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Overview of Experimental Strategies
on the Detection and Isolation
of Recombinant Proteins and Their Applications

Rocky S. Tuan

1. Introduction

Recent advances 1n recombinant DNA technology have permitted the direct
cloning of DNA fragments (either derived from naturally occurring or artifi-
cially designed gene sequences) into various cloning vectors mcluding bacte-
riophages, plasmids, and viruses. Such recombinant constructs represent the
basic reagents of molecular biology. A major application utilizing cloned DNA
sequences 1s the expression of the cloned DNA 1nto a protemn product, i.e., the
expression of recombinant genes. Because the cloned DNA sequences may
be modified or altered, recombinant expression technology thus enables the
mvestigator to “custom-design” the final protein product Furthermore, most
expression vectors are designed to allow the linking of various “tags” to the
expressed recombinant protein to facilitate subsequent detection and 1solation.
This chapter provides a brief overview of the technologies currently employed
m “tagging” expressed recombinant proteins and the corresponding detection
and isolation methodologies, as well as some of the applications utilizing
recombinant gene products.

2. Molecular Tags and Reporters

The basic strategy in “labeling” or “tagging” a cloned sequence is to place
either upstream or downstream a translationally in-frame sequence correspond-
ing to a polypeptide domain or protein that exhibits highly active or distinct
properties not found in the host cell. In this manner, the recombinant hybrid
protein, containing the tag and the desired expressed gene product, may be
detected and/or isolated on the basis of the unique properties of the tag. In
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some instances, an additional sequence corresponding to a specific protease
cleavage site 1s inserted between the tag and the cloned sequence, such that
treatment of the final recombinant hybrid protein with the appropriate protease
produces the desired gene product from the tag. Chapter 2 (Groskreutz and
Schenborn) 1n this book provides further background for the general rationale
used in constructing an expression vector.

2.1. Enzymes

Owing to therr ability to catalyze specific reactions yielding distinct, detect-
able products, enzymes are probably the most popular molecular tag for
expresston of recombinant genes. The most commonly used enzymes clude.
chloramphenicol acetyltransferase (CAT), firefly luciferase; f3-galactosidase,
alkaline phosphatase; and 3-glucuronidase Some of the key reasons for select-
ing these enzymes as functional labels include high signal-to-background ratios
of the catalyzed reactions, high stability of enzyme activity, and the high sensi-
tivaty for detection A number of methods are currently 1n use for the detection
of enzyme activity, mcluding standard colorimetric assays, more sensitive fluo-
rescence- or luminescence-based procedures, chromogenic histochemustry, and
immunohistochemistry or solution-phase immunoassays such as radioim-
munoassay or enzyme-linked immunosorbent assay (ELISA). The specific
characteristics of some of these enzymes and their respective detection pro-
tocols are presented in detail in a number of chapters 1n this book (Chapters 3,
4,5, and 6).

2.2. Ligand-Binding Labels

Another type of molecular interaction that has been exploited to generate
detectable activities in recombinant gene expression mcludes those mvolving
specific, high-affinity ligand binding. In this manner, the recombinant product
possesses the ability to interact with a specific ligand, which 1deally 1s not a
property of the host cell proteins. Using a labeled ligand, the corresponding
recombinant product may be clearly identified. Alternatively, another reagent,
either a protein or a chemical (which 1s 1tself labeled), may be used to detect
the bound ligand, and thus the recombinant protein. In many instances, the
ligand may be immobilized onto a solid support, such as chromatography
resins and gels, to develop affinity fractionation methods for 1solation and
purification of the desired recombinant product. Examples of these proto-
cols may be found 1n a number of chapters 1n this book, dealing with spe-
cific igand-binding entities such as: maltose-binding protein, which allows
purification of the chimeric protemn on amylose columns; Protein A, which
recognizes the Fc domain of immunoglobulin G; streptavidin, which binds with
extremely high affinity and spectficity to biotin, and hexahistidine peptide se-
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quence, which has high metal affinity, i.e., applicable for affinity purification
on nickel-nitrilotriacetate column. These topics are covered 1n detail mn Chap-
ters 9, 10, 11, and 12

2.3. Expression-Coupled Gene Activation

Another means to detect recombinant gene expression, which has recently
gaimed substantial popularity, 1s the coupling of recombinant gene expression
to the transactivation of another unique gene This approach, an example of
which 1s the yeast two-hybrid system, 1s particularly useful for the detection of
interacting proteins, and the assay 1s performed in vivo rather than in vitro,
thus permutting the detection of such proteins 1n their native, biologically active
state. The yeast two-hybrid system takes advantage of the fact that many
eukaryotic transcription activators are made up of structurally separable and
functionally independent domains. For example, the yeast transcriptional acti-
vator protein GAL4 contains a DNA-binding domain (DNA-BD), which rec-
ognizes a 17 base-pair DNA sequence, and an activation domain (AD). Upon
DNA-BD binding to the specific upstream region of GAL4-responsive genes,
the AD interacts with other components of the machinery to initiate transcrip-
tion. Thus, both domains are needed 1n an 1nteractive manner for specific gene
activation to take place. In the popular yeast two-hybrid system, the two GAL4
domains are separately fused to genes encoding proteins that interact with each
other, and these recombinant hybrid proteins are expressed in yeast. Interac-
tion of the two-hybrid proteins brings the two GAL4 domains 1n close enough
proximity to form a functional gene activator, resulting m the expression of
specific reporter gene(s), thereby rendering the protein interaction, 1.€ , expres-
sion of the desired recombinant protein, phenotypically identifiable. In prac-
tice, the target protein gene 1is ligated to the DNA-BD 1n the form of an
expression vector. The gene of interest, whose activity includes interaction with
the target protein, 1s higated into an AD vector. The two hybrid plasmids are
then cotransformed into specialized yeast reporter strain. Expression of the
desired gene thus activates a known GAL4 responsive gene(s) and confers spe-
cific phenotype to the host cell, which can be selectively 1dentified Protocols
utilizing the two-hybrid system and 1ts variants are described in several chap-
ters 1n this book (Chapter 12, 15, and 16).

2.4. Immunospecific Detection

Another type of recombinant label or tag consists of components to which
specific antibodies are available In this manner, immunoassays and immuno-
affinity chromatography may be used efficiently to detect and isolate, respec-
tively, the recombinant protein. Momand and Sepehrnia (Chapter 14) illustrate
how this principle may be exploited using recombinant p53 as an example, and
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Olesen et al. (Chapter 7) present methodologies based on chemiluminescent
immunoassays using enzyme-conjugated secondary antibodies. Recombinant
protein expressing cells may also be cloned and detected by immunodetection
methods as described by Gibson et al. (Chapter 8).

2.5. Expression-Coupled Alteration of Cellular Activity

The 1dentification and cloning of multidrug reststance genes such as MDR1,
which is responsible for the simultaneous resistance of cells to multiple struc-
turally and functionally unrelated cytotoxic agents, offers the potential to use
such genes n fusion gene constructs for the purpose of detection and isolation
of the expressing cellular clone. Germann (Chapter 13) describes such an
application pertaining to P-glycoprotein.

2.6. Labels with Unique Chemical Characteristics

The green fluorescent protein (GFP) of the jellyfish, Aequora victoria, fluo-
resces following the transfer of energy from the Ca?*-activated photoprotein,
aequorin. GFP has been cloned, and, when expressed in prokaryotic and
eukaryotic cells, yields green fluorescence when excited by blue or ultraviolet
light. Recent developments have focused on utilizing the GFP as a reporter gene
to permit the detection of recombinant gene expression in vivo (see below).

3. Detection of Gene Expression

The expression of specific genes 1n a recombinant form consisting of chi-
meric or hybrid labels has greatly facilitated therr detection. A number of chap-
ters n this book (Chapters 18, 19, 20, 21, 22, 23, and 24) focus on recent
developments in the detection of gene expression n situ, utilizing DNA or
RNA probes, as well as PCR amplification. Since in situ hybridization, in situ
PCR, and label-spectfic histochemustry (e.g., B-galactosidase histochemistry),
utilizang tissue sectron or whole-mount tissues and embryos, yield information
on gene expression at the native, individual cell and tissue level, they are pow-
erful techniques in gaining information on the functional aspects of gene
expression. In particular, in transgenic experimentations, where a transgene 1s
mtroduced into and expressed in an animal, the ability to correlate gene
expression and altered cell/tissue phenotype allows the investigator to directly
assess the function of the gene of interest. Examples of recombinant label-
specific detection protocols include those based on f-galactosidase (Chapter
18) and the fluorescent jellyfish GFP (Chapter 24). In situ hybridization 1s
based on hybridization to specific mRNA sequences by labeled DNA and RNA
probes (Chapters 19, 20, 21, and 22), whereas sequence-specific amplification
by in situ PCR provides both gene expression detection and cloning possibili-
ties (Chapter 23). By coupling immunohistochemustry with zn situ hybridiza-
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tion, it 1s possible to examine gene expression at both the protein and mRNA
levels (Chapters 19 and 22).

4. Applications of Recombinant Gene Expression

The production of recombinant gene products 1s one of the major success
stories of modern molecular biology. This book samples some of the applica-
tions to 1llustrate the present state and future potential of such a technology.
Thus, 1 addition to answering fundamental questions related to regulation of
gene expression, gene structure and function, and other basic issues of molecu-
lar biology, the technology of recombinant genes has revolutionized modern
biotechnology and biomedicine. For example, gene therapy, which aims to
compensate for gene defects and/or deliver therapeutic gene products for spe-
cific diseases resulting from defective genes, is critically and totally dependent
on the design of expression and delivery vectors, which permit targeted and
regulated expression of the cloned gene(s) (see Chapters 28, 29, 30, and 31).
On the other hand, recombinant gene technology also makes 1t possible to cus-
tom-design gene sequences to “biosynthesize” novel biopolymers of unique
physicochemical properties (see Chapter 27), which may be used for applica-
tions in biomaterial, pharmaceutical, agricultural, and other industries Finally,
it should be noted that the current state of recombinant technologies 1s capable
of utilizing a wide spectrum of manufacturing umits (the “bioreactors™) for the
custom-designed protein products, including E. coli (Chapter 26), yeast, cul-
tured cells, and transgenic animals (Chapter 25}.
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Reporter Systems

Debyra Groskreutz and Elaine T. Schenborn

1. introduction

Genetic reporter systems have contributed greatly to the study of eukaryotic
gene expression and regulation. This chapter will describe what an 1deal
reporter system 1s and outline the many uses of genetic reporters. Furthermore,
the currently available reporter genes and assays will be described in terms of
their specific applications and limitations.

Reporter genes are most frequently used as indicators of transcriptional
activity n cells (7). Typically, the reporter gene or cDNA 1s jowned to a pro-
moter sequence 1n an expression vector that 1s transferred 1nto cells. Following
transfer, the cells are assayed for presence of the reporter by directly measur-
mg the amount of reporter mRNA, the reporter protein itself, or the enzymatic
activity of the reporter protemn. The 1deal genetic reporter ts not endogenously
expressed in the cell type of interest, and the 1deal reporter assay system has
the characteristics of being sensitive, quantitative, rapid, easy, reproducible,
and safe.

Reporter genes are used for both 1 vitro and in vivo applications (reviewed
inref. 2). Reporter systems are used to study promoter and enhancer sequences,
trans-acting mediators such as transcription factors, mRNA processing, and
translation. Reporters are also used to monitor transfection efficiencies, pro-
tein-protein interactions, and recombination events.

