1992
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Separation of Processed and Unprocessed Ras and Rap Proteins by
Triton X-114 Partitioning

To separate prenylated (processed) from unprocessed Ras and Rap
proteins we use the Triton X-114 partition method.”” One milliliter of
previously snap-frozen Sf9 cells is thawed at room temperature, resus-
pended in 10 vol of ice-cold 50 mM Tris-HCI (pH 7.5). 150 mM NaCl,
5 mM MgCl,, 200 uM GDP, 1 mM dithiothreitol (DTT), 1 mM Pefabloc
(Boehringer Mannheim Co., Indianapolis, IN), 10 wg/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
Immunoaffinity Chromatography

Elution of Prenylated Ras and Rap Proteins

Posttranslationally processed Ras proteins are purified by immunoatfin-
ity chromatography from the original detergent phase on a 1-ml protein
G-Sepharose column conjugated with anti-Glu-Glu MAb'? (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-HCI (pH 7.5), 150 mM NaCl, 5 mM MgCl,,
1 mM DTT, 1 mM Pefabloc, and 10 ug/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-ug/ml concentration of N-terminally
acetylated ED peptide (EYMPTD), a peptide known to bind with high
affinity to the PG Glu-Glu column.

L. Gutierrez. A. 1. Magee. C. J. Marshall. and J. F. Hancock, EMBO J. 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 ug 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-g-p-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 X 10° cells/ml) expressing K-Ras(4B)
are resuspended in 20 ml of 20 mM NaPOy (pH 7.5), 2 mM MgCl,, | mM
DTT, 0.1 mM Pefabloc, 1 ug/ml each of leupeptin, aprotinin, and soybean
trypsin inhibitor, 0.2 ug 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 ug/ml each of leupeptin,
aprotinin, and soybean trypsin inhibitor, and E-64 (2 ug/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 NaCl, 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 pg/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 NaCl. 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 NaCl, and 30 vol of
buffer B. Unprocessed K-Ras(4B) is eluted in ten 1-ml fractions of buffer
B containing ED peptide (25 upg/ml).

Analysis of Purified Ras and Rap Proteins and Validation of
Separation 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 10° cells). Ras proteins are snap-frozen in liquid nitrogen
(50 wl/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-min incubation, only
the Ras proteins purified from the aqueous phase (unprocessed) incorporate
the radiolabel from [*H|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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Fi1G. 1. Purification of processed and unprocesscd K-Ras(4B) protein by immunoaffinity
chromatography. Lysates from Sf9 cells cxpressing K-Ras(4B) were partitioned into detergent
and aqueous phases, using the Triton X-114 method. Processed and unprocessed K-Ras(4B)
proteins were purificd by immunoaffinity chromatography on a PG Glu-Glu column. Samples
(10 wl) 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 D1-6, samples of the fractions eluted from the column
loaded with the detergent phase; lanes A1-6, samplcs of the fractions eluted from the column
loaded with the aqueous phase; lane M. molecular weight markers.

100 nM) are incubated with 1 uM [PH]JGTP (31.5 Ci/mmol) in a 40-ul
reaction mixture containing 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM
MgCl,, 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 MgCl,. After a further 5 min,
1 ml of ice-cold 20 mM Tris-HCI (pH 7.5), 50 mM NaCl, 5 mM MgCl, is
added to each tube and the mixture is filtered through a nitrocellulose filter
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FiG. 2. SDS-PAGE analysis of Ras proteins purified by Triton X-114 phasc separation
followed by immunoaffinity chromatography. Five hundred nanograms of K-Ras(4B) and of
the K-Ras C-terminus mutants K6Q and CAIL were analyzed by SDS-PAGE on a 16%
polyacrylamide gel stained with Coomassie blue. Lancs A. unprocessed Ras purified from
the aqueous phase; lanes D, processed Ras purified from the detergent phase.
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(pore size, 45 um), using a 1225 sampling manifold apparatus (Millipore,
Bedford, MA). Filters are washed with 10 ml of ice-cold 20 mM Tris-HCI
(pH 7.5), 50 mM NaCl, 5 mM MgCl,, dried, and counted in a scintillation
counter to determine the radioactivity bound to Ras. Following a 10-min
incubation, 23,000 (£4000) cpm/pmol is usually detected either in farnesy-
lated or unprocessed Ras proteins; no significant [*’H]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.?!>> 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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[3] Purification of Recombinant Ras
GTPase-Activating Proteins

By GipEoN BorLrLac and FRaNk McCoRMICK

Introduction

Deactivation of Ras - GTP is achieved by catalyzed GTP hydrolysis.! 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

'D. R. Lowy and B. M. Willumsen. Anni. Rev. Biochem. 62, 851 (1993).
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here as p120-GAP. Subsequently, sequencing of the gene responsible for
the disease neurofibromatosis type 1 (NF1) revealed a region of homology
to p120-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 S{9 (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 p120-GAP protein (Fig. 1). Homology with two noncata-
lytic regions of the Src protooncogene (regions dubbed SH2 and SH3) has

15-residue NF1/IRA NF1/IRA
"GI(u"-T)ag homology GRD homology
-15 insertion i i
"Tagged“ insertion
Neurofibromin De——— | H #2818
8-residue
"KT3'Tag
NF1-GRD 1095 mm] 01569
GAPette 714 [___p1047
alternate
start
p120-GAP T k1047
SH2 SH2 PH
SH3 CalB

F1G. 1. Schematic representation of the primary structure of full-length pi120-GAP,
GAPette, neurofibromin, and NFI-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 p120-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 TRA1 and TRA2 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).



[3] PURIFICATION OF Ras GAPs 23

attracted widespread research interest.” Both of these regions interact with
other signaling proteins: the two SH2 domains are most likely involved in
binding to autophosphorylated 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 GRD contains two
different stretches of homology. One stretch is homologous to calcium- and
phospholipid-binding proteins such as the cytosolic phospholipase A, 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.* The function of this sequence is not known, although the ability
of other PH domains to bind to By subunits of heterotrimeric G proteins
may provide a clue. At the amino terminus of p120-GAP is a hydrophobic
keratin-like sequence of unknown function. The human gene for p120-
GAP contains an alternative splice site near the amino terminus, and the
variant gene encodes a shorter protein of 100 kDa (p100-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,™® and here we describe only the properties of the full-
length p120-GAP.

Aside from the GRD, little information has been gleaned from the
primary sequence of neurofibromin (Fig. 1). Extended sequences outside
the GRD have significant homology with the two GAP proteins of the
yeast Saccharomyces cerevisiae (IRA1 and IRA2), but little is known about
the function of these domains.” Two alternative splice sites within the NF1
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 GRD and one of 18 amino
acids at the extreme carboxy terminus. The NFI-GRD with the extra se-
quences yields a protein with GAP activity similar to that without the

2C. A. Koch, D. Anderson, M. F. Moran, C. Ellis, and T. Pawson, Science 252, 668 (1991).

4J. 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).

* A. Musacchio, T. Gibson, P. Rice, J. Thompson, and M. Saraste, Trends Biochem. Sci. 18,
343 (1993).

3 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. Carles, M. Riva, Y. Frobert, A. Malassine, W. Rosténe,
D. C. Thang, B. Beltchev, A. Tavitian, and M. N. Thang, /. Biol. Chem. 268, 18875 (1993).

”D. H. Gutmann and F. S. Collins, Neuron 10, 335 (1993).
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insertion.® 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-B-p-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® and
neurofibromin'® 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."
Harvesting is achieved by centrifugation at 4000 g for 10 min at 4°, and
the resulting slurries are stored at —70°. Slurry volumes are typically 10—
12 ml/liter of cells.

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

8 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).

M. S. A. Nur-E-Kamal, M. Varga, and H. Maruta, J. Biol. Chem. 268, 22331 (1993).

1 G, Bollag, F. McCormick, and R. Clark, EMBO J. 12, 1923 (1993).

' B, Maijorella, D. Inlow, A. Shauger, and D. Harano, Bio/Technology 6, 1406 (1988).

2P Gideon, J. John, M. Frech, A. Lautwein, R. Clark, J. E. Scheffler, and A. Wittinghofer,
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'Connell, 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 IPTG
and further growth for 4 hr. Expression of soluble GAPette 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 —70°.

Purification of p120-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
(10 ug/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 X 15 cm
column is used for extract prepared from a 6-liter insect cell culture. 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 NaCl in sodium
phosphate buffer at 1 ml/min. The peak of GAP activity typically elutes
at 180 mM NaCl and the peak fractions from about 160-200 mM NaCl
(~40 ml) are pooled.