The E coli enzyme, chloramphenicol acetyltransferase (CAT), was used in
the first publication describing genetic reporter vector and assay systems
designed for the analysis of transcriptional regulation in mammalian cells (3).
Since that time, several reporter genes and assays have been developed and
include B-galactosidase, luciferase, growth hormone (GH), f-glucuronidase
(GUS), alkaline phosphatase (AP), and most recently, green fluorescent pro-
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Fig. 1. Plasmid DNA map of a generic reporter expression vector, pReporter, high-
lighting regions of functional significance Abbreviations Amp’, ampicillin resistance
gene, f1 or1, origin of replication for filamentous phage; MCS, multiple cloning sites,
poly (A), recognition sequence for polyadenylation, ort, plasmid ongin of replication

tein (GFP). These available genetic reporters and their potential applications
are summarized in Section 4

2. ldeal Characteristics of Reporter Vectors

The design of a typical reporter expression vector is described in Sections
2 12 5. and summarized m Fig. 1.

2.1. Vector Backbone Considerations

In addition to the components required 1n all expression vectors for optimal
protein production (see Chapter 25), there are additional considerations for
designing reporter gene vectors First, the i1deal reporter vector contains no
regulatory binding sites or sequences other than the ones knowingly mserted
by the researcher. The presence of extraneous control elements can lead to
artifactual results (4,5) such as increased or decreased background expression
of the reporter. Although attempts can be made to remove known binding sites
from the reporter vectors and to reduce read-through transcription origmating
upstream of the reporter gene, the practical likelihood 1s shim for removing all
potential regulatory sequences from several kilobasepairs of DNA Therefore,
researchers using reporter vectors should be aware of this problem and use the
proper vector controls 1n their experiments.

Reporter plasmid vectors are generally propagated in £ coli. Therefore, the
plasmid backbone contains an origin for DNA replication (or1) and a gene for
selection, typically the ampicillin-resistance gene. Presence of an origin of rep-
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lication that allows a high copy number of plasmuds m £ colr (e.g., the pUC
or1) factlitates large-scale DNA preparations of plasmid DNA. Presence of an
origin of replication for filamentous phage, such as the f1 ori, allows for the
production of single-stranded DNA that 1s useful for mutagenesis and sequenc-
g applications.

2.2. Reporter Gene and Flanking Regions

The coding and flanking regions of reporter genes can be altered for both
mmproved performance and convenience. Altering naturally occurring target-
g sequences of reporter proteins can be beneficial. Removal of the last 24
amino acids from the carboxyl end of alkaline phosphatase causes the reporter
enzyme to be secreted directly from the cells, avoiding the need for cell lysis
(6). Additionally, elimination of the peroxisomal targeting sequence of
luciferase allows luciferase to be transported to the cytosol rather than the
peroxisomes (7).

To maximize expression of the reporter gene, an optimal ribosomal binding
sequence (GCCGCCA/GCCATG...) (8) may be placed at the 5' end of the
reporter gene. This sequence has been shown to increase the efficiency of trans-
lation and it also produces a convenient Ncol site, which can be used to create
N-terminal gene fusions with the reporter Remowving regulatory binding sites
or altering cloning sites within reporter genes (7,9) can maximize performance
and convenience, respectively

2.3. Mulitiple Cloning Sites

Many reporter vectors contain two multiple cloning sites (MCS). One 1s
located upstream of the reporter gene for cloning putative promoter or
enhancer/promoter regions The other MCS is located elsewhere in the plas-
mud for cloning regulatory elements, like enhancers, that act at a distance.
Additional cloning sites can also be used to incorporate selectable gene mark-
ers for long-term expression of the reporter gene

Many convenience features may be incorporated into an MCS. For example,
the presence of a cleavage site for a restriction enzyme that generates blunt
ends is useful because this allows any blunt-ended fragment to be serted into
the MCS. The MCS can be designed to also include a sequence cleaved by
restriction enzymes that generate 3' overhanging ends at one or both ends of
the MCS. A 3' overhanging end provides the opportunity to perform nested
deletion analysis with exonuclease i1 (70).

The nucleotide sequences of an MCS located 5' of the reporter gene should
be designed to avoid potential hairpin loops and upstream ATG sequences that
become part of the reporter mRNA. Either of these factors can decrease the
efficiency of translation of the reporter message (//—17).
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2.4. Polyadenylation Signals

Polyadenylation has been shown to enhance mRNA stability and translation
in mammalian cells (18,/9). Immediately following the reporter gene 1s a
polyadenylation (poly A) sequence that signals the addition of 200-250 adeny-
late residues to the 3'-end of an RNA transcript (20). Commonly used poly A
sequences in reporter vectors are derived from the SV40 early and late genes,
or the bovine growth hormone gene. For optimal expression, the SV40 late and
the bovine growth hormone poly A sites have been shown to be five-, and
threefold (21,22) more efficient than the SV40 early poly A at generating high
levels of steady-state mRNA.

A poly A signal inserted 5' of the transcription umt can lower levels of gene
expression originating from cryptic promoter sequences in the vector back-
bone. Elimination of this background expression effectively increases the sen-
sitivity of the reporter system (23). However, when incorporating two poly A
signals within the same vector, nonhomologous regions containing poly A sig-
nals should be used to reduce the chances of recombination within the same
vector. A further reduction 1n background reporter expression from spurious
transcriptton within the vector backbone may be achieved at the translational
level by incorporating stop codons in all three reading frames upstream of the
reporter transcription unit.

2.5. Intron Effects on Reporter Gene Expression

The presence of an intron in the mRNA sequence has been shown to increase
the level of expressed protemn for particular cDNAs transfected into mamma-
han cells (24-27). Many reporter genes are derived from bacterial genes con-
taining no mtrons and, therefore, introns were added to vectors so that the
reporter genes more closely resembled the pattern of exons and introns 1n mam-
malian genes. Early reporter vectors included the SV40 small-t antigen intron
3' of the reporter gene for the purpose of increasing message stability and pro-
tein expression. More recently, however, 1t has been demonstrated that the
small-t intron 1n this position can lead to cryptic splicing of mRNA from sites
within the reporter gene. Ironically, the presence of this intron reduces protein
expression of CAT and $3-galactosidase by 10-fold compared to the expression
levels from the 1dentical vectors lacking an ntron (26,26).

The effect of an intron may need to be determined empirically because 1t 18
dependent upon the specific gene sequence with which it is associated, and can
be different for in vitro and in vivo applications. For transient transfection stud-
ies, a 5' intron 1ncreased luciferase expression three- to fivefold, although the
same ntron increased CAT expression over 20-fold (29). Studies with
transgenic animals have demonstrated that introns are generally required for
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protein expression 1n vivo, although the identical cDNA may not require an
intron for protein expression when transfected into cells in vitro (30-32).

3. Reporter Gene Applications
The following applications are a sampling of the types of studies 1n which
reporter genes have played a significant role.

3.1. Transcriptional Control Element Testing

Analysis of cis-acting transcriptional elements is the most frequent applica-
tion for reporter genes (7). Reporter vectors allow functional identification and
characterization of promoter and enhancer elements because expression of the
reporter is correlated with transcriptional activity of the reporter gene. For these
types of studies, promoter regions are cloned upstream of the reporter gene and
enhancer elements are cloned upstream or downstream from the gene. The chi-
meric gene 1s introduced into cultured cells by standard transfection methods
or into a germ cell to produce transgenic organisms. Using reporter gene tech-
nology, promoter and enhancer elements have been characterized that regulate
cell-, tissue-, and developmentally-defined gene expression (33,34).

Trans-acting factors can be assayed by cotransfer of the chimeric promoter
element-reporter gene DNA together with another cloned DNA expressing a
transacting protein or RNA of interest. The protein could be a regulatory tran-
scription factor that binds to the promoter region of interest, cloned upstream
of the reporter gene. For example, when tat protein is expressed from one vec-
tor in a transfected cell, the activity of the HIV-LTR linked to a reporter gene
increases, and 1s reflected in the increase of reporter gene protein activity (35).

Stable ceil lines which ntegrate the chimeric reporter gene of interest into
the chromosome can be selected and propagated when a selectable marker 1s
included 1n a transfection vector. These types of engineered cell lines can
be used for drug screening and to monitor the effect of exogenous agents
and stimuli upon gene expression (36). Reporter genes inserted into
transgenic mice have also been developed as a system to monitor in vivo drug
screening (37).

3.2. Identification of Interacting Proteins

Interacting pairs of proteins can be 1dentified in vivo using a clever system
developed by Stanley Fields and coworkers (38,39). Known as the two-hybrd
system, the interacting proteins of interest are brought together as fusion part-
ners—one is fused with a specific DNA binding domain and the other protein
is fused with a transcriptional activation domain. The physical interaction of
the two fusion partners is necessary for the functional activation of a reporter
gene driven by a basal promoter and the DNA motif corresponding to the DNA
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binding protein, This system was originally developed with yeast, but has also
been used in mammahian cells (40).

3.3. Monitor Transfection Efficiency

The use of a control gene vector can be used to normalize for transfection
efficiency or cell lysate recovery between treatments or transfection experi-
ments (41). Typically the control reporter gene 1s driven by a strong, constitu-
tive promoter and 1s cotransfected with test vectors. The test regulatory
sequences are linked to a different reporter gene so that the relative activities
of the two reporter activities can be assayed mdividually. Control vectors can also
be used to optimize transfection methods. Gene transfer efficacy 1s typically
monitored by assaying reporter activity in cell lysates, or by staining the cells
in situ to estimate the percentage of cells expressing the transferred gene (42).

3.4. Viral Assays and Mechanisms of Action

Reporter genes have also been engineered into viral vectors. The reporter
gene can be used to track the type of cells the virus infects, the timing and
duration of expression for viral genes (43), and viral latency (44). By linking
viral promoter and enhancer elements to reporter genes in viral or plasmid
DNA vectors, an increased understanding of the control of viral genes has been
possible (45). This type of understanding has been applied to the development
of genetically engineered reporter cell lines used for detection of virus, such as
herpes simplex virus, in clinical samples (46)

3.5. Other Cellular Processes

Vectors with reporter genes have been designed to monitor other processes
i addition to transcriptional gene regulation For example, recombiation
events (47), gene targeting (48), RNA processing (49), and signal transduction
pathways (50,51) 1n the cell have been studied using reporter genes.

4. Transfer and Detection of Reporter Genes

Reporter genes can be introduced 1nto eukaryotic cells for either in vivo or
1n vitro applications. In vivo, the reporter genes can be inserted 1nto host cells
by viral infection, carrier-mediated transfection, or direct DNA uptake. In tis-
sue culture, plasmid DNA can be directly injected nto cells, but 1s generally
transferred by calcium phosphate, DEAE-dextran, lipid-mediated, or electro-
poration methods. Following transfection of the DNA, detection of the reporter
1s required by measuring the reporter mRNA or protein. Detection of the
mRNA is a more direct measure of reporter gene expression than protein
detection since the effects of transcription are observed directly, avoiding pos-
sible artifacts that may be the result of downstream processing events such as
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translation or protein instability. Reporter mRNA can be detected by Northern
blot analysis, ribonuclease protection assays, or reverse transcription PCR
(RT-PCR) (52). Though these assays are more direct than measuring protein
expression, they are also very cumbersome Therefore, many assays have been
developed to measure the reporter protein rather than the mRNA.

Assays to detect the reporter protems (Table 1) are very popular due to their
tremendous ease of use and versatility. Reporter proteins can be assayed by
detecting endogenous characteristics such as enzymatic activity or spectropho-
tometric characteristics, or indirectly with antibody-based assays. In general,
enzymatic assays are quite sensttive due to the small amount of catalyst reporter
enzyme required to generate the products of the reaction. One limitation of enzy-
matic assays can be a high background 1f there 1s endogenous enzymatic activ-
ity 1n the cell (e.g., B-galactosidase). Antibody-based assays are generally less
sensitive, but will detect the reporter protein whether 1t is enzymatically active
or not. Chemiluminescent technology can increase the sensitivity to the level of
enzymatic assays. Antibody-based assays are also available to visualize reporter
protein expression 1n cells via in situ cell staining and immunohistochemuistry.