Sephacrvl-200 Chromatography

The pooled fractions from the S-Sepharose column should be concen-
trated to ~10 ml by ultrafiltration on an M, 100,000 cutoff filter (e.g..
YMI100; Amicon, Danvers, MA). This sample is then loaded onto a 5 X
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90 cm Sephacryl 200 column in 50 mM Tris (pH 8), 100 mM NaCl, 1 mM
EDTA, 0.5 mM DTT, 1 mM PMSF, leupeptin (10 wg/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.

DEAE-HPLC

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, | mM EDTA, 1 mM PMSF, leupeptin (10 wg/ml)], the partially
purified p120-GAP protein is loaded onto a Bio-Rad (Richmond, CA)
DEAE-5PW-TSK column (21.5 X 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 NaCl. GAP activity elutes as a sharp
peak at ~180 mM NaCl 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 er al."

TABLE 1
PURIFICATION PROFILE FOR PREPARING pl20-GAP FROM BACULOVIRUS-INFECTED
Sf9 InsecT CrLis?

Total Specific
Volume protein  Activity”  activity Recovery  Purification
Fraction (ml) (mg) (mU/ml)  (mU/mg) (%) (-fold)
S19 cell lysate 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
DEAE pool 12.5 224 355 20 22 12

“ Adapted from R. Halenbeck et al.®
» One milliunit (mU) is defined as that amount of GAP that catalyzes hydrolysis of 1 nmol
of GTP bound to N-Ras at 18 nM N-Ras- GTP at 25°.
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FiG. 2. A 4-20% SDS-PAGE analysis of the ditferent steps in the p120-GAP purification.
Four micrograms total protein is loaded in each lane of the gel. Proteins are visualized by
staining with Coomassie blue. The numbers on the left-hand side indicate molecular weights
(x107%) of the standard proteins.

Affinity Purification of Neurofibromin

Affinity purification takes advantage of an epitope tag (EYMPME,
abbreviated as the Glu tag'?) that has been appended at the amino terminus
to the coding sequence of the recombinant protein.'” 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 wg/ml), aprotinin (10 pg/ml), E-64 (2 ug/
ml)]. Colchicine (1 mM) 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
dismembrator 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 T ml of Glu-antibody—Protein 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 NaCl, and then again with 10 ml of lysis buffer. Recombi-

" T. Grussenmeyer, K. H. Seheidtmann, M. A. Hutchinson, W. Eckhart, and G. Walter. 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
pg/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 ug 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.!> 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 min 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 min. 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 NF1-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 min, 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

I3 C. Schneider, R. A. Newman, R. D. Sutherland, U. Asser, and M. F. Greaves. J. Biol
Chem. 287, 10766 (1982).
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FiG. 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 the left-hand
side indicate molecular weights (x10 %) of the standard proteins. Molecular weights of the
four proteins predicted from the primary scquence are as follows: p120-GAP. 116.000;
GAPette, 38.000; neurofibromin, 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 wg/ml), aprotinin (10 ug/ml), E-64 (2 wg/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-um 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 min, the resin is collected in a glass
column containing a sintered glass frit. 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 mM EDTA, 1 mM DTT, 0.1 mM Pefabloc, leupeptin (1 pug/mL),
aprotinin (1 pg/ml), E-64 (0.2 uwg/ml) and then eluted with a 0-250 mM
NaCl gradient in the same buffer. The predominant peak of GAP activity
eluting at about 100 mM NaCl 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!®). Alter-
native or additional purification can be achieved by using KT3--antibody-
protein G-Sepharose beads in a procedure similar to that described above
for purifying full-length tagged neurofibromin.'

Comparison 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 pl120-GAP, GAPette, and NF1-GRD is tabulated
by Wiesmiiller and Wittinghofer.!” It appears that the GRD domains of
both p120-GAP and neurofibromin are almost as active as the full-length
proteins. As discussed previously,'? 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 eclucidated. 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.

' H. MacArthur and G. Walter, J. Virol. 52, 483 (1984).
17 L. Wiesmiiller and A. Wittinghofer, J. Biol. Chem. 267, 10207 (1992).
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[4] Purification of Baculovirus-Produced Rap1l
GTPase-Activating Protein

By BonNEE RUBINFELD and PauL PoLakis

Introduction

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-
fied GAP. A GAP specific for the Ras relative p217#P! was purified from
a variety of mammalian sources.'™ The purified Rapl GAP, which ulti-
mately led to the cloning of the cDNA, was extracted from membrane
fractions prepared from bovine brain tissue. Rapl GAP 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.*
The apparent heterogeneity in molecular mass of the full-length Rap1 GAP
is due to hyperphosphorylation.” A chromatographically distinct form of
Rapl GAP was also purified from cytosol.' but this turned out to be a
truncated form of the Rapl GAP originally purified from particulate frac-
tions. Moreover, a GAP 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.® 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.* Even
though Rapl GAP was originally purified from an extract of cell mem-
branes, the recombinant Rapl GAP produced in insect Sf9 (Spodoptera

"E. C. Nice. L. Fabri, A. Hammacher, J. Holden, R. J. Simpson. and A. W. Burgess, J. Biol.
Chem. 267, 1546 (1992).

> P. G. Polakis, B. Rubinfeld, T. Evans. and F. McCormick. Proc. Natl. Acad. Sci. U.S.A. 88,
239 (1991).

¥ 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. . 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).

1. Janoueix-Lerosey, P. Polakis, A. Tavitian, and J. de Gunzburg, Biochem. 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.’ 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.” Although these sites are effectively phosphorylated
both in vivo and in vitro, their phosphorylation does not appear to alter
the specific activity of the Rapl 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 Rapl 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.

Properties of Rapl 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. 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 p21R*PIGTF hydrolyzed to
p21R=P1GPP Rapl GAP works best on the Rapl protein, but will also
stimulate the GTPase activity of the related Rap2 protein, albeit with ~40-
fold reduced efficiency.” Rapl GAP also works marginally on the yeast
Rapl relative RSR1.% p21Rar! binds Rapl GAP with a dissociation constant
etstimated at 30 M. 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 —80°, purified Rapl 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).

8 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)-1 mM EDTA-pepstatin and leupeptin (1 ug/
ml each). Rapl GAP activity is sensitive to salt, exhibiting half-maximal
inhibition at approximately 150 mAM NaCl

Rapl 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 p2 1R 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 ul at 23° for 10 min. The Rap1-[y-*P]GTP complex is
first preformed just prior to use by adding 5 ul of purified Rap1 protein
(stock, 0.1 mg/ml) to 44 ul of 25 mM Tris-HCI (pH 7.5)-20 uM MgCl,—
0.1% Nonidet P-40 containing 1 ul of [y-**P]JGTP (6000 Ci/mmol, 10 mCi/
ml) followed by a 10-min incubation at 30°. The assay reaction contains 16
wul of GAP buffer [31.25 mM Tris-HCI (pH 7.5)-6.25 mM MgCl,-1.2 mM
dithiothreitol-625 uM GTP-bovine serum albumin (BSA; 1.25 mg/ml)-
0.06% (v/v) Nonidet P-40 (NP-40)], 2 wul of sample, and 2 ul of Rapl-
[vy-**P]GTP to start the reaction. Immediately following the addition of the
Rapl-[y-**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-HCI (pH 7.5)-5 mM MgCl,-0.1 M NaCl 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 [y-"*P]GTP. GAP activity
is a function of the decay of the preformed Rapl-[y-*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.’