Sections 4.1.—4.8. provide brief descriptions of the most commonly used
reporter genes and assays, together with their applications and himitations
(Table 2).

4.1. Chloramphenicol Acetyltransferase (CAT)
4.1.1. Onigin of Reporter Gene
Transposon 9 of £ coli (53).

4.1.2. Protein Characteristics

CAT is a trimeric protein comprising three i1dentical subunts of 25,000
Dalton (54). The CAT protein 1s relatively stable in the context of mammalian
cells, although the mRNA has a relatively short half-life, making the CAT
reporter especially suited for transient assays designed to assess accumulation
of protemn expression (55).

4.1.8. Enzymatic Reaction

CAT enzyme catalyzes the transfer of the acetyl group from acetyl-CoA to
the substrate, chloramphenicol. The transfer occurs to the 3 position of
chloramphenicol, and nonenzymatic rearrangement produces a 1-acetylated
chloramphenicol species. Under high concentrations of the enzyme, a 1,3-
diacetylated chloramphenicol product accumulates (56).

4.1.4. Assay Formats

The enzyme reaction can be quantitated by incubating cell lysates with 14C-
chloramphenicol and following product formation by physical separation with



Table 1

Assay Formats Available with the Commonly Used Reporter Genes

Assay Format Luciferase  P-Galactosidase GUS hGH AP SEAP GFP
Isotopic 4C- or 3H-Cm — — — lodinated — — —
or acetyl CoA (R1IA)
Colorimetric — ONPG, X-Gluc — PNPP PNPP —
CPRG FADP FADP
Fluorescent — MUG 4-MUG — + + +
FDG
Chemiluminescent — 1,2-dioxetane-3-gal 1,2-dioxetane — + + —
aryl glucuronide
Broluminescent Lucifenin — — — + (2 step + (2 step —
assay) assay)
ELISA — + — + + + —
1 situ staining Antibody- X-Gal
based (Histochemical)  X-Gluc — Limited, — +
high endo- No
genous substrate
levels

Compounds listed 1n the table are substrates used in combination with the particular assay format and reporter gene protein

Abbreviations CAT, chloramphenicol acetyltransferase, GUS, B-glucuronidase, hGH, human growth hormone, AP, alkaline phosphatase; SEAP,
secreted alkaline phosphatase, GFP, green fluorescent protemn, Cm, chloramphenicol, RIA, radioimmunoassay, ONPG, o-nitropheny! B-D-
galactopyranoside, CPRG, chlorophenol red p-D-galactospyranoside, X-Gluc, 5-bromo-4-chloro-3-indolyl B-D-glucuronic acid, PNPP, p-nitrophenyl
phosphate, FADP, flavin-ademne dinucleotide phosphate, 4-MUG, -methyl umbelliferyl galactoside, FDG, fluorescein digalactoside, X-Gal, 5-bromo-
4-chloro-3-indoyl B-D-galactoside +, availability of assay, —, not available or not a commonly used assay



Reporter Systems 19

Table 2
Advantages and Limitations of the Commonly Used Reporter Genes
Reporter gene Advantages Limitations
CAT Widely accepted standard Relatively low sensitivity
1n hterature High costs for 1sotope
Visual confirmation and TLC systems
of enzyme activity
Luciferase Fast and easy Requires lummometer
High sensitivity for high sensitivity assays
Large linear range Relatively labile protemn
B-Galactosidase Easy to assay Endogenous activity
Varety of assay formats m some cell types
for use with cell extracts Lower sensitivity 1n non-
Widely used for in siu starning chemilumimescent assays
B-Glucuronidase Wide variety of formats Endogenous activity
(GUS) Used for n situ staining n mammalian cells
Fuston proteins
Human Growth Secreted RIA or EIA formats
Hormone (hGH) Low background in most cells Low sensitivity
Alkaline Phosphatase ~ Wide variety of assay methods Endogenous activity
(AP) High sensitivity i some assays in most cells
Large linear range 1n some assays
Secreted Alkaline Secreted
Phosphatase (SEAP) Low background activity
Green Fluorescent No substrates required Low sensitivity and expression
Protein (GFP) Stable reporter protein Expensive microscope required

In situ and 1n vivo applications

Abbreviations' TLC, thin layer chromatography, RIA, radioimmunoassay, EIA, enzyme
immunoassay

thin layer chromatography (TLC). The TLC separates substrate and products,
which are visualized by exposing the TLC plate to X-ray film or to
phosphorimaging. This TLC assay, although rather tedious and not as sensitive
as subsequently developed assays, allows a visual confirmation of the reaction,
and has become a well-accepted standard for reporter gene assays Quantitation
of enzyme activity involves scraping the TLC spots corresponding to the sub-
strate and products and counting the samples 1n a scintillation counter.
Alternative isotoptc CAT assays have been developed which rely upon
organic extraction of the more nonpolar products from the chloramphenicol
substrate (57). Acetyl CoA radiolabeled in the acetyl moiety allows the trans-
fer of the radiolabel to the chloramphenicol substrate. The products can be
preferentially extracted into an organic solvent, such as scintillation fluid (58).
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Fluorescent chloramphenicol 1s also available commercially, and serves as a
nonisotopic alternative to the “C-chloramphenicol substrate (59). Like the 1so-
topic assay, the substrate and products are separated by TLC. Quantitation of
enzyme activity can be achieved by use of a fluorescence scanner, or by scrap-
ing the “spots” and measuring with a fluorometer.

Antibodies to CAT also allow the expressed CAT protein to be quantitated
by an ELISA format, to be identified in Western blots, and to be used 1n
immunohistochemical applications.

4.2. Luciferase
421 Ongin of Reporter Gene

The luciferase enzyme used most frequently for reporter gene technology 1s
derived from the coding sequence of the /uc gene cloned from the firefly
Photinus pyralis (60-62; see ref 62 for review).

4.2.2. Protein Characteristics

Monomer of 60,700 Dalton. Compared to CAT, the firefly luciferase pro-
tein has a shorter half-life in transfected mammahan cells (55,63), making the
luciferase reporter especially suited for transient assays designed to assess
inducible and short-lived effects.

4.2.3. Enzymatic Reaction

The firefly luciferase enzyme catalyzes a reaction using D-luciferin and ATP
1n the presence of oxygen and Mg*? resulting 1n light emission

4.2.4 Assay Formats

The flash of light decays rapidly, in seconds, and is captured with a
luminometer which measures integrated light output The total amount of light
measured during a given time interval 1s proportional to the amount of
luciferase activity in the sample The assay has been improved by including
coenzyme A 1n the reaction which provides a longer, sustained light reaction
(64). The prolonged light output increases the sensitivity of the assay and
allows more reproducible results to be obtained from assays using scintillation
counters to measure the light output from a luciferase reaction

The sensitivity of the luciferase assay 1s in the subattomole range, and
approximately 30—1000X greater compared to the sensitivity of CAT assays
(63). An added advantage 1s that luciferase assay results can be obtained n
minutes compared to hours, or even days, for the radioactive CAT assay. The
linear range of the luciferase assay extends over an impressive seven orders of
magnitude of firefly luciferase concentration Luciferase has also been used
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for in vivo applications to study regulated reporter gene activity in whole
organisms, such as plants as well as mn single cells (65). Prior limitations for in
vivo applications are being overcome by development of soluble forms of fire-
fly luciferin which allow cell penetrance (66) and the instrumentation to detect
single photons from microscopic samples.

4.3. B -Galactosidase
4.3.1. Origin of Reporter Gene

The lacZ gene which codes for the B-galactosidase enzyme from E coli (67).

4.3 2. Protein Characteristics

Tetrameric enzyme with subunit size of 116,000 Dalton

4.3.3. Enzymatic Reaction

B-Galactosidase catalyzes the hydrolysis of B-galactoside sugars such
as lactose.

4.3 4. Assay Formats

The enzymatic activity 1n cell extracts can be assayed with various special-
1zed substrates that allow enzyme activity quantitation with a spectrophotom-
eter, fluorometer, or a luminometer. A major strength of this reporter gene is
the ability to easily assay in situ expression with histochemical staining.

The substrate o-nitrophenyl- -p-galactopyranoside (ONPG) 1s used 1n a
standard colorimetric enzyme assay that 1s read with a spectrophotometer. This
assay 1s easily adapted to the 96-well format for read-out with a standard
microplate spectrophotometer, and can be extended to a dynamic range of six
orders of magnitude for enzyme concentration (68) Chlorophenol red §-p-
galactopyranoside (CPRG) 18 another colorimetric-based substrate, which pro-
vides approximately 10X higher sensitivity than ONPG (69). Fluorescent-based
assays are available with substrates such as B-methyl umbelliferyl galactoside
(MUG) and fluorescein digalactoside (FDG) that allow detection of enzyme
activity in single cells and can be adapted for fluorescence activated cell sort-
ing (70,71). Chemiluminescent assays display the highest sensitivity and larg-
est dynamic range, and can be developed with 1,2-dioxetane substrates (72).
The chemiluminescent assay format is similar in sensitivity to the biolumines-
cent luciferase assay.

In situ histochemical analyses use 5-bromo-4-chloro-3-indoyl 3-p-galacto-
side (X-Gal) as a substrate. Enzymatic hydrolysis of this substrate, followed by
oxidation produces a precipitate with a characteristic blue color. The his-
tochemical staining can be used to monitor the percentage of cells effectively
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transfected 1n a particular experiment and expressing the reporter protein. The
staming is also used to monitor localized and cell-specific expression of chi-
meric constructs in transgenic embryos and amimals (73,74).

The B-galactosidase reporter gene 1s frequently used as a control vector for
normalizing transfection efficiency when cotransfected with chimeric DNAs
linked to other reporter genes (41). One potential limitation to this reporter
gene is that certain mammalian cells have endogenous lysosomal p-galactosi-
dase activity. Enzyme assays performed at a higher pH of 7.3-8.0, or with cell
extracts heated at 50°C, preferentially favor the £ coli enzyme (2,75). How-
ever, because of endogenous cellular $-galactosidase activity, it 1s important to
include negative control extracts or cells which have not been transfected, as
comparisons for the cell-free and i situ analyses

4.4. p-Glucuronidase (GUS)
4.4.1. Origin of Reporter Gene
The gus A gene from E colr.

4.4.2. Protein Characteristics

A tetrameric glycoprotein composed of four identical subunits of 68,000
Dalton 1s localized predominantly to the acidic environment of the lysosomes.

4.4 3. Enzymatic Reaction

GUS 15 an exoglycosidase which removes terminal -glucorunic acid resi-
dues from the nonreducing end of glycosaminoglycans and other glyco-
conjugates (see ref. 76).

4.4.4. Assay Formats

B-Glucuronidase is used as a genetic reporter 1n both plant and animal cells
Like the B-galactosidase reporter, one of the principle advantages of GUS 1s
the wide range of available assays for the enzyme. Several different colorimet-
ric assays have been developed using a variety of B-glucuronides as substrates.
The substrate X-gluc, for example, is a very popular colorimetric substrate that
can also be used for histochemical staining of tissues and cells. In addition,
fluorescent and chemiluminescent assays have been developed utilizing the
substrates 4-MUG (77), and 1,2-dioxetane aryl glucuronide substrate (62),
respectively. The sensitivity of the assays obtained with the above substrates
vary greatly with the chemiluminescent assays being 100-fold more sensitive
than the fluorescent assays, which can be 100--1000-fold more sensitive than
the colorimetric assays
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In higher plants, GUS is most commonly used because most plants lack
endogenous GUS activity, whereas virtually all mammalian tissues contain glu-
curonidases which aid 1n metabolism (seeref. 78). The ubiquitous endogenous
activity of GUS 1n mammalian cells has limited 1ts use; however, the mamma-
lian and bacterial GUS proteins can be distinguished from each other by their
differing pH optima. In addition to the uses of GUS as a genetic reporter, GUS
fusion proteins can be created to study protein transport and localization in
both plant and animal cells (76)

4.5. Human Growth Hormone (hGH)
4.5.1. Origin of Reporter Gene

Human growth hormone gene.

4.5.2 Protein Characteristics

The protein 1s 24-25,000 Dalton. Human growth hormone 1s normally
expressed only 1n the somatotropic cells of the anterior pituitary, so this lim-
ited endogenous expression makes growth hormone an attractive choice as a
genetic reporter for other mammalian cell types (79).

4.5.3. Assay Formats

The hGH differs from the reporter proteins discussed previously in that 1t 1s
secreted from the cells into the culture medium. The major advantage of
secreted reporter proteins over intracellular reporters 1s that the cells do not
have to be lysed for the reporter expression to be measured. Secreted reporters
are particularly beneficial for kinetic analysis studies 1n which the various time
points can be compared from the same dish of cells. The hGH 1s also com-
monly used as an internal control for normalizing the transfection efficiencies
of different plates of cells within an experiment. The available assays for hGH
are limited to ELISA and radioimmunoassay (RIA).

4.6. Alkaline Phosphatase (AP)
4.6.1. Ongin of Reporter Gene

Mammalian; A generic term for a family of ubiquitously expressed
orthophosphoric monoester phosphohydrolases which exhibit an alkaline
pH optimum.

4.6.2 Protein Characteristics

Alkaline phosphatase AP 1s a relatively stable enzyme that has been utilized
in many applications, including reporter analysis experiments (80,81).
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4.6 3 Enzymatic Reaction
The enzyme dephosphorylates a broad range of substrates at alkaline pH.

4.6.4. Assay Formats

One advantage of AP 1s that there are a number of developed assays, includ-
ing 96-well formats, which serve a wide variety of user needs A standard spec-
trophotometric assay 1s based on the hydrolysis of p-nitrophenyl phosphate
(PNPP) by AP. This assay 1s inexpenstve, rapid, and simple, but lacks the sen-
sitivity obtained with other methods. Recently, a sensitive and flexible ampli-
fied colorimetric assay has been developed that uses flavin-adenine
dinucleotide phosphate as a substrate for AP (82). A two-step bioluminescent
assay has also been developed (83) that provides sensitivity similar to that of the
luciferase reporter. In this two-step approach, AP first hydrolyzes D-luciferin-O-
phosphate to D-luciferin which then serves as a substrate for luciferase in the
second step. There 1s also a single-step, chemiluminescent assay for AP (84)

Because of its expression 1n virtually all mammalian cell types, the use of
AP as a reporter can be limited owing to high background levels of endog-
enous AP. This background problem has been overcome with the development
of secreted alkaline phosphatase (6).

4.7. Secreted Alkaline Phosphatase (SEAP)
4 7 1 Origin of Reporter Gene

A form of the human placental alkaline phosphatase gene lacking 24 amino
acids at the carboxy end of the protein.

4 7.2. Protein Characteristics

Removal of these amino acids prevents the enzyme from anchoring to the
plasma membrane resulting in 1ts secretion from the cells mto the culture
medium (6). The SEAP is stable to heat and to the phosphatase inhibitor L.-homo-
arginine, whereas endogenous AP 1s not.

4 7.3. Assay Formats

Treatment of cell lysates with heat or L-homoarginine 1nactivates back-
ground AP activity from within cells that may have entered the culture medium.
Thus, the high background observed with the AP reporter system is essentially
eliminated with the SEAP system. The combination of a secreted reporter pro-
tein, low endogenous reporter background, and a wide variety of easy and sen-
sitive assays make SEAP a convenient and versatile reporter system. The assays
for SEAP activity are 1dentical to those described for AP



Reporter Systems 25

4.8. Green Fluorescent Protein (GFP)
4.8.1. Origin of Reporter Gene

The green fluorescent protein from the jellyfish, dequorea victoria.

4.8.2. Protein Characteristics

Green fluorescent protein 1s a 238 amino acid, 27,000 Dalton monomer that
emits green light when excited with UV or blue light (85). The active chro-
mophore in GFP required for fluorescence is a hexa-peptide that contains a
cyclized Ser-dehydroTyr-Gly trimer (86).

4.8.3. Assay Formats

Light-stimulated GFP fluoresces in the absence of any other proteins, sub-
strates, or cofactors. Therefore, unlike any of the other available reporters, GFP
gene expression and localization can be monitored 1n living organisms and 1n
live or fixed cells using only UV or blue-light illumination (87,88). Addition-
ally, GFP fusion proteins can be constructed to study protein transport and
localization (88). Other advantages of GFP are that 1t is very stable to heat,
extreme pH, and chemical denaturants.

Current disadvantages of the GFP reporter system are low expression levels
and the requirement for powerful fluorescent microscopes for detection. Being
a new technology, however, advancements to GFP technology are inevitable
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Detection of Recombinant Protein Based
on Reporter Enzyme Activity:
Chloramphenicol Acetyltransferase

Peiyu Lee and Dennis E. Hruby

1. Introduction

Genetic engineering technologies allow the construction of genetic chime-
ras between the promoter region of a gene of interest and a reporter gene as a
means to study the regulation of eukaryotic gene expression at the transcrip-
tronal level. The genetic constructs m plasmid form are delivered back mnto
cells to measure the expression of the reporter gene. A good reporter gene
product possesses the following characteristics: the enzymatic activity is heat
stable and protease resistant, and corresponds well to the strength of the pro-
moter; background and/or interfering enzymatic activities are not present
in mammahan cells; and, simple, sensitive, reproducible, and convenient
enzymatic or immunological assays of the reporter gene product are available
for the assessment of the promoter activity (1) For many applications, the bac-
terial chloramphenicol acetyltransferase (CAT) satisfies these criteria (2).

The CAT enzyme catalyzes the transfer of the acetyl group from acetyl
coenzyme A (acetyl CoA) to one or both of the hydroxyl groups of chloram-
phenicol. Two basic types of CAT assays have been described, with various
modifications. The standard and most frequently used method was established
by Shaw (3) and subsequently adapted to eukaryotic systems by Gorman and
her colleagues (1). Starting with acetyl CoA and !*C-chloramphenicol as the
substrates, the acetylated ['*C]-chloramphenicol products were subsequently
separated from unreacted substrate by thin-layer chromatography (TLC) fol-
lowed by autoradiography. The results are quantitated by densitometric scan-
ning of the X-ray films or by scintillation counting of the compounds eluted
from the TLC plates. One drawback of this procedure 1s that the quantification
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1s laborious, particularly when large numbers of samples need to be analyzed,
although 1t has an advantage in visual 1dentification of the correct acety-
lated products. A fluorescent chloramphenicol derivative (Bodipy™
chloramphenicol) has been developed recently to avoid the use of radioac-
tivity. The products can be detected by either UV 1llumnation or dual-beam
fluorimeter (4,5).

The second method generally applies phase extraction methodology to sepa-
rate the acetylated products from substrates on the basis of their partition
preferences in the extraction solvent (6). The reaction starts with radio-
labeled acetyl CoA and unlabeled chloramphenicol The labeled chloram-
phenicol derivatives are more hydrophobic than the labeled acetyl CoA,
thereby they can be subsequently extracted mnto a spectfic organic solvent The
relative radioactivity of the product phase 1s quantitated by scintillation count-
ing. This protocol 1n general 1s cheaper, easier, and less ime consuming than
the first method, but does not provide visual identification of the substrate and
derived products.

2. Materials

1 Phosphate-buffered saline (PBS), pH 7.4, NaC1 8 0 g, KC1 0 2 g, KH,PO, 0.2 g,
Na,HPO, 1 13 g/L (Store at 4°C)
0 25M Tris-HCL, pH 7 8. (Store at 4°C.)
LM Tris-HCI, pH 7.8 (Store at room temperature )
Bacterial CAT (Sigma C-8413). (Stable at 4°C up to 2 yr.)
[**C]Chloramphenicol (50 pCi/mmol, ~50 mCy/mL, New England Nuclear,
NEC-408A). (Store at —70°C up to 9 mo )
1 0 mM Bodipy chloramphenicol in 0 1M Tris-HC1 methanol (9 1) (Molecu-
lar Probes, Eugene, OR) (Store in a hight-proof bottle at 4°C Stable for at
least 6 mo )
7 4 mM Acetyl CoA (Sigma C-2056). (Made 1in water immediately before use
Stable m liquad for only 2 wk when stored at —20°C )
8 Ethyl acetate (4°C)
9 Silica gel TLC plates (silica gel 1B, J T Baker #4-4462)
10 90:10 (v/v) Chloroform/methanol
11 TLC development chamber
12 Lummous permanent acrylic paint (Palmer Paint Products)
13 X-ray films (Kodak XAR 35). (Store at 4°C.)
14, Methanol (spectrophotometric grade)
15. Scintillation cocktail (0 5% PPO, 0.03% POPOP 1n toluene)
16. ['“C] Acetyl CoA (4 mCy/mmol, 10 pCi/mL, New England Nuclear, Boston, MA
NEC-313L) (Store at—70°C for up to 8 mo )
17 Acetyl CoA dilution buffer 0 5 mM acetyl CoA (Sigma C-2056), 250 mM Tris-
HCl, pH 7.8 (Store at 4°C))
18. 8 mM Chloramphenicol (Sigma 0378 Store at —20°C).

ol
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3. Methods
3.1. Preparation of Cell-Free Extracts for CAT Assays

Cytoplasmic cellular extracts are prepared from cells expressing the CAT
gene. Interference of CAT activity by still-unidentified enzymatic activity n
cell extracts has been reported (7). However, heat treatment prior to the final
centrifugation step has been reported to be sufficient for eliminating the inhibi-
tory activity (see Note 1).

1 Scrape cells from 100-mm dishes at the appropriate time points and transfer to
15-mL conical tubes

2 Pellet cells by centrifugation mn a Beckman CS-6R centrifuge at 1400g for 5 min
at 4°C.

3 Resuspend cell pellets in 5 mL of PBS. Centrifuge as above

4 Resuspend cells in 100 pL of 0 25M Tris-HCI, pH 7.8. Transfer to 1 7-mL
microfuge tubes

5 Vortex and sonicate 6X (each time for 10 s) in a water bath sonicater. Place tubes
on ice 1n between to prevent the cell extracts from being overheated

6 Freeze and thaw 3X. (This 1s done by alternating between liquid nitrogen or a—70°C
freezer and a 37°C water bath Mix the lysates thoroughly by vortexing before
each freezing step )

7 Place cell extracts 1n a 65°C waterbath for 10 min Thus 1s to mactivate possible

mhibitory activities for CAT assay in the cell extracts

Spin 1n a microfuge at 12,000g for 15 min at 4°C,

9 Collect the supernatants Freeze at —20°C until ready to perform the assays (see
Note 2)

[e.2]