Y R. Halenbeck, W. I. Crosicr, R. Clark, F. McCormick. and K. Koths, J. Biol. Chem. 265,
21922 (1990).
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Purification of Rapl GAP

Conventional Chromatography

Conventional purification is recommended only when immunoaffinity chro-
matography is not available, or if the Rapt 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—S19 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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Fii. 1. Expression and purification of baculovirus-produced Rap! GAP. Inscct SI9 cells
infected with a recombinant baculovirus expressing Rapl GAP codons 75-663 were lysed at
48 hr postinfection and the lysate chromatographed on S-Scpharosc. (A) Fractions were
diluted 1:300 and 2 ul of each was assaycd for Rapl GAP activity. Activity is expressed as
percentage GTP (@) hydrolyzed relative to buffer control. The column was cluted with 0-
0.3 M NaCl (). (B) One microliter of lysate (L) or column flowthrough (FT). or 3 ul of
each fraction, was applicd to an 8% SDS-polyacrylamide gel and the gel stained with Coomas-
sie blue. The relative molecular masses (kDa X 10 %) of standard proteins (S) are shown on
the left-hand sidc.
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of cation-exchange chromatography is required to obtain several milligrams
of nearly homogeneous Rapl GAP protein (Fig. 1). In this example, we
describe the purification of Rapl GAP from a 100-ml suspension of infected
inscct 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-HCI (pH 8.0)-1
mM dithiothreitol-1 mM EDTA-0.5 mM phenylmethylsulfonyl fluoride
(PMSF)-pepstatin and leupeptin (1 ug/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
NaH-,PO,. 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, NJ) equilibrated in buffer S [50 mM sodium phosphate (pH
6.5)-1 mM dithiothreitol-1 mM EDTA-pepstatin and leupeptin (1 ug/ml
cach)]. The column was washed with five column volumes of buffer S and
then eluted with a 100-ml linear gradient of NaCl 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 S-300 (Pharmacia). The pooled fractions
from S-Sepharose chromatography arc concentrated to 10 ml and applied
to a 500-ml bed (2.5 X 105 cm) of Sephacryl S-300 equilibrated in 20
mM Tris-HCI (pH 8.0)-1 mM dithiothreitol-1 mM EDTA-pepstatin and
leupeptin (I wg/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
20 mM Tris-HCI (pH 8.0)-1 mM dithiothreitol-1 mM EDTA-pepstatin
and leupeptin (1 wg/mleach) and subjected to fast protein liquid chromatog-
raphy (FPLC) on a Mono Q HRS5/5 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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NaCl in column buffer at a flow rate of 1 ml/min. The peak of Rapl GAP
activity elutes at approximately 0.2 M NaCl. 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 Rapl GAP activity.

Affinity Purification of Epitope-Tagged Rap! 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.'” 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 NaCl-0.1% (v/v) NP-40-1
mM dithiothreitol-1 mM PMSF-10 pg/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 ug/ml each of leupeptin and pepstatin]. The
lysate is incubated on ice for 15 min and centrifuged at 12.000 g for 15 min
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

°F, Grussenmyer, K. H. Scheidtmann, M. A. Hutchinson, and G. Walter. Proc. Natl. Acad.
Sci. U.S.A. 82, 7952 (1985).



(4] PURIFICATION OF BACULOVIRUS-PRODUCED Rapl GAP 37

< <
- N N
o T - o
- 4 oo oo 3
° CTEEET o0
s
° ] - =116
5 s — =94
-y L&
= - - 66
a 1
o
- - =45
s T C
0 1 2 3 4 5 6

Rap1 GAP (nM)

Fii. 2. Immunoaffinity purification and activily of Rapl GAPs. Four different forms of
baculovirus-expressed Rapl GAP containing the Glu-Glu epitope tag were affinity purified
by a single step of chromatography using anti-Glu-Glu antibody coupled to protein G-
Sepharose. A Coomassie-bluc stained SDS—polvacrylamide gel to which 1 g of cach of the
purificd proteins was applicd is shown on the right-hand side. The relative activitics of each
of the proteins assayed at the indicated concentrations is shown on the left-hand side. The
Rapl GAPs arc RGIT (W), codons 1-663; RG4 (O), codons 75-663; RG12A (®). codons
75-442; RG22A (). codons 75-416. The relative molecular masscs (kDa X 10°%) 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 thatitis 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 ug
of Glu-Glu peptide (EYMPME) per milliliter in lysis buffer as follows: the
first elution is performed by adding 1 ml of peptide (50 pg/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 | ml each of peptide (10 ug/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

"' C. Schneider. R. A. Newman. R. D. Sutherland. U. Asser. and M. F. Greaves. J. Biol.
Chem. 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 arc 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] Assays for Inhibitors of CAAX Farnesyltransferase
in Vitro and in Intact Cells

By Guy L. JaMES, MicHAEL S. BRowN, and JOsEPH L. GOLDSTEIN

CAAX farnesyltransferase (FTase), the prototype prenyltransferase, is
a heterodimeric Zn*'-dependent enzyme consisting of a 49-kDa « subunit
and a 46-kDa @ subunit that attaches farnesyl to a cysteine residue located
four amino acids from the COOH terminus of various proteins.! CAAX
farnesyltransferase was identified with an in vitro filter-binding assay that
measures the incorporation of [*H]farnesyl pyrophosphate (FPP) into re-
combinant p21™7 that was produced in Escherichia coli.? 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 CAAX boxes (where C is cysteine; A, aliphatic amino
acid; and X, any amino acid).

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

"M. S. Brown and J. L. Goldstein. Nature (London) 366, 14 (1993).

2Y. Reiss, J. L. Goldstein, M. C. Seabra. P. 1. Casey, and M. S. Brown, Cell (Cambridge,
Mass.) 62, 81 (1990).

Y. Reiss, S. 1. Stradley, L. M. Gierasch. M. S. Brown. and J. L. Goldstein, Proc. Natl. Acad.
Sci. U.S.A. 88, 732 (1991).

*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 1. B. Gibbs. J. Biol. Chem. 266, 14603 (1991).

*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 vy subunit, rhodopsin kinase,
¢GMP phosphodiesterase a subunit, and yeast mating factor a.** The
substrates with highest affinity, such as K-RasB, K-RasA, N-Ras, and lamin
B, have CAAX boxes ending in methionine (CVIM. CIIM, CVVM, and
CAIM, respectively). The CAAX boxes of the transducin y subunit and
H-Ras end in serine (CVIS and CVLS), and these react with 10- to 20-fold
lower affinity.” CAAX boxes terminating in leucine are poorly recognized,
if at all, by the FTase.™* but they are recognized by CAA X geranylgeranyl-
transferase (GGTase 11).”

CAAX farnesyltransferase activity requires the intact /8 heterodimer!’
and two divalent cations, Mg** and Zn"."""!? Cross-linking studies suggest
that the CAAX peptide'’ and FPP' both bind to the § subunit. The «
subunit is required to stabilize the 8 subunit, and it likely plays a role in
catalysis.'” Mutational studies suggest that the catalytic pocket may be
formed at the interface of the two subunits.'” Zn*" is tightly bound to the
enzyme, most likely to the 8 subunit, because its removal abolishes binding
of Ras to the enzyme.!' Mg*" is required for the transfer reaction. which
produces a thioether bond."' In the absence of an acceptor protein, FTase
forms a stable, catalytically competent complex with FPP.'¥ It also forms
a stable, but catalytically unproductive, complex with geranylgeranyl pyro-
phosphate. The reaction proceeds in vitro via a random Bi-Bi sequential
mechanism'*'*; however, in 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. Rinc. Annu. Rev. Gener. 30, 209 (1992).

7S. Clarke. Annu. Rev. Biochent. 61, 355 (1992).

SP. J. Casey. J. Lipid Res. 33, 1731 (1992).

M. C. Seabra. Y. Reiss. P. J. Cascy, M. S. Brown. and J. L. Goldstein. Cell (Cambridge,
Mass.) 65, 429 (1991).

"W.-J. Chen. D. A. Andres. J. L. Goldstein. D. W. Russell, and M. S. Brown. Cell (Cambridge,
Mass.) 66, 327 (1991).

Y. Reiss. M. S. Brown, and J. L. Goldstein. /. Biol. Chem. 267, 6403 (1992).

2W_J. Chen, J. F. Moomaw. L. Overton. T. A. Kost. and P. 1. Cascy. J. Biol. Chem. 268,
9675 (1993).

'3 Y. Reiss. M. C. Seabra, S. A. Armstrong. C. A, Slaughter. I. L. Goldstein. and M. S. Brown.
J. Biol. Chem. 266, 10672 (1991).

HCUA Omer. A M. Kral, R. E. Diehl. G. C. Prendergast. S. Powers. C. M. Allen, 1. B.
Gibbs, and N. E. Kohl, Biochemistry 32, 5167 (1993).

> D. A. Andres, 1. L. Goldstein, Y. K. Ho, and M. S. Brown. /. Biol. Chem. 268, 1383 (1993).
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Farnesylation is followed by proteolytic removal of the three terminal
amino acids and methylation of the newly exposed COOH group on the
newly exposed farnesylated cysteine.®’

The Ras proteins are the best characterized substrates for CAAX FTase
in vivo.*” 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. Attachment
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 CAAX
consensus that prevent farnesylation.!”