3.2. Chloramphenicol Acetyl Transferase Assay
3.2.1. TLC-Based CAT Assay

The protocols using either ['4C]-chloramphenicol or Bodipy chloram-
phenicol are both described in this section. The CAT enzyme catalyzes the
addition of an acetyl group from acetyl CoA to the 1- and 3-hydroxy!l groups of
chloramphenicol. At the end of the incubation period (see Notes 3 and 4), ethyl
acetate 15 added to stop the reactions and extract both unacetylated and
acetylated chloramphenicol The volume of the ethyl acetate phase 1s
brought down by drying. The substrate and products (1-acetate, 3-acetate,
and 1,3-diacetate chloramphenicol) are subsequently separated on silica gel
TLC plates. The results are visualized by autoradiography (radioactive sub-
strate) or by UV 1illumination (fluorescent substrate) (Fig. 1). The substrate-
to-product conversion 1s calculated after quantitation 1s determined by
densitometric scanning of the X-ray film or by measuring the level of radioac-
tivity (or fluorescence intensity) 1n the silica gel from the spots of interest on
the TLC plate (see Note 5).
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Transfer 900 pL of the top layer to fresh 1.7-mL microfuge tubes
Dry samples in a Savat Speed Vac Concentrator
Resuspend pellets 1n 30 pL of cold ethyl acetate
With a #2 pencil, draw a line about 2 cm from one edge of the TLC plate to mark
the starting line. Spot 5 mL of the samples at a time on the line To mmimize the
s1ze of the spot, dry each spot before spotting another S mL until the samples are
used up Allow at least 1 5-cm space between two samples Dry completely
8 Run samples on the TLC plates in a chamber pre-equilibrated with chloroform-
methanol (90:10, ascending) about 1-cm deep. To keep the inside of the develop-
ing chamber saturated with eluent, put in several sheets of filter paper behind the
TLC plate Make sure the chamber 1s well sealed.
9 Remove the TLC plates from the chamber after the solvent front has traveled
about 7/8 of the length (see Note 8)
10 Air dry the TLC plates in a fume hood.
11. Detectionand quantitation (see Note 9): Autoradiography and densitometric scanming.
a Spot with a small amount of luminous pant for orientation Wrap TLC plates
in a piece of plastic wrap and place on X-ray films
b. The developed X-ray films can be analyzed using a densitometer to determine
the relative mtensity of each spot
Elution and Scintillation quantitation
a For each sample, the spots corresponding to the acetylated products are 1den-
tified by overlaying the X-ray films on the TLC plates and are marked with a
#2 pencil These spots are subsequently cut out from the TLC plates and com-
bined together 1nto a scintillation vial Add an appropriate amount of scintil-
lation cocktail and count.
b Cut out the unreacted substrate spot and count 1n the same manner
12. Calculation of the substrate-product conversion (see Notes 10 and 11)
The results can be mdicated as a percentage conversion of the input radioac-
tive substrate.

NN B

% conversion = [Cproduct/ ( Coupstrate T Cproduct)] X 100%

C = scintillation counts (or densitometric intensity)

3.2.1.2. TLC-Basep CAT Assay Using Bobipy CHLORAMPHENICOL
(see NoTE 12)

1. Mix the following ingredients Incubate at 37°C for 5 min.
a. 60 uL cell extract.
b. 10 pL of Bodipy chloramphenicol
The following controls should be included 0.1 U of bacterial CAT (positive con-
trol) and reaction buffer (negative control).

2. Add 10 pL of 4 mM acetyl CoA (see Note 7) Continue the incubation for about
15 min to 5 h (see Note 3)

3. Follow steps 3—10 n Section 3.2 1.1 for the extraction of chloramphenicol and
its derivatives as well as the TLC analysis of the reactions
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After the TLC development, direct visual inspection of the fluorescent substrate

and products 1s possible because they are bright yellow 1n visible light. Ultravio-

let illumimation (wavelength at 366 or 254 nm) can be utilized to enhance the

levels of fluorescence Furthermore, photographs of the gels can be taken under

UV illumination to be saved as permanent records for notebook purposes

For quantitative analysis

a Using a soft lead pencil, lightly circle the substrates and the acetylated prod-
ucts on the TLC plates under an UV illuminator

b For each sample, cut out the product spots and combine them 1nto a centrifuge
tube Cut out and place the substrate spot into another centrifuge tube

¢ Add a constant vol (about 2.4 mL) of methanol to each tube and extract the
compounds from the gel by vortexing for about 1 min

d Centrifuge in Beckman CS-6R centrifuge at 1430g for 5 min to pellet the
silica beads

¢ Without disturbing the silica gel pellet, transfer 2 mL of the yellowish super-
natant to measure the fluorescence in a 3-mL cuvet (see Note 13) Measure
the fluorescence at 512 nm either by exciting the samples at 490 nm or by
using fluorescen filters in a fluorimeter

f If a fluorimeter 1s not available, the relative absorption of the substrate and
product compounds at 505 nm could be measured i a spectrophotometer with
less sensitivity

Calculation of the substrate-product conversion

% conversion = [Cproduct/(csubslrate + Cproduct)] X 100%

C = fluorescence (or absorbency) mtensity

3.2.2. Phase Extraction-Based CAT Assay Using ['*C] Acetyl CoA
(see Notes 14 and 15)

In this assay system, following incubation of the radiolabeled acetyl CoA
and cold chloramphenicol with cell extracts, separation of the radiolabeled
products from the radiolabeled substrate relies on extraction of the reactions
with ethyl acetate. Chloramphenicol and 1ts acetylated derivatives are highly
soluble 1n ethyl acetate whereas acetyl CoA 1s not. The final ethyl acetate phase 1s
carefully removed and added nto scintillation cocktail for counting (see Note 16).

1

2.

The [4C]acetyl CoA (see Note 17) was diluted 1,10 1n acetyl CoA dilution buffer
Mix the following ingredients together Incubate at 37°C for 1 h (see Notes 3 and 4)
a. 20 mL 8 mM chloramphenicol

b 60 mL cell extract (see Note 18)

c. 20 mL diluted ['“C] acetyl CoA

Include one reaction with 1 U of bacterial CAT as the positive control, and one
reaction with water only as the negative control

Extract the reactions with 100 pL of cold ethyl acetate by vortexing Microfuge
at 12,000g for 3 min at room temperature.
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Transfer 75 pl of the ethyl acetate phase (top) to a scintillation vial Be fairly
exact with each sample to avoid transfer of the labeled acetyl CoA 1into the
organic phase

Repeat extraction with an additional 100 pL ethyl acetate.

Transfer another 75 pL of the ethyl acctate phase to the same scintillation vial
Add scntillation flour and count 1n a liquid scintillation counter (see Note 9)

4. Notes

1

To test whether the cells 1n which the CAT gene 1s going to be expressed have
any endogenous acetyl transferase or inhibitory activities, include the following
reactions i a preliminary testing assay

a Bacterial CAT and untransfected cell lysate (CAT mnhibitory activity might
be present 1n certain cells)

Untransfected cell lysate (endogenous CAT activity).

Bacterial CAT (positive control).

Water (negative control).

No chloramphenicol (for phase extraction-based CAT assay only, acetylation
of other compounds which could result in ['“C]-acetyl-labeled compounds
soluble in ethyl acetate would lead to over estimation of the CAT activity)
The preparation of 10 different cell extracts takes about 1--2 h to finish

If little activity was detected when the maximal amount of cell extracts was added,
try prolonging the incubation time to several h (When longer periods of mcuba-
tion time are required, use higher concentrations of acetyl CoA [up to 40 mM] as
acetyl CoA 1s not stable under the assay conditions ) Alternatively, radiolabeled
substrates with higher specific activities can be used to increase the sensitivity of
the assays

Keep the assay within linear range by dilution of cell extracts or varying the
reaction time The phase extraction method 1s linear only over a fivefold range of
enzyme concentration The mcubation time could be tested by establishing an
activity-vs-time plot to make sure the end-point activity falls within the linearity
of the enzyme activity For instance, set up a 560-pL reaction for the method
described in Section 3 2 1 1 and remove 140 uL at four different evenly-distrib-
uted time points Quantify the samples as described above and the activities
should remain within the linear ime range

For 10 reactions, the time required for setting up the TLC-based CAT assay using
erther radioactive or fluorophore-conjugated chloramphenicol 1s about 30 mun
After an appropriate reaction time, the ethyl acetate extraction, as well as setup
and development of the TLC generally take approx 4 h Detection of the results
using fluorophore-conjugated chloramphenicol could be performed immediately
One or two days of exposure of the TLC, plates on films s usuaily enough for
detection of the radioactive signals The preparatton for the scintillation counting
or fluorimetric measurement takes about 1 h

Different amount of cell extracts (up to 50 uL.) can be assayed by adjusting the
volume of 0 25M Tris-HCl to keep the total volume at 121 pL.

o oo o
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Fresh acetyl CoA 1s essential

Take the TLC plates out of the chromatography chamber immediately before the

solvent reaches the top to have the maximal separation of the products and to

prevent diffusion of the spots

If no CAT activity was detected, consider the following:

a One of the reagents is bad. (To be able to rule out this possibility, the bacterial
CAT control should be used )

b A positive plasmid control that 1s known to express sufficient amount of CAT
protein should be included 1n the transient expression experiments as an indi-
cator for the efficiency of transfection and for those constructs without any
promoter activity

Less than 20-30% of the conversion of chloramphenicol to acetyl chloram-

phenicol usually indicates that the assay was stopped within the linear range of

the CAT enzyme activity. Samples with more than 30% conversion should be
assayed again with different dilutions of the cell extracts

The sensttivity of the assay 1s about 102 CAT umits Its linear response range 1s

between 1072 to 4 x 101 CAT units (8)

Several assay systems have been developed to avoid the need for radiolabeled

substrate. Besides Bodipy™ chloramphenicol derivative, one modification with

similar sensitivity to the TLC-based assay 1s an assay based on HPLC separation

(2,8) An alternative method 1s the enzyme-linked immunosorbance assay using

CAT-specific antibodies with comparable limit of detection to that of the radio-

active tests (Boehringer Mannheim, Mannheim, Germany; 9).

If 0 5-mL cuvets are available, use about 0 7 mL of methanol for extraction and

transfer 0.5 mL of the supernatant after centrifugation for the measurement of

fluorescence

On the basis of the phase-extraction assay using radiolabeled acetyl CoA as the

substrate, alternative protocols which employ direct extraction of the acetylated

chloramphenicol derivatives into a nonpolar scintillation cocktail are also avail-
able (10,11) These assays were reported to be able to detect CAT activity of

101073 CAT umits. Likewise, simpler one-vial continuous extraction assays

which can detect less than 2 5 x 103 CAT unuts were also developed This method

1s based on the ability of the acetylated chloramphenicol products to diffuse into

the water-immisible scintillation cocktail while the reactions are going (72-15)

Another modification for the phase-extraction method was the employment of

[*H]-acetate 1nstead of [®H]-acetyl CoA as the substrate. It has the advantage that

the labile [*H]-acetyl CoA could be replenished by endogenous synthesis. There-

fore, the reaction time could be prolonged for extracts with low CAT activity (16).

One additional cheaper and easier phase extraction-based method which main-

tains similar sensitivity employs radiolabeled chloramphenicol instead of radio-

labeled acetyl CoA (17) Relying on the low specificity of CAT enzyme for the
acyl donor, this method 1s based on separation of the hydrophobic butyrylated
chloramphenicol products from unmodified chloramphenicol by their differen-
tial solubility 1n a mixture of tetramethylpentadecane and xylene which 1s subse-
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quently added nto scintillation cocktail for counting. A listed protocol of this
method can be found in Current Protocols (Wiley, New York)

16. Setup of 10 reactions takes less than 30 min Approximately 1 h 1s needed for the
extraction steps.

17. Repeated freeze-thawing of ['“C] acetyl CoA should be avoided by aliquoting
the stock into an amount suitable for single experiments

18 If necessary, smaller amounts of cell extracts can be used to keep the reactions in
the linear range of the enzyme activity Bring the reaction volume up to 100 pL
with 250 mM Tris-HCl, pH 7.8.

References

1. Gorman, C M., Moffat, L F, and Howard, B. H (1982) Recombinant genomes

10.

11

which express chloramphenicol acetyltransferase in mammalian cells. Mol. Cell
Biol 2,1044-1051

Young, S L., Jackson, A E, Puett, D, and Melner, M. H (1985) Detection of
chloramphenicol acetyl transferase activity in transfected cells: a rapid and sensi-
tive HPLC-based method DNA 4, 469-475.

Shaw, W. V (1975) Chloramphenicol acetyltransferase from chloramphenicol-
resistant bacteria. Methods Enzymol 43,373-755.

Hruby, D E, Brinkley, ] M, Kang, H C,, Haugland, R P, Young, S. L, and
Melner, M. H. (1990) Use of a fluorescent chloramphenicol derivative as a sub-
strate for CAT assays BioTechniques 8, 170-171

. Young, S L, Barbera, L., Kaynard, A H, Haugland, R P,Kang, H C, Brinkley,

M., and Melner, M. H. (1991) A nonradioactive assay for transfected chloram-
phenicol acetyltransferase activity using flnorescent substrates Anal Biochem.
197, 401407

. Sleigh, M J (1986) A nonchromatographic assay for expression of the chloram-

phenicol acetyltransferase gene in eucaryotic cells. 4nal Biochem. 156,251-256

. Crabb, D W, Minth, C D, and Dixon, J E (1989) Assaying the reporter gene

chloramphenicol acetyltransferase. Methods Enzymol 48, 690—701

Davis, A S, M. R Davey, R. C. Clothier, and E. C. Cocking (1992) Quantifica-
tion and comparison of chloramphenicol acetyltransferase activity in transformed
plant protoplasts using high-performance liquid chromatography- and radio1-
sotope-based assays. Anal Biochem 210, 87-93.

Porsch, P., Merkelbach, S, Gehlen, J, and Fladung, M (1993) The nonradioac-
tive chloramphenicol acetyltransferase-enzyme-linked immunosorbent assay test
1s sutted for promoter activity studies in plant protoplasts Anal. Biochem 211,
113-116.

Nielson, D. A., Chang, T -S., and Shapiro, D. J. (1989) A highly sensitive, mixed-
phase assay for chloramphenicol acetyltransferase activity mn transfected cells
Anal Biochem 179, 19-23.

Sankaran, L (1992) A simple quantitative assay for chloramphenicol acetyl-
transferase by direct extraction of the labeled product into scintillation cocktail
Anal. Biochem 200, 180-186



40 Lee and Hruby

12 Chauchereau, A, Astinotti, D, and Bouton, M -M (1990) Automation of a
chloramphenicol acetyltransferase assay. Anal Biochem. 188,310-316

13 Eastman, A. (1987) An improvement to the novel rapid assay for chloramphenicol
acetyltransferase gene expression BioTechmiques 5, 730732,

14 Neumann, J R., Morency, C A, and Russian, K O (1987) A novel rapid assay
for chloramphenicol acetyltransferase gene expression. BioTechniques 5, 444447

15 Martin, J. D. (1990) Application of the two-phase partition assay for chloram-
phenicol acetyl transferase (CAT) to transfection with simian virus 40-CAT plas-
mids Anal Biochem 191,242-246

16 Nordeen, S K, Green, P P, II, and Fowlkes, D M (1987) A rapid, sensitive,
and mexpenstve assay for chloramphenicol acetyltransferase. DNA 6, 173178

17 Seed, B, and Sheen, J-Y (1988) A simple phase-extraction assay for chloram-
phenicol acyltransferase activity Gene 67, 271-277



4

Human Placental Alkaline Phosphatase
as a Marker for Gene Expression

Paul Bates and Michael H. Malim

1. Introduction

Much of current biomedical research requires that the expression of a gene
(or DNA sequence) under investigation be detected by rapid and reliable means.
To achieve this, 1t 1s frequently convenient to place a marker (or surrogate)
gene under the genetic control of the regulatory sequences of interest. Expres-
ston of the marker gene 1s then monitored by analyzing accumulation of the
encoded protein and this, 1n turn, serves as a measure of gene expression. Here,
we describe two methodologies that utilize human placental alkaline phos-
phatase (hPLAP) as a marker gene The first exploits a secreted version of
alkaline phosphatase (SEAP) to measure gene expression in transfected cells
(1), whereas the second uses the naturally occurring membrane-bound form of
the protein as a marker for retroviral infection n either tissue culture (2) or
challenged animals (3,4). In all cases, the advantages of using hPLAP include
the rapidity of the detection procedure, its avoidance of radioisotopes, the rela-
tively low cost of the reagents, the limited number of tissues and cell lines 1n
which hPLAP 1s ordinarily expressed, and 1ts high temperature stability (the
other 1sozymes of alkaline phosphatase are relatively heat labile).

1.1. Secreted Alkaline Phosphatase (SEAP)

A typical application of this assay would be for the analysis of the cis-acting
sequences and trans-acting factors that modulate the transcriptional activity of
a promoter (5) Secreted alkaline phosphatase 1s a convenient choice for this
type of experiment because the preparation of cell lysates 1s not required and
changes in expression level over time 1n a single sample can therefore be deter-
mined. A general purpose plasmid vector, pPBC12/PL/SEAP (6), that provides
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carries intact gag, pol, and env genes, as well as all the cis-acting sequences
required for replication, stocks of infectious virus can be readily generated
in avian cells Importantly, even though this virus 1s unable to productively
replicate in mammalian cells, it can infect such cells and efficiently express AP
provided that the virus receptor, Tva, 1s present on the surface of the chal-
lenged cells.

2. Materials
2.1. Secreted Alkaline Phosphatase (SEAP)

! Diethanolamine (cat no D45-500, Fisher, Pittsburgh, PA), L-homoarginine
(cat no H-1007, Sigma, St Louis, MO), p-nitrophenol phosphate (cat no
104-0, Sigma )

2 2X SEAP buffer; to prepare 50 mL, mix the following with water and store at
4°C without autoclaving L-homoarginine 1s included in the buffer as inhibits the
activity of endogenous alkaline phosphatases but not hPLAP.

Stock Amount Concentration
Diethanolamine (100 % solution) 1051 ¢ 2M

1M MgCl, 50 uL 1 mM
L-homoarginine 226 mg 20 mM

3 120 mM p-nutrophenol phosphate, make fresh at room temperature by dissolving
158 mg in S mL 1X SEAP buffer

65°C water bath

Eppendorf microcentrifuge.

Vortex

Flat-bottomed, 96-well microtiter plates

Multichannel pipet.

For measuring light absorbance at 405 nm (OD,s), 1t 1s most conventent to use
an enzyme-linked immunosorbent assay (ELISA) reader An excellent machine
for achieving this 1s the EL340 automated microplate reader from Bro-Tek
Instruments (Winooski, VT) When linked to a computer, the Delta Soft II soft-
ware 1s straightforward to use and can readily calculate the changes 1n ODyy5 for
multiple samples as they occur over time

2.2. Membrane-Bound Alkaline Phosphatase (AP)

1. N,N-dimethylformamide (cat no D-8654, Sigma), Fast Red TR salt (4-chloro-2-
methylbenzenediazonium salt) (cat no. F-2768; Sigma), naphthol AS-BI phos-
phate (cat no. N-2250, Sigma), 4% paraformaldehyde (cat no P-6148, Sigma,
dissolved in phosphate buffered saline and stored at —20°C), phosphate-buffered
saline (PBS), 50 mM Tns-HCI (pH 9 0).

2. AP stain; to 25 mL 50 mM Tris-HCL (pH 9.0), add 25 mg Fast Red TR, 12.5 mg
naphthol AS-BI phosphate and 250 ul. dimethyl formamide, mix and filter

O X 3N n s
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through 3MM filter paper (Whatman Ltd., Maidstone, UK, see Note 5). The stain
should be used within 10 min of preparation.

3 Preparation of RCAS(A)-AP virus stocks Transfect chicken embryo fibroblasts
(CEFs) with plasmid DNA containing the recombinant RCAS(A)-AP provirus
using calcrum phosphate The CEFs are derived from 10-d line 0 embryos and
are grown in Dulbecco’s Modified Eagle’s Medium supplemented with 5% fetal
bovine serum, 1% chicken serum, 100 pg/mL streptomycin and 100 U/mL peni-
cillin. Filter the virus containing medium through 0 22-um filters and store at
—80°C 1n 1-mL aliquots

4. 37°C incubator

5 Low magnification mnverted light microscope

3. Methods
3.1. Secreted Alkaline Phosphatase

1 Collect 250 pL of culture supernatant from the samples of interest and transfer to
Eppendorf tubes. For a representative experiment and an alternative use of this
assay, refer to Notes 1 and 2

2 Heat tubes at 65°C for 5 mun to inactivate endogenous alkaline phosphatases that
may be present 1n the samples.

3 Centrifuge at full speed in a microcentrifuge for 2 min at room temperature.

4. Transfer the supernatants to fresh Eppendorf tubes. These samples can be stored
at —20°C indefinitely

5. In an Eppendorf tube, add 100 pL of 2X SEAP buffer to 100 pL (or an empuri-
cally determuned dilution) of sample As a zero standard, make up one mix sub-
stituting the sample with water

6. Mix by vortexing

7 Transfer the contents of each tube (for example, 190 pL) to the well of a flat
bottomed 96-well microtiter plate, taking care to avoid creating air bubbles.

8 Prewarm by mcubating the plate at 37°C for 10 min

9 During this incubation, make up the p-nitrophenol phosphate (the substrate)
solution and prewarm 1t at 37°C

10. Add 20 uL of the substrate solution to each well avoiding air bubbles, this is
most easily accomplished by using a multichannel pipet.

I1. As quickly as possible and using an ELISA reader, measure the OD (s at regular
intervals (for example, every 2 min) over 30 mim The OD s of the zero sample
must be subtracted from all readings. During this time, continue to incubate the
plate at 37°C; the reader recommended above has a 37°C incubator

12 Calculate the level of SEAP activity for each sample at a point when the changes

m OD s are linear with respect to time. These values can be expressed as changes
in ODy4y5 per minute or as milliumts (mU) per mL. One mU 1s defined as the
amount of SEAP that will hydrolyze 1 0 pmol of p-nitrophenol phosphate per
minute; this equals an ncrease of 0 04 OD,ys U/min The specific activity of
SEAP 1s 2000 mU/pg protein
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Refer to Note 3 for alternative SEAP detection methodologies that offer
enhanced sensitivity

Membrane-Bound Alkaline Phosphatase

Thaw the stock of RCAS(A)-AP at 37°C; once the virus has been thawed 1t should
be used as soon as possible (see Note 6) Refreezing 1s not recommended as the
infectious titer will decrease significantly

Infect 100-mm cell monolayers with RCAS(A)-AP by adding the virus directly
to the culture medium.

At 2448 h postinfection, wash the cells twice with 1X PBS

Fix the cells by adding enough 4% paraformaldehyde to cover the monolayer
(see Note 7), for a 100-mm dish, this requires 2 mL

Leave at room temperature for 2—4 min,

Wash the dish twice with 1X PBS and aspirate to remove excess liquid

Add 2 mL AP stain per 100-mm dish

Incubate the dish at 37°C for 30 min.

Wash the dish twice with 1X PBS

Leave the dish at room temperature for 60 min or at 4°C overnight

Determine the number of infected cells by counting the number or red staining
cells using low magnification (for example, 40X) light microscopy. The level of
background staining varies depending on the levels of endogenous AP activity
on the cell surface Importantly, this background can often be ehiminated by incu-
bating the fixed cells (or tissue sections) at 65°C for 30 mun prior to AP staining

4, Notes

1

The data from a typical experiment are shown in Fig 2 The 35-mm monolayer
cultures of the human embryonal kidney cell line 293T were transiently trans-
fected with cestum chloride-purified plasmids using calcium phosphate No Tat,
3 5 pg pHIV-1/SEAP + 3.5 ug pCMV/I1-2; 1 X Tat, 3.5 ug pHIV-1/SEAP + 3 49
ug pCMV/11-2 + 0.01 pg pcTAT, 10X Tat, 3.5 ug pHIV-1/SEAP + 3.4 ug pCMV/
[1-2 + 0.1 pug pcTAT; 100X Tat, 3 5 ug pHIV-1/SEAP + 2.5 ng pCMV/I1-2+ 1 0
pg pcTAT. pHIV-1/SEAP is a dertvative of pBC12/PL/SEAP 1n which the human
immunodeficiency virus type-1 (HIV-1) long terminal repeat (LTR) from —457
to +80 was mserted mto the polylinker (1) The pCMV/Il-2 (9) is a negative
control vector used to maintam the level of transfected DNA as constant and
pcTAT (10) expresses the HIV-1 transcriptional trans-activator protein Tat At
~24 h posttransfection, culture supernatants were collected and 10 uL of each
sample used for the analysis of SEAP

In addition to using SEAP as the reporter gene, plasmids containing SEAP driven
by a strong promoter are useful additions to transfection experiments as internal
controls for transfection efficiency (7).