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)
competitive inhibitors at the peptide-binding site'®*' and (2) inhibitors
that act through the FPP site.”'?> 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-transformed cells, a finding suggesting their
possible use as chemotherapeutic agents in certain human cancers. The
most potent of these inhibitors [ICs, (50% inhibitory concentration) < 1
nM in vitro and < 50 uM in intact cells] were designed by replacing the
two aliphatic residues of the CA A X sequence with a benzodiazepine, which
is postulated to mimic a peptide turn.'®

In Vitro Assay of Farnesyltransferase Inhibitors

Principle

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

17J. F. Hancock, A. L. Magee, J. E. Childs, and C. J. Marshall, Cell (Cambridge, Mass.) 57,
1167 (1989).

'8 G. L. James. I. L. Goldstein, M. S. Brown, T. E. Rawson, T. C. Somers. R. S. McDowell,
C. W. Crowlev, B. K. Lucas, A. D. Levinson, and J. C. Marsters, Jr., Science 260, 1937 (1993).

" 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).

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

21]. B. Gibbs, A. Oliff, and N. E. Kohl, Cell (Cambridge, Mass.) TT, 175 (1994).

2 F. Tamanot, Trends Biochem. Sci. 18, 349 (1993).
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Ras proteins.* Tetrapeptides such as CVFM, which contain an aromatic
residue in the third position of the CAAX sequence, inhibit FTase without
themselves becoming farnesylated.” 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 [*H]FPP as catalyzed by purified FTase.™!* 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 [*H]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 METHODS:
A Companion to Methods in Enzymology* and is not covered here.

Reagents

Purified FTase

Purified recombinant His¢-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-[*H]Farnesyl pyrophosphate ([*H]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 METHODS: A
Companion to Methods in Enzymology* and is not covered here. Recombi-
nant FTase can be produced in an S{9 (Spodoptera frugiperda, tall army-
worm ovary) insect cell-baculovirus expression system!>!'® or in E. coli'
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 NHs-terminal His, tag is added to facilitate affinity purification

Y. Reiss, M. C. Secabra, J. L. Goldstein. and M. S. Brown, Methods: A Companion 1o
Methods Enzymol. 1, 241 (1990).
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by Ni?"—Sepharose chromatography. The purification procedure is similar
to that described for Hiss-tagged Rab proteins.?* After Ni**—Sepharose
chromatography, the His¢-tagged H-Ras is dialyzed into buffer containing
20 mM Tris-HCI (pH 7.5), 3 mM MgCl,, 1 mM sodium EDTA, 0.1 M
NaCl, 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 —80°.

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-B-p-glucoside, and
added to the FTase reaction in a volume of 20 ul.

The standard reaction mixture contains the following components in a
final volume of 50 ul in 12 X 75-mm borosilicate tubes: 50 mM Tris-HCl
(pH 7.5), 10 uM ZnCl,, 3 mM MgCly, 20 mM KCl, 5 mM DTT, 0.2%
(v/v) octyl-B-p-glucoside, 1% (v/v) DMSO, 40 uM 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 uM [*H]FPP
(~50,000 dpm/pmol), and the incubation is continued for 30 min 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 min, 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.

Intact Cell Assay of Farnesyltransferase Inhibitors

Principle

Inhibition of FTase in intact cells is studied by incubating cultured cells
in medium containing the desired compound and labeling the cells with
[*H]mevalonate, a precursor of FPP.>> Compactin or lovastatin, which
blocks the endogenous synthesis of mevalonate,® 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

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

2 J. L. Goldstein and M. S. Brown, Narure (London) 343, 425 (1990).

26 A. Endo. J. Lipid Res. 33, 1569 (1992).
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labeled proteins are visualized by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and fluorography.'®~’

In most cultured cell types, labeling of farnesylated and geranylgeranyl-
ated proteins is inefficient owing to poor uptake of [*H]mevalonate.”™*”
The method described below uses Met18b-2 cells, a line of Chinese hamster
ovary (CHO) cells,™ that takes up mevalonate efficiently, owing to a gain-
of-function mutation in a monocarboxylate transporter.>* With this cell
line, the time required to visualize most [*H]mevalonate-labeled proteins
by autoradiography is reduced from 1 to 2 weeks to ~24 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.*

Figure 1 illustrates how an FTase inhibitor, such as the benzodiazepine
peptidomimetic BZA-5B,'® can be used to identify farnesylated proteins
in intact cells. Met18b-2 cells were incubated with either an inactive analog
or BZA-5B and then radiolabeled with ['H]mevalonate. Lysates of the
[*H]mevalonate-labeled cells were subjected to SDS-PAGE in either one
dimension (Fig. lA) 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 | and 2;: compare Fig. 1B
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. 1 was
originally identified as a farnesylated protcin on the basis of its sensitivity
to BZA-5B after ['H]mevalonate labeling.?” 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

Met18b-2 cells, or a cell line stably transfected with pMEV [77227; Ameri-
can Type Culture Collection (ATCC), Rockville, MD]

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

2% J. Faust and M. Krieger. J. Biol. Chen. 262, 1996 (1987).

*C. M. Kim, J. L. Goldstein, and M. S. Brown. J. Biol. Chem. 267, 23113 (1992).

' C. K. Garcia, J. L. Goldstein, R. K. Pathak. R. G. W. Anderson. and M. S. Brown, Cell
(Cambridge, Mass.) 76, 865 (1994).
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kDa Inactive Analog

—14

FiG. 1. Inhibition of [*H]mevalonate incorporation into farnesylated proteins in hamster
cells incubated with BZA-5B, an FTase inhibitor. Met18b-2 cells were incubated for 2 hr with
a 50 uM concentration of either BZA-5B or an inactive analog. as indicated, and then
radiolabeled for 4 hr with [*H]mevalonolactone as described in text and in James et al.>” (A)
Onc- and (B, C) two-dimensional gel electrophoresis and autoradiography were carried out
as described.”” (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-1, F-2. and F-3 refer to previously obscrved farnesylated proteins of unknown function.®’
Arrows denote three (F-4, F-5, and F-6) newly identified labeled proteins. The encircled spots
in B denote proteins whose labeling was inhibited by BZA-5B: solid circles denote proteins
heavily labeled with [*H]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 pg/ml)

Medium B: Medium A containing 0.2 mM mevalonate, 20 M 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 NaCl) and 100 uM 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 ul of 0.6 N NaOH and 1.6 ml of water are
added slowly. The solution is incubated at room temperature for about
30 min to complete the conversion to the sodium salt. The final solution
(4 mg/ml; 10 mM) is adjusted to pH 8.0 with 1 N HCI dropwise, and
the final volume is brought to 2 ml. The solution is filtered and stored
in multiple aliquots at —20° until use
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(R.S)-[’'H]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-HCI (pH 7.5), 0.15 M NaCl, 1 mM sodium EDTA,
20 mM MgCl,, 0.5% (v/v) Nonidet P-40, leupeptin (10 ug/ml), peps-
tatin (10 pug/ml), and 0.5 mM phenylmethylsulfonyl fluoride

BCA protein assay reagent: Purchased from Pierce Chemical Co. (Rock-
tford, 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 [?H]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 ~30 min with occasional vortexing,
and the amount of [*H]mevalonolactone recovered (usually ~80%) is deter-
mined by liquid scintillation counting. Incubation in medium at 37° allows
the slow conversion of [*H]mevalonolactone to [*H]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 [*H]mevalonolactone
should be converted directly to sodium [*H]mevalonate prior to addition
to the medium. This conversion is done by incubation of the [*H]mevalono-
lactone with 0.1 N NaOH at 37° for 1 hr, followed by neutralization with
0.5 N HC1.%

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 Met18b-2 cells are maintained in medium B in mono-
layer culture in a 5% CO- incubator. For experiments, cells are seeded at
a density of 2 X 10°/60-mm 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 uCi of [*H]mevalonolactone (in a volume of 50-100
wul) 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-min
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incubation on ice, the lysates are collected and transferred to microcentri-
fuge tubes. The detergent-insoluble fraction is pelleted by centrifugation
for 1 min 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-ul aliquot of each fraction is
removed for protein determination. An equivalent amount of each sample
(50-100 pg in a volume of <60 ul) is mixed with 30 ul of 2X SDS sample
buffer, heated for 5 min at 95-100°, and applied to a 12% (w/v) SDS-
polyacrylamide gel. Following electrophoresis, the gel is treated with
ENTENSIFY 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] Prenylation Analysis of Bacterially Expressed and
Insect Cell-Expressed Ras and Ras-Related Proteins

By Roya KHosravi-FAr and CHANNING J. DER

Introduction

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.! 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.*” This association is triggered by a series of closely linked posttrans-
lational modifications that are signaled by the conserved carboxyl-terminal
CAAX 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 CAAX motif. This lipid addition is then followed
by the proteolytic removal of the AAX residues, and finally, carboxyl

'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).