Although SEAP does offer a number of advantages, the method described here
can only reliably measure enzyme levels down to 50 pg/mL,; this level of sensi-
tivity 158 10- to 50-fold lower than that for chloramphenicol acetyltransferase
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(CAT) However, the use of bioluminescent and chemiluminescent substrates for
monzitoring SEAP (or AP) activity have been described and sensitivities down to
0.2 pg/mL can be attained (1,12,13)

In the experiment shown 1n Fig. 3, 35-mm monolayers of turkey embryo fibro-
blasts were challenged with 5000 infectious units of RCAS(A)-AP 1n the pres-
ence of increasing (0.326-1000 pM) concentrations of an inhibitor of infection
(in this case, a soluble form of Tva derived from a recombinant baculovirus) At
~24 h postinfection, the cells were fixed and stained for AP The darkly staining
AP-positive cells can be visualized by the naked eye and quantitated more accu-
rately under 40X magnification

The AP stain solution often contains particles, these must be removed by filtra-
tion prior to use or the results will be difficult to mterpret.

Once thawed, the virus stock may be stored at 4°C for several days with a decrease
mn fectious titer of approx 10-fold Prolonged storage at this temperature will
result 1n more significant losses 1n infectious titer

Extensive fixing of the cells before staining should be avoided since 1t can lead to
a loss of AP activity
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Use of Secreted Alkaline Phosphatase
as a Reporter of Gene Expression
in Mammalian Cells

Steven R. Kain

1. Introduction

The ¢cDNA encoding secreted alkaline phosphatase (SEAP; 7) 1s a powerful
tool for investigating the function of known or presumed enhancer/promoter
elements in transfected cells. As a reporter of gene expression, SEAP differs
from intracellular reporters such as chloramphenicol acetyltransferase (CAT)
and firefly luciferase in that SEAP 1s secreted from transfected cells. SEAP can
thus be assayed using a small portion of the culture medium The SEAP gene
encodes a truncated form of human placental alkaline phosphatase (PLAP), an
enzyme which normally resides on the cell surface The SEAP gene lacks
sequences encoding the membrane anchoring doman, thereby allowing the
expressed protein to be efficiently secreted from cells. Levels of SEAP activity
detected in the culture media are directly proportional to changes in intracellu-
lar concentrations of SEAP mRNA and protein (2). SEAP has the unusual prop-
erties of being extremely heat-stable and resistant to the phosphatase inhibitor
L-homoarginine. Therefore, endogenous alkaline phosphatase activity can be
eliminated by treatment of samples at 65°C and incubation with this inhibitor
The secreted nature of SEAP provides several advantages for the use of this
enzyme as a genetic reporter:

1 Preparation of cell lysates 1s not required

2. The kinetics of gene expression can be easily studied using the same cultures by
repeated collection of the medium.

3 Transfected cells are not disturbed for measurement of SEAP activity, and remain
mtact for further investigations such as RNA and protein analysis

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
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4, Background from endogenous alkaline phosphatase activity in the culture media
1s almost absent
5 Sample collection and assay can be automated using 96-well microtiter plates

The original assay for SEAP activity uses the chromogenic alkaline phos-
phatase substrate p-nitropheny! phosphate (PNPP; 2). This assay 1s fast, stmple
to perform, and inexpensive. However, the sensitivity of the assay 1s poor, and
1t has a narrow linear dynamic range. Sensitivity is improved using a two step
bioluminescent assay for SEAP based on the hydrolysis of D-luciferin-O-phos-
phate (). The dephosphorylation reaction catalyzed by SEAP yields free
luciferin, which 1n turn serves as the substrate for firefly luciferase. The sen-
sitivity of this assay 1s roughly equivalent to that of the conventional bio-
luminescent assay for firefly luciferase. The most sensitive SEAP assays
use chemiluminescent alkaline phosphatase substrates such as the 1,2-
dioxetane CSPD (3). Dephosphorylation of CSPD results in a sustained “glow”
type luminescence which remains constant up to 60 min, and is easily
detected using a luminometer or by exposure of X-ray film. These assays
can detect as little as 10715 g of SEAP 1n cell culture medium In addition to
enhanced sensitivity, the chemiluminescence assay for SEAP greatly increases
the linear dynamic range of detection, which facilitates the analysis of a wide
range of promoters. Lastly, chemiluminescent detection of SEAP 1s fast, easy
to perform, and does not require the use of radioactive substrates or other haz-
ardous compounds (Fig. 1)

The utility of the SEAP reporter assay is enhanced by the availability of
expression vectors for this reporter protein. An integrated set of four SEAP
reporter vectors has been designed to provide maximal flexibility 1n studying
regulatory sequences from the researchers’ gene of interest. Details concern-
g the format of these vectors 1s covered 1n the Section 2.

2. Materials

All materials required for the expression and detection of SEAP from trans-
fected cells 1s available 1n the Great EscAPe SEAP Genetic Reporter System
(Clontech Laboratories, Palo Alto, CA). Each of the SEAP reporter vectors are
also available separately.

2.1. SEAP Reporter Vectors

pSEAP-Basic lacks eukaryotic promoter and enhancer sequences and has a
multiple cloning site (MCS) that allows promoter DNA fragments to be inserted
upstream of the SEAP gene. Enhancers can be cloned into either the MCS or
unique downstream sites. The SEAP coding sequences are followed by an intron
and polyadenylation signal from SV40 to ensure proper and efficient process-
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2.2. Detection of SEAP Activity
2.2.1. Preparation of CSPD Chemiluminescent Substrate Solution

The CSPD Chemiluminescent substrate 1s provided in the Great EscAPe kit
as a 25 mM stock solution. This solution should be stored 1n the dark at 4°C,
and 1s stable in this form for 6 mo. A final CSPD concentration of 1.25 mM 1s
recommended for chemiluminescent detection of SEAP activity (20X dilution
of CSPD stock solution). The stock CSPD is diluted with a chemiluminescent
enhancer solution provided as a component of the Great EscAPe kit. The dilu-
tion with enhancer should be performed just prior to use. Keep the diluted
substrate solution on ice while performing the assay.

2.2.2. Preparation of Assay Buffer

The buffer consists of 2M diethanolamine, 1 mM MgCl,, and 20 mM L-homo-
arginine (pH 9.8).

1 Add 50 mL ddH,O to a clean 200-mL beaker

2 Add0.45 g L-homoargmine and 0.02 g MgCl, to the beaker while gently stirring
on a magnetic stir plate Keep stirring until powder 1s completely dissolved 1n
water, then add 21 mL of diethanolamine to the solution

3 Adjust the final volume to 100 mE with ddH,0 Continue sturing

4 Adjust the pH of the solution to pH 9 8 by adding concentrated HCI dropwise.

5 The assay buffer should be stored at 4°C, and is stable for up to 6 mo.

2.2.3. Preparation of 56X Dilution Buffer
The buffer consists of 0.75M NaCl, 0.2M Tris-HCI (pH 7.2).

Add 90 mL ddH,0 to a clean, 200 mL beaker.

2 Add 4.38 g NaCl and 2 42 g Tris Base to the beaker while gently stirring. Con-
tinue stirring, and adjust to pH 7 2 by adding concentrated HCI dropwise

3 The 5X dilution buffer should be stored at 4°C, and is stable for up to 6 mo.

4 Prepare a 1X Dilution buffer as follows just prior to use, and equuilibrate to room

temperature (22-25°C). 5X dilution buffer (1 volume) and ddH,O (4 volumes)

2.2.4. Control Placental Alkaline Phosphatase

This reagent is provided in the Great EscAPe kit at a concentration of 1.5 x
10~ U/mL in 50% (v/v) glycerol, 200 mM Na,HPO, (pH 7.2).

—

2.3. Equipment Required

Chemiluminescent detection of SEAP activity can be performed either with
a tube luminometer, a microplate luminometer, or by exposure of X-ray film to
reactions performed 1n white, opaque, 96-well, flat-bottomed microtiter plates.
Detection by X-ray film exposure will also require film cassettes, and access to
a darkroom for film development.
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3. Methods

3.1. Transfection of Mammalian Cells
with SEAP Expression Vectors

3.1.1. Methods of Transfection

The SEAP expression vectors may be transfected into eukaryotic cells by a
variety of techniques, including those using calcium phosphate (4), DEAE-
dextran (5), various liposome-based transfection reagents (5), and electro-
poration (5). Each method 1s compatible with the chemiluminescent detection
of SEAP activity, so the procedure of choice will depend primarily on the type
of cell being transfected. Different cell lines may vary by several orders of
magnitude 1n their ability to take up and express exogenously added DNA.
Moreover, a method that works well for one type of cultured cell may be infe-
rior for another When working with a cell line for the first time, compare the
efficiencies of several transfection protocols using the pSEAP-Basic and
pSEAP-Control vectors as described in Section 3.4.

3.1.2. Transfection Considerations

Each different SEAP construct should be transfected (and subsequently
assayed) 1n triplicate to minimize variability among treatment groups. The
primary sources of such variability are differences 1n transfection efficien-
cies. When monttoring the effect of promoter and enhancer sequences on
gene expression, it 1s critical to include an internal control that will distin-
guish differences in the level of transcription from vanability in the effi-
ciency of transfection. This is easily done by cotransfecting with a second
plasmid that constitutively expresses an activity which can be clearly defined
from SEAP. The level of the second enzymatic activity can then be used to
normalize the levels of SEAP among different treatment groups. Reporter
proteins frequently used for this purpose include £ coli B-galactosidase,
which is expressed intracellularly, and human growth hormone (hGH), which
18 secreted (5).

3.2. Preparation of Samples for Assay of SEAP

For transient transfection assays, maximal levels of SEAP activity are gen-
erally detected 1n the cell culture medium 48—72 h after cell transfection. This
range 1S suggested only as a starting point, as optimal times for collecting
samples will vary for different cell types, cell density, and the nature of the
particular experimental conditions. The procedure below describes harvesting
media from adherent cells. If working with suspended cell cultures, sumply
begin with 125 pL of the cell culture, pellet the cells by centrifugation, and
proceed from step 1:
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1. Remove 110 pL of cell culture medium and transfer to a microcentrifuge tube

2 Centrifuge at 12,000g for 10 s to pellet any detached cells present in the cul-

ture medium

Transfer 100 puL of supernatant to a fresh microcentrifuge tube.

4 Assay samples immediately, or store cell culture medum at —20°C until ready
for assay.

w

3.3. Chemiluminescent Detection of SEAP Activity
3.3 1. General Concerns

It 1s important to stay within the linear range of the assay. High intensity
light signals can saturate the photomultiplier tube in luminometers, resulting 1n
false low readings In addition, low intensity signals that are near to back-
ground levels may be outside the linear range of the assay. Therefore, the tar-
get amount of SEAP in the assay should be adjusted to bring the signal within
the linear response capability of the assay. For signals that are too intense,
this can be achieved by diluting the cell culture media with 1X dilution
buffer. For low signals, the amount of SEAP may be increased by improv-
ing the transfection efficiency, starting with a greater number of cells, or
increasing the volume of media assayed (see Section 4.2.). The linear range
with the positive control placental alkaline phosphatase provided in the Great
EscAPe kit is approximately 1071310~ g via detection with a Turner Designs
Model 20e luminometer. A more extensive linear range may be obtained with
other mstruments.