*R. Khosravi-Far, A. D. Cox. K. Kato, and C. J. Der. Cell Growth Differ. 3, 461 (1992).

¥ A.1.Magee.C.M. H. Newman, T. Giannakouros,J. F. Hancock, E. Fawell.and J. Armstrong,
Biochen. Soc. Trans. 20, 497 (1992).

®J. F. Hancock, Curr. Biol. 3, 770 (1993).

7J. B. Gibbs, A. Oliff, and N. E. Kohl. Cell (Cambridge, Mass.) 77, 1 (1994).

Copyright € 1995 by Academic Press, Inc.
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Fic. 1. Posttranslational processing of Ras and Ras-related proteins. {A) The four Ras
proteins undergo three CAA X-signaled modifications that are catalyzed by farnesyltransferase,
an endoprotease, and methyltransferase. H-Ras. N-Ras, and K-Ras4A undergo further modi-
fication by palmitoylation. (B) The majority of Ras-related proteins undergo geranylgeranyla-
tion signaled by C-terminal CAA X sequences, where X is leucine (c.g.. Rap and Rho proteins;
the RhoB protein undergoes both farnesylation and geranylgeranylation). or by C-terminal
CC, CXC, or CCXX 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 CAAX motif.
Among these modifications, it is the addition of the farnesyl isoprenoid
that is critical for Ras membrane association and transforming activity.®

In addition to Ras proteins, other members of the Ras superfamily (the
Ras, Rho, and Rab family members) are also modified by isoprenyl
groups.””’ However, whereas farnesyltransferase (FTase) catalyzes the ad-
dition of the C5 farnesyl isoprenoid to Ras, two distinct geranylgeranyl
transferases (GGTases | and I} are responsible for the addition of Cy,
geranylgeranyl isoprenoid groups to the majority of Ras-related proteins.
The specific modification of a CAA X-terminating 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 1.
Rab proteins terminate with CC, CXC, or CCXX 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.”!"

In Vitro Prenylation 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 prenylation 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®!>!? or in vivo analysis

¥ K. Kato, A. D. Cox, M. M. Hisaka, S. M. Graham, J. E. Buss, and C. J. Der, Proc. Nail.
Acad. Sci. U.S.A. 89, 6403 (1992).

Y C. Reynet and C. R. Kahn, Science 262, 1441 (1993).

101 Maguire, T. Santoro, P. Jensen, U. Siebenlist, J. Yewdell, and K. Kelly. Science 265,
241 (1994).

"' P.J. Casey.P. A. Solski, C.J. Der,and J. E. Buss, Proc. Natl. Acad. Sci. U.S. A. 86,8323 (1989).

12 R, Khosravi-Far, G. J. Clark. K. Abe. A. D. Cox. T. McLain, R. J. Lutz, M. Sinensky, and
C. ). Der. J. Biol. Chem. 267, 24363 (1992).

AL 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.'*!” 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,'™!” the determination of the
prenylation status of a novel protein, or the evaluation of the structural
requirements for prenylation.®!>!3

Prenylation 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-*H]mevalonolactone
(MVA: 15-30 Ci/mmol) into [*H]mevalonate, which in turn is converted
into radiolabeled farnesyl pyrophosphate (FPP) or geranylgeranyl pyro-
phosphate (GGPP).'™!" Thus, the addition of [PH]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 Cis or Cy isoprenoid
groups. Finally, the reticulocyte lysate system can also be adapted to analyze
all CAAX signal modifications.**' This can be achieved by the addition

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

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

'"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).

7G. 1.. 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. Ir., Science 260, 1937 (1993).

"W, AL Maltese. FASEB J. 4, 3319 (1990).

' J. Glomset. M. Gelb, and C. Farnsworth. Curr. Opin. Lipidol. 2, 11% (1991).

"7 J. F. Hancock. K. Cadwallader, and C. J. Marshall, EMBO J. 10, 641 (1991).

“'R. AL Kahn, C. J. Der, and G. M. Bokoch. FASEB J. 6, 2512 (1992).
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TABLE |
BACTERIAL EXPRESSION VECTORS

Expression vector C terminus’  F/GG” Description
pAT-rasH (WT) CVLS F Normal human H-Ras protein
pAT-rasH (61L) CVLS F Oncogenic mutant of human H-Ras
pAT-rasH (WT) CVLL CVLL GG GG-modified mutant of H-Ras (WT)
pAT-rasH (61L) CVLL CVLL GG GG-modified mutant of H-Ras (61L)
pAT-rasH (61L, 186S) SVLS — Nonprenylated mutant of H-Ras (61L)
pAR-rab la cC GG Normal canine Rabla protein
pAR-rabl1b cC GG Normal rat Rablb protein
pAR-rab1b (ACC) — Nonprenylated mutant of Rablb
pAR-rab2 cC GG Normal human Rab2 protein
pAR-rab3a CAC GG Normal human Rab3a protein
pAR-rab3a (ACAC) — — Nonprenylated mutant of Rab3a
pAR-rab4 cGC GG Normal human Rab4 protein
pAR-rab5 CCSN GG Normal human Rab5 protein
pAR-rab6 CSC GG Normal human Rab6 protein
pGEX-TC21 CVIF GG/F  Normal human R-Ras2/TC2] protein

“ Prenylation signal sequence.
¢ Isoprenoid modification.

of microsomal membranes (Promega, Madison, WI), which provide the
necessary enzymes for the remaining CAA X-signaled modifications (AAX
proteolysis and carboxyl methylation).

Expression Vectors

Our bacterial expression vectors for expression of full-length Ras pro-
teins (designated pAT-ras; Amp') contain human ras cDNA sequences that
have been placed downstream of the isopropyl-3-p-thiogalactopyranoside
(IPTG)-inducible tac promoter (Table I).*** Expression of recombinant
protein is achieved in iQ strains of E. coli (e.g., PR13-Q, JM101, JM105,
etc.). We have found the best expression in PR13-Q (Kan"). which contains
an episome containing the iQ allele of the / gene and the kanamycin-
resistance marker of Tn3.?22 On induction with IPTG, approximately 30%
of total cellular protein is Ras.

Our Rab protein expression vectors were generated by introduction of
mammalian rab ¢cDNA sequences downstream of the strong T7 bacterio-
phage promoter in pET plasmid (e.g., pET-3a or pET-11a) vectors (Amp")

21.. A. Feig, B. T. Pan, T. M. Roberts, and G. M. Cooper, Proc. Nail. Acad. Sci. U.S.A. 83,
4607 (1986).
23 C. J. Der, B.-T. Pan, and G. M. Cooper, Mol. Cell. Biol. 6, 3291 (1986).
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(Table I).”* Expression of recombinant Rab proteins is achieved in the E.
colistrain BL21(DE3) or BL21(DE3)pLysS. These hosts contain a chromo-
somal copy of the T7 RNA polymerase gene under IacUV5 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.'?
A wide variety of pET vectors (for epitope tagging the expressed protein)
and E. coli host strains are commercially available from Novagen (Madison,
WI). 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 /n 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 MgCl,. 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), | mM
phenylmethylsulfonyl fluoride (PMSF)], dialysis buffer [25 mM HEPES
(pH 7.5). 200 mM NaCl, 5 mM MgCl,, 0.1 mM GDP, | 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 (BL21) 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 ODg, 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 mM, 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

“F. W. Studier. A. H. Rosenberg, J. J. Dunn. and J. W. Dubendorf, this series, Vol. 185, p. 60.
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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 ul 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), ['{HIMVA [NEN (Boston, MA) or American Radiolabeled
Chemicals, Inc. (ARC, St. Louis, MO)], trans,trans-[1-°H|farnesyl pyro-
phosphate, triammonium salt (FPP; 10-30 Ci/mmol) (ARC), and (all-trans)-
[1-*H]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 ['H]MVA.
For each prenylation reaction a 1.2 uM concentration of purified protein
is incubated in a final volume of 50 ul with 35 ul of nuclease-treated rabbit
reticulocyte lysate, in the presence of 1 mM MgCl,, 1 mM DTT, and 40
uM [PHJMVA. The incubation is carried out for 1 hr at 30°. The reaction
is then stopped by the addition of 10 ul of 5X 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 *H incorporation
into each substrate.
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F1aG. 2. In vitro prenylation 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-Lreated rabbit reticulocyte lysate containing [*HJMVA (lanes 1 and 4). ['H]FPP
(lanes 2 and 5). or ['H]GGPP (lanes 3 and 6). (B) Bacterially expressed Rablb (CC) or
H-Ras(CVLS) was incubated with (+) or without (—) partially purificd farnesyltransferase
and ["HJFPP (o measure incorporation of [*H]farnesyl into H-Ras (lanes 3 and 4), but not
geranylgeranyl-modified Rablb (lanes 1 and 2). Arrow indicates the position of prenylated
substrates.

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 uM [*H]FPP (2.5
Ci/mmol) or 5 uM [*'H]GGPP (2.5 Ci/mmol) can be added to the reticulo-
cyte lysate prenylation assay instead of [PHJMVA. In such an assay,
H-Ras(WT) will be labeled using ['H]MVA or [*H]FPP, but not ['H]GGPP.
In contrast, the CAAX mutant, H-Ras(WT)CLVL, will be labeled using
["HIMVA and [PH]GGPP, but not [*H]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 I, or GGTase IT and are supplemented with either [*"H]FPP or
[’H]GGPP. The reactions for FTase are carried out in a final volume of
25 wl containing S0 mM Tris-HCI (pH 7.5). 50 uM ZnCl,, 20 mM KCI,
I mM DTT, 40 uM substrate protein, 5 uM [PH|FPP, and 1.8 to 4.8 ug of
purified FTase. Similar assay conditions, with slight modifications, are also
used for assays with purified GGTase I and I1.>>*° Using these assay condi-

7M. C. Seabra. Y. Reiss, P. J. Casey. M. S. Brown, and J. L. Goldstein, Cel/l (Cambridge,
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
[PH]FPP, whereas Rabl1b will incorporate label only when incubated with
GGTase II and ["H]GGPP. The incorporated [*H]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 literature,””% or recombinant sources from
different investigators may be available.?’-

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

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

3 C. A. Omer. A. M. Kral, R. E. Dichl, G. C. Prendergast. S. Powers, C. M. Allen, J. B.
Gibbs, and N. E. Kohl, Biochemistry 32, 5167 (1993).

M. D. Summers and G. E. Smith, Tex., Agric. Exp. Stn. |Budl.] B-1555 {1989).

'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.” This is carried out by homologous recombination between the en-
dogenous polyhedrin gene from the genome of the baculovirus Aurographa
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 wg of linearized AcNPV and 2 ug of pAcCI2 carrying the
gene of interest (e.g., pAcCl2-rasH) are cotransfected into Spodoptera
frugiperda (Sf9, fall armyworm ovary) insect cells.?” The recombinant vi-
ruses can then be isolated from occlusion-negative (occ ) plaques and
used to generate large quantities of authentically expressed proteins by
transfection into SfY cells. Detailed methods for the generation and isolation
of recombinant baculoviruses have been described previously.”’

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 cells
are described by Summers and Smith.?’ 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 COs,, 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 min 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 will 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 X 10° cells per 35-mm dish in serum-free Grace’s
medium to allow attachment of the cells. Following a I-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 uCi of Tran™S-label (1-[**S|methionine plus
L-[*S]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.

shonai [Ssel
VAW [Hel

Fic. 3. Prenylation analysis of insect cell-cxpressed Ras protein. (A) SI9 cells infected
with recombinant baculovirus expressing H-Ras were labeled with [%S]Met/Cys or PHIMVA.
Arrow indicates location of H-Ras. (B) The [*H]MVA-labeled Sf9 cells expressing H-Ras
were lysed in Triton X-114, partitioned into detergent-depleted (A) and detergent-cnriched
(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 [*'H]MV A at a concentration of 200
w«Ci/ml. This labeling can be done in the presence or absence of compactin or
mevinolin (25 uM). 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 ['H]MVA into
FPP and GGPP during biosynthesis. Some proteins such as Ras and Rapla
require the presence of 25 uM compactin to increase their sensitivity for
mevalonate labeling."* However, other proteins such as Rabs do not require
addition of compactin.'* 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 uCi of [9.10-’H]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 1-3%
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.*!

Analysis of Hydrophobicity and Membrane Association

The reagents required are 1X Tris-buffered saline (TBS), Triton X-114,
TBS* buffer [1X TBS containing 1% (v/v) Trasylol, 1 mM PMSF, and 20
wpg/ml each of the protease inhibitors leupeptin, N*-p-tosyl-L-lysine chlo-
romethyl ketone (TLCK), N-tosyl-1-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 MgCl,, 1%
(v/v) Trasylol, 1 mM PMSF, and 20 ug/ml each of leupeptin, TL.CK, TPCK,

*'S. M. Mumby and J. E. Buss. Methods 1, 216 (1990).
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and SBTI], 1 M DTT, and 10X 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.*' For analysis of hydrophobicity
[PH]MV A-labeled Sf9 cells are washed twice with 1X TBS. A volume of
0.5 ml of 2% Triton X-114 is then added to the 30-mm dish, and the celis
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 min 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. [**S]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 1X 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 ul of hypotonic buffer containing 1 mM fresh DTT, and incubated
on ice for 10 min. The cells are then disrupted by homogenization in a
Dounce (Wheaton, Millville, NJ) tissue homogenizer. NaCl is then added
to the homogenized sample to a final concentration of 184 mM. 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; 7). 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 NaCl). 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 0.25% (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 SDS-PAGE followed by
fluorography.

Chemical Analysis of Isoprenoid Moiety

We have employed several approaches to determine the specific isopren-
oid that is added onto insect cell-expressed proteins. The ['THIMV A-labeled
cells can be used for analysis of the prenyl group by gas chromatography
(GC)."" The cell pellet is resuspended in 100 ul of 1 X SDS-PAGE sample
buffer and resolved by SDS-PAGE. 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.™ The extract is then used for GC analysis on a Perkin-Elmer
(Norwalk, CT) gas chromatograph with a flowthrough gas-proportional
radiodetector.’” 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 (fr) values 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 ul) by the addition of
(1.5 ml of 15% (w/v) trichloroacetic acid. Similar results can also be obtained
from Ras proteins that are purified by SDS-PAGE, 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) CHCls—methanol at 0 to 2°. The protein pellet is then air

*2 M. Kawata, C. C. Farnsworth, Y. Yoshida. M. H. Gelb, J. A. Glomset, 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 ul of methyl iodide, and the
mixture is then stirred in the dark for 48 hr. The reaction is quenched by
the addition of 30 wl of 35% (w/v) Na,COs, and the preparation is then
incubated in the dark for an additional 12 hr. The resulting mixture is
extracted three times with 400 ul of 9:1 (v/v) CHCl;-methanol, and the
organic phases are combined and dried under a stream of N,. The dried
sample is dissolved in 200 ul of 50% (v/v) CH;CH-25 mM H;PO, (solvent
A), and an aliquot is then injected onto a 0.5 X 25 cm ODS reversed-phase
HPLC column. The column is developed with a 40-ml linear gradient of
solvent A to 100% CH;CN-25 mM H;PO, (solvent B), followed by 10 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] Reticulocyte Lysate Assay for in Vitro Translation and
Posttranslational Modification of Ras Proteins

By Jonn F. Hancock

Introduction

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 C,s farnesyl pyrophos-
phate (FPP) or C,, 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 1

Copyright © 1995 by Academic Press, Inc.
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(GGTase I).! However, there are exceptions.” Following prenylation,
CAAX motifs undergo two further processing events. The AAX amino
acids are removed by an endopeptidase and the now C-terminal cysteine
residue is a-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 CAAX
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 I1)].*® 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.”

All of these posttranslational processing events with the exception of
palmitoylation can be carried out in vitro. Farnesyltransferase, GGTase I.
and RabGGTase are ubiquitously expressed soluble enzymes: the AAX
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 CAA X processing events.” The system also processes Rho proteins
and mutant K-Ras proteins with CAAX (where X is leucine) motifs that
are geranylgeranylated, AAX proteolyzed, and methylesterified.”*!" Gera-
nylgeranylation of in vitro-translated Rab proteins also occurs but efficient
double geranylgeranylation of CXC motifs requires either supplementation
of the lysate with COS cell cytosol, or prolonged incubations.”!' Methyla-
tion of Rab proteins with CXC motifs can be achieved in vitro in the
presence of microsomal membranes.!! 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, J. Biol. Chem. 266, 14603 (1991},

2 P. Adamson. C. J. Marshall, A. Hall, and P. A. Tilbrook, J. Biol. Chem. 267, 20033 (1992).

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

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

> M. C.Seabra.J. L. Goldstein, T. C. Stidhof, and M. S. Brown. J. Biol. Chem. 267, 14497 (1992).
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(Cambridge, Mass.) 70, 1049 (1992).
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Magce, J. Biol. Chem. 267, 11329 (1992).
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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 [*H|mevalonic acid, [*H]GGPP, or ['H|FPP; and the methyl group
can be labeled with S-adenosyl[methyl-*H]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
AAX proteolysis or methylation will occur. Or, if microsomal membranes
are included together with a methyltransferase inhibitor such as methylthio-
adenosine, then AAX 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
RhoGDIL.o"

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 ug of RNA in a 50-ul lysate
reaction. There are various labeling options.

1. For *S-labeled protein use translation-grade [*S]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.”'” The extent of processing can be determined by
analyzing 5 ul of the reaction in a Triton X-114 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 100 mM. Filter
sterilize and store at —20°.]

2. Farnesyl and geranylgeranyl groups can be labeled with [*H]meva-
lonic acid. Lyophilize 50 uCi 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, ['H]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-HCI
(pH 7.5), 150 mM NaC(l] to the detergent phase (which contains all of the
prenylated protein), vortex, add 110 ul 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 ul of Laemmli sample
buffer for 4 min with vortexing to ensure complete dissolution. By using
Triton X-114 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. Immunoprecipita-
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 uCi of ['H]farnesyl pyro-
phosphate (FPP) or [*H]geranylgeranyl pyrophosphate (GGPP) can be
used to radiolabel prenylated proteins. Note that in the reticulocyte lysate
some [*H]FPP will be converted to ['HJGGPP, 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.!! 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’” and concentrated to 10 mg/ml in a Centricon
10 (Amicon, Danvers, MA) microconcentrator.

1. Translate the Rab protein in a 25-ul reticulocyte lysate [**S]methio-
nine-labeled reaction for 2 hr at 30°. Add 180 mg of COS cell cytosol,
mevalonic acid to 5 mM, and MgCl, 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-ul reticulocyte lysate
unlabeled reaction for 2 hr at 30°. Add 180 mg of COS cell cytosol, MgCl,
to 2.5 mM, and 25 uCi of R-[5-*H]mevalonic acid. Continue the incubation
for a further 3 hr.

Use of Microsomal Membranes for in Vitro AAX Proteolysis
and Methylation

In all of our studies we have used canine microsomal membranes pur-
chased from Promega as a source of AAX endopeptidase and methyltrans-
ferase. Giannakouros et al.!' use a P100 membrane fraction from COS
cells as a source of methyltransferase. The membranes were prepared by
hypotonic lysis and Dounce (Wheaton, Millville, NJ) homogenization and
adjusted to a protein concentration of 5 mg/ml in 50 mM Tris-HCL, 50 mM
NaCl,2 mM MgCl,." Such a membrane preparation would also be expected
to have AAX protease activity, although this was not tested in their study.

AAX proteolysis and methylation of CAA X motifs and methylation of
CXCmotifs 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 ug of COS cell membranes in a 50-ul reticulocyte translation
reaction supplemented with S mM mevalonic acid. Incubate for 2 hr at 30°.
Monitor the methylation reaction using 25-50 uCi of S-adenosyl[methyl-
YH]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-ul 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-*H]methionine label and the mem-
branes and continue the incubation for a further 2-4 hr.

Similarly, if prenylation of the in 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-ul 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
the incubation for a {urther 2-4 hr.

(Note: Giannakorous ef al.'' 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 AAX proteolysis) in membrane and
GDI interactions is to be investigated then the label can be changed from
S-adenosyl[methyl-"H]methionine to [**S]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 uM farnesylthioacetic acid. These inhibitors do not affect the AAX
protease, and therefore Ras proteins with CAAX motifs that are processed
with microsomal membranes in the presence of a methylation inhibitor
will be prenylated and AAX proteolyzed only. This CAAX processing
intermediate cannot be generated in vivo.
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[8] Carboxyl Methylation of Ras-Related Proteins

By CraiGg VOLKER and JEFFRY B. Stock

Introduction

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.'™ This reversible carboxyl methylation is critical to the

"M. S. Springer. M. F. Goy. and J. Adler, Nature (London) 280, 279 (1979).
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transduction of an extracellular stimulus into a chemotactic response. Meth-
ylation at glutamate residues has not been observed in eukaryotes, how-
ever.

The discovery of methyl ester modifications in signal transduction pro-
teins such as Ras,” and more recently the finding that the catalytic subunit
of protein phosphatase 2A (PP2A.) is methyl esterified.>® suggest an im-
portant regulatory function for carboxyl methylation in eukaryotic cells as
well as bacteria. Results with general inhibitors of methylation also are
consistent with the idea that protein carboxyl methylation serves as a gen-
eral modulator of signal transduction and growth in mammalian cells.”'?

Protein Carboxyl Methylation in Intact Eukaryotic Cells

Unlike protein phosphorylation, in which an extensive array of kinases
provides a complex network of input signals, there are only two known
regulatory carboxyl methyltransferase enzymes in eukaryotes. One cata-
lyzes the methyl esterification of prenylcysteine residues at the C termini
of low molecular weight GTP-binding proteins such as Ras, and a number
of other “CXXX-tail” proteins that includes the y subunits of heterotrimeric
G proteins, the « and 8 subunits of cGMP phosphodiesterase, the « and
B subunits of phosphorylase kinase, rhodopsin kinase, nuclear lamins A
and B, and specific fungal mating pheromones.'?

The second eukaryotic protein carboxyl methyltransferase functions
specifically to modify PP2A_ at a C-terminal leucine residue.*™ The activity
that methylates PP2A_ is cytosolic and distinct from the prenylcysteine
carboxyl methyltransferase, which is membrane-associated.®!*

2J. B. Stock, in “*Protcin Methylation” (W. K. Paik and S. Kim, cds.). p. 275. CRC Press,
Boca Raton, FL, 1990,

*E. G. Ninfa, A. Stock, S. Mowbray. and J. Stock, J. Biol. Chenm. 266, 9764 (1991).

*J. B. Stock. M. Surette, W. R. McCleary, and A. M. Stock, J. Biol. Chem. 267, 19753 (1992).

5S. 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).

7H. Xie and S. Clarke, J. Biol. Chem. 269, 1981 (1994).

¥ B. Favre, S. Zolnicrowicz, P. Turowski, and B. A. Hemmings, J. Biol. Chem. 269, 16311
(1994).

Y M. C. Pike, N. M. Kredich, and R. Snyderman, Proc. Natl. Acad. Sci. U.S.A. 75,3928 (1978).

" A. W, Li, R. A. Singer, and G. C. Johnston, FEMS Microbiol. Lett. 23, 243 (1984).

"' R. T. Borchardt, J. Med. Chem. 23, 347 (1980).

2 D. Chelsky, C. Sobotka, and C. L. O'Neill, J. Biol. Chem. 264, 7637 (1989).

13S. Clarke, Annu. Rev. Biochent. 61, 355 (1992).

4 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).
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In Saccharomyces cerevisiae, the prenylcysteine carboxyl methyltrans-
ferase activity is encoded by the STEI4 gene.'*'® Thus, proteins that are
carboxyl methylated in strains that lack the STE4 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.'” 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 C-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.>! 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.** 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.*** Glutamyl and C-terminal leucine and
prenylcysteine carboxyl methyl esters are stable under these condi-

tions.>>2027
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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.*®
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 [*H]methionine, the ratio of prenylcys-
teine carboxyl [*H]methyl ester to [*H]methionine in a given protein may
allow estimates of stoichiometry. For example, mature Ha-Ras contains
four methionine residues,™ so that under steady state labeling conditions
with [*H]methionine the incorporation of one methyl ester per Ha-Ras
monomer would give a 1-to-4 ratio of [*H]methyl esters to [*H]methionine.
We find that a ratio of 1 to 6 is obtained in Ha-Ras-transtormed fibroblast
cells starved for methionine, and then grown for 3 hr in the presence of
[’H]methionine,'* 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 [*H]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 er 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

**J. B. Stock, S. Clarke, and D. E. Koshland, Jr.. this series, Vol. 106, p. 310.
29 D. Chelsky, B. Ruskin, and D. E. Koshland. Jr.. Biochemistry 24, 6651 (1985).
' M. Barbacid, Annu. Rev. Biochem. 56, 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 PP2A., are readily methylated in the absence of protein
synthesis, whereas others are not.*”*” 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 | min) incorporate methyl esters.’ 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 ef al.** 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 377 in a humidified atmosphere, enriched
to 5% CO,. 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% COs, for 2 hr. Labeling medium is prepared by the addition of 1.0 mCi
of [*H]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 DMEM-

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

32 K. Venkatasubramanian, F. Hirata, C. Gagnon, B. A. Corcoran, R. F. O’Dea. J. Axelrod,
and E. Schiffmann. Mol. Immunol. 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% CQO,. 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 min 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 [*H]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 ul of HEPES-
saline solution or HEPES-buffered DMEM. Immediately after resuspen-
sion, neutrophils (1.5 X 107 cells) in 50 ul 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 wul) is then added and the tubes placed on ice to quench the
reaction. After 10 min, the tubes are centrifuged at 12,000 g for 3 min 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 X 107 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 [*H]AdoMet (typically 0.5 mCi). Unlike most eukaryotic cells, S.
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Fii. 1. Protein carboxyl methylation in intact human ncutrophils. Human neutrophils
(1.5 % 107 cells) werc labeled with [*H]|methionine (50 uCi; 9.3 x 107 cpm/pmol) in the
presence of cycloheximide (5 ug/ml; @), N-acetyl-S-rans-geranyl-L-cysteine (AGC, 100 uM:
). AFC (100 uM: ). or no added compound (O) in HEPES-—saline buffer in a total volume
ol 100 ul at 37°. After 1 hr, the rcactions were quenched with trichloroacetic acid. subjected
to SDS-PAGE. and examined [or protein carboxyl methylation, as described under Assay
for Protein Carboxyl Methyl Esters.

cerevisiae are permeable to AdoMet,”** and hence [*H]AdoMet is used
directly. After incubation for the desired time at 30°, cells are harvested,
washed, and lysed with glass beads. Proteins in the lysate 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.

Assay for Protein Carboxyl Methyl Esters

Following SDS-PAGE, methylation at carboxyl groups may be distin-
guished from direct methionine incorporation, as well as N-linked protein
methylations, by their relative alkaline lability. To examine carboxyl meth-
ylation of Ras-related proteins, labeled proteins are generally separated by
SDS-PAGE over 0.125-cm thick, 8-cm long, 13% (w/v) gels in 1-cm wide
lanes. The gels are dried and individual lanes are cut into 2-mm slices
{generally 40 slices for a complete lane) that are each placed into 1.5-ml

3 J. T. Murphy and K. D. Spence, J. Bacteriol. 109, 499 (1972).
* H. Cherest, Y. Surdin-Kerjan. J. Antoniewski. and R. H. Derobichon-Szulmajster. J. Bacre-
riol. 115, 1084 (1973).
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F1G. 2. Protein carboxyl methylation in a mouse brain cxtract. A whole-cell mouse brain
extract (2.8 mg/ml, protein) was incubated at 37° with [*H]AdoMet (10 uM; 8000 cpm/pmol)
with (@) and without (O) 100 uM AFC in 100 mM Tris-HCL. 1 mM EDTA. 1l mM DTT, pH
7.9, in a total volume of 50 ul. After 25 min, the reaction was quenched with 16.7 ul of 4x
protein gel loading buffer and heated to 90° for 5 min. Two 30-u! aliquots were removed,
subjected to SDS-PAGE. and examined for protein carboxyl methylation, as described under
Assay for Protein Carboxyl Methyl Esters.

open-topped, polyethylene microcentrifuge tubes to which 50 ul of 1 M
Na,COj; is added to hydrolyze *H-labeled protein carboxyl methyl esters
to [*H]methanol.?® An equal-sized slice of unlabeled gel together with 50
ul of 1 M Na,CO; and a known amount of ["“C]methanol are used to
determine the yield, which generally ranges from 50 to 90%, depending on
the time allotted for equilibration. Treatment with bases stronger than
Na,CO; may result in the release of volatile [*H]methylamine from proteins
that are methylated at the guanidino group of arginine residues.*

Prenylcysteine Carboxyl Methyltransferase Enzymology

Prenylcysteine carboxyl methylation on endogenous substrates may be
studied in vitro using AdoMet directly' (Fig. 2). As with in vivo labeling,
one needs to be cognizant of other protein methylation reactions, but label
from direct methionine incorporation is not a concern.

In addition to endogenous protein substrates, other substrates may be
readily examined in vitro. For example, prenylcysteine carboxyl methyl-
transferase activity has been studied on Ras-related proteins in in vitro

% ]. Najbauer, B. A. Johnson, and D. W. Aswad. Anal. Biochem. 197, 412 (1991).
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translation systems in Xenopus egg and rabbit reticulocyte lysates
bacterially expressed proteins that have been farnesylated and cleave
Prenylcysteine carboxyl methyltransferase activities also modify small pep-
tides that contain a C-terminal prenylcysteine,*~*! as well as small molecule
analogs of a single C-terminal prenylcysteine residue such as AFC, N-acetyl-
S-all-trans-geranylgeranyl-L-cysteine (AGGC), S-transtrans-farnesyl-3-
thiopropionic acid (FTP), and S-all-frans-geranylgeranyl-3-thiopropionic
acid (GGTP).18204243 Small molecules greatly facilitate analysis of the activ-
ity, because their methylation may be readily assayed by our previously
reported heptane-extraction method. These compounds also function as
specific inhibitors of endogenous prenylcysteine carboxyl methylation; they
do not inhibit methylation of proteins such as PP2A_.'*"

Prenylcysteine carboxyl methyltransferase activity has been found in
all eukaryotic cells examined. Mammalian brain is a source of particularly
high activity."* Although present in all brain regions, the activity is primarily
associated with the cerebellum.* All prenylcysteine carboxyl methyltrans-
ferase activities are membrane associated. The brain and liver enzymes are
found predominantly in the nuclear endoplasmic reticulum (ER) frac-
tion'*'*4%; the neutrophil activity, however, is localized to the plasma mem-
brane.*

The pH optima for all prenylcysteine cysteine methyltransferase activi-
ties examined, including bovine brain and rod outer segment (ROS) activi-
ties, as well as the human neutrophil activity, have been found to be approxi-
mately 8.24246 The bovine brain activity exhibits Michaelis—Menten kinetics
with an apparent K, of ~2 uM for AdoMet and a K, of ~20 uM for
AFC.?" Similar values are found for the bovine ROS activity,* but slightly
lower apparent K, values of 1.4 uM for AdoMet and 12 uM for AFC are

Y. Yoo, S. Watts, and M. Rechsteiner, Biochem. J. 285 (Pt. 1), 55 (1992).

¥ C. M. Newman, T. Giannakouras, J. F. Hancock. E. H. Fawell, J. Armstrong. and A. I.
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found for the human neutrophil activity.*” Although we find that both rat
brain and human neutrophil activities show a greater apparent affinity for
AGGC than AFC,'** the affinities for AGGC and AFC have been reported
to be virtually identical in bovine ROS.*#

In mammalian tissues, as well as in yeast, a single type of prenylcysteine
methyltransferase modifies both farnesyl and geranylgeranyl substrates. '
In S. cerevisiae, disruption of the STE/4 gene precludes methylation of
both farnesyl and geranylgeranyl substrates.' In a given mammalian tissue,
farnesylcysteine and geranylgeranylcysteine carboxyl methyltransferase ac-
tivities share similar subcellular distributions.'® 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.'®* 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.*'
Moreover, addition of Gy, to human neutrophil extracts dramatically inhib-
its the carboxyl methylation of Ras-related proteins,* 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. 1.07952).%3! A Kyte-Doolittle hydrophilicity plot of
the predicted amino acid sequence of STE/4 reveals five regions with
sufficient length and hydrophobicity to span the membrane®*s! (Fig. 3). It
has also been reported that the MAM4 gene from Schizosaccharonyces
pombe encodes a homologous, membrane-associated protein.** The pre-
dicted STE14 and MAM4 gene products are 42% identical and share similar
hydrophilicity profiles.’! 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-
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