3.3.2. Assay for SEAP Activity

As noted in Section 3.1.2., each construct should be transfected and subse-
quently assayed n triplicate.

1. Allow a sufficient amount of chemiluminescent enhancer and assay buffer
required for the entire experiment to equilibrate to room temperature (22—
25°C)

2. Prepare the required amount of 1X dilution buffer (see Section 2 2 3, step 4), and
allow to equilibrate to room temperature.

3. Thaw samples of cell culture medium, and place 25 pL into a 0.5-mL transparent
microcentrifuge tube.

4, Add 75 uL of 1X dilution buffer to each 25-uL sample and mix gently by hand
(do not vortex)

5. Incubate the diluted samples for 30 min at 65°C using a heat block or water bath

6 Cool samples to room temperature by placing on 1ce for 2-3 min, and then equili-
brating to room temperature.

7 Add 100 pL of assay buffer to each sample and incubate for 5 min at room
temperature
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8 Prepare 125 mM CSPD substrate by diluting 20X with chemiluminescent
enhancer (see Section 2 2 1.)
9. Add 100 pL of the diluted substrate to each tube, and incubate for 10 min at room

temperature (22-25°C)

Note' The chemiluminescent signal remains constant up to 60 min after the
addition of the substrate solution, depending on the sample environment.
Therefore, readings may be taken 10—60 mun after the addition of CSPD. In
order to optimize the assay sensitivity, it 1s recommended that measurements
be performed at various mncubation times between 10—60 min in order to deter-
mine the point of maximum light emission.

3.3.3. Chemiluminescence Detection Methods
3.3.3.1 DetvecTioN Using A TuBe LUMINOMETER

If the assay 1s performed 1n a tube suitable for lummometer readings, the
sample may be placed directly 1n the instrument after step 9 of Section 3 3 2.,
and measurements taken following a mmimum of 10 min mcubation with the
CSPD substrate. If the assay 1s not performed 1 a suitable tube, transfer the
entire solution from this step to the appropriate luminometer tube and place in
the instrument. Record light signals as 5—-15 s integrals

3 3.3.2 DeTecTioN UsiNg A PLaTE LUMINOMETER

The entire SEAP assay (Sectton 3.3.2.) may also be performed 1 96-well
flat-bottomed microtiter plates suitable for plate luminometers. Record light
signals as 5—15 s integrals.

3 3.3.3 DetvecTIiON BY EXPOSURE OF X-RAY FiLM

If a lummometer 1s not available, light emission may be recorded by expo-
sure of X-ray film from white opaque 96-well flat-bottomed microtiter
plates. This detection procedure yields spots on the X-ray film, which can
be quantitated by comparison to positive and negative control incubations
(see Section 3.4.).

1. Perform the entire SEAP assay (see Section 3 3 2.) in white opaque 96-well flat-
bottomed microtiter plates

2. Following a mmimum of 10 min incubation at step 9 of Section 3 3 2., overlay
the microtiter plate with X-ray film, cover the film with plastic wrap, and place a
heavy object such as a book on top to hold the film in place

3 Expose the film 5-30 min at room temperature. It 1s critical for comparison
between samples to remain within the linear response capability of the X-ray
film, In order to avoid misleading results, 1t 1s recommended that several differ-
ent film exposure times be utilized for each microtiter plate
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3.4. Proper Use of Controls
3.4.1. Negative Controls (see Section 4.3.)

A negative control 1s necessary to determine background signals associated
with the cell culture media. This can be determined by assaying 25 uL of cul-
ture medium from cells transfected with the pSEAP-Basic vector, which con-
tains the SEAP gene without a promoter or enhancer, or from untransfected
cells. The values obtained from such controls should be subtracted from
experimental results.

3.4.2. Positive Controls

3.4.2 1 Positive GONTROL
FOR TRANSFECTION AND Expression oF ExogeEnous DNA

A positive control 1s necessary to confirm transfection and expression of
exogenous DNA and to verify the presence of active SEAP 1n the culture
media. Expression and secretion of functional SEAP 1n transfected cells
can be confirmed by assaying 25 uL of culture medium from cells trans-
fected with the pSEAP-Control Vector, which contains the SEAP struc-
tural gene under transcriptional control of the SV40 promoter and enhancer.
Cells transfected with this plasmid should yield high activity within 48—72 h
after transfection (see Section 4.5.).

3 4 2 2. Positive ConTROL FOR THE DeTECTION METHOD

The positive control placental alkaline phosphatase can be used to confirm
that the detection method 1s working To do this, sumply add 2 uL. of the positive
control phosphatase to 23 L of culture medium from untransfected cells. This
should give a strong positive signal. A dilution series of the positive control
enzyme can also be used to determune the linear range of the assay (see Section 4.4.)

4. Notes
4.1. Determining Linear Range of the SEAP Assay

1. If in doubt about the linear range of the SEAP assay, prepare and assay a dilution
series using the positive contro! placental alkaline phosphatase provided with the
Great EscAPe kit The linear range 1s approximately 1071>-107? g of phosphatase
using a Turner Designs Model 20e Luminometer. Approximately the same linear
range 1s obtained using the exposure of X-ray film to detect the chemilumines-
cence signal

4.2. Little or No Signal is Obtained from Transfected Cells

2. Ensure that the assay conditions are correct and that the detection method 1s working
by assaying the positive control enzyme.
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3 Ensure that the transfection efficiency has been optimized by using pSEAP-Con-
trol (or a surtable alternative) as an internal positive control for SEAP expression.

4. Increase the number of cells used in transfections by utilizing a larger diameter
plate for adherent cells, or increase the volume of media for suspension cultures

5. If background signals from negative controls (1.e , untransfected cells or cells
transfected with pSEAP-Basic) are low, increase the volume of media assayed
from experimental cultures. The volume used in step 3 of Section 3 3 2 may be
increased to 50-75 pL, with 1X dilution buffer being added in step 4 of Section
3 3.2 to attain a final volume of 100 uL.

6 Increase the post-transfection tume nterval prior to collecting samples of media

7 Ensure that the conditioned media does not contain an inhibitory activity by add-
ing 2 uL of positive control placental alkaline phosphatase to 23 pL of culture
medium at step 3 of Section 3 3.2

8 For detection via exposure of X-ray film, try increasing the film exposure time.

9. For detection via a tube or plate luminometer, refer to the instrument instructions
for means of increasing the sensitivity of light detection

4.3. Background Signals are Excessive

10. Ensure that all intact cells and cellular debris are removed from the conditioned
media by centrifugation as described 1n Section 3 2 This step 1s particularly
important for suspension cultures

11 Ensure that the diluted media samples are heated for the full 30 min at 65°C as
specified n step 5 of Section 3.3.2

12 The volume of media assayed from experimental cultures may be decreased 1f
the signal 1s sufficiently high. The volume of media used 1n step 3 of Section
3 3.2 may be decreased, or diluted using 1X dilution buffer

13. If possible, culture cells following the transfections 1n media containing minimal
serum. Serum 1n excess of 10% (v/v) may cause excessive background

4.4. Signal is Too High, Exceeding the Linear Range of the Assay

This problem is easily corrected by either assaying a lower volume of condi-
tioned medium at step 3 of Section 3.3.2., or by dilution of the samples using
1X dilution buffer.

4.5. Effects of SV40 Large T Antigen (COS Cells)

The specific level of expression for the pSEAP vectors is likely to vary
different cell types. This may be particularly true for cell lines containing the
SV40 large T antigen, such as COS cells. The large T antigen promotes repli-
cation of the SV40 origin, sequences of which are found in the promoter region
of the pSEAP-Promoter and pSEAP-Control vectors. The combination of the
large T antigen and SV40 origin leads to a higher copy number of these vectors
in COS cells, which in turn may result in increased expression of the SEAP
reporter gene relative to vectors lacking the SV40 origin.
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Detection of §-Galactosidase and p-Glucuronidase
Using Chemiluminescent Reporter Gene Assays

Corinne E. M. Olesen, John J. Fortin,
John C. Voyta, and Irena Bronstein

1. Introduction

Reporter gene assays have become essential tools for the study of gene regu-
lation. Several genes have been adapted as indicators of transcriptional activity
with a variety of detection techniques including radioisotopic, colorimetric,
luminescent, fluorescent, and immunoassay methods (/—4). Chemiluminescent
assays have been very effective in detecting enzyme labels in direct enzyme
activity assays, immunoassays, and nucleic acid hybridization assays.

Chemilumiescent 1,2-dioxetane substrates for alkaline phosphatase, 3-galac-
tosidase (B-Gal), and B-glucuromdase (GUS) have been developed for detec-
tion of reporter enzyme activity. Enzymatic cleavage of corresponding
chemilummescent dioxetane substrates produces a destabilized dioxetane an-
ion, which fragments with the production of light These assays also incorpo-
rate Emerald chemiluminescence enhancing reagent, consisting of a water-soluble
macromolecule and fluorescein, which 1s necessary for the rapid production of
an imtense light signal from the excited state generated in the enzyme-cata-
lyzed reaction 1n solution. Energy transfer to the fluorescein emitter results in a
shift of the light emission to 530 nm and enhanced signal intensity.

The bacterial B-galactosidase gene is a widely used reporter, and the gene
product 1s commonly quantitated with a colorimetric substrate (/). Two chemi-
luminescent assays for -galactosidase incorporating 1,2-dioxetane substrates
have been described (5,6). Modifications of these assays based on Galacton
and Galacton-Plus substrates enable extremely sensitive detection of 3-galac-
tosidase activity with the Galacto-Light and Galacto-Light Plus chemilumi-
nescent reporter gene assays (7). The Galacto-Light assay has been successfully

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and fsolatron Edited by R Tuan Humana Press Inc, Totowa, NJ

61



62 QOlesen et al.

—0o— QGalacton
——0—— Galactan-Plus
—e— Galacton-Plus, 60 min

aasld _ x 20z

o
@
\BLE AL L maesana e

RLU

102 bl aaul al !
1014 10°13 10°12 1011 10°10

adtal n sl o
1079 1078 107
B-Galactosidase, g

Fig. 1. Detection of purified B-galactosidase with Galacton and Galacton-Plus. 180
uL of Galacto-Light reaction buffer was added to 20 uL aliquots of purified B-galac-
tosidase, diluted with 1% BSA 1n 0.1M sodium phosphate, pH 8 0. After a 60-min
incubation at room temperature, 300 pL of hight emission accelerator was added and
the luminescence ntensity measured immediately and at 60 min as a 5-s integral

used to quantitate B-galactosidase activity 1n cultured cell extracts (5,6—10),
tissue extracts (71), yeast extracts (D. Nathan and S Linquist, personal com-
munication), and bacteria (72). Galacto-Light 1s suited for use with lumino-
meters with automatic injectors and other instrumentation that measures hght
emission within a short period of time. The prolonged emission kinetics gener-
ated by Galacto-Light Plus make it 1deal for use wath either plate luminometers
without automatic 1njection capabilities or with scintillation counters. These
assays routinely enable the detection of extremely low levels (<10 fg) of puri-
fied enzyme (7), and the dynamic range with each substrate 1s greater than five
orders of magnitude, extending from 10713~107® g of enzyme (see Fig. 1).
The bacterial GUS gene has become widely used for the analysis of plant
gene expression (2), and preliminary results indicate that it is also a useful
reporter gene for studies in mammalian cells (73). Quantitative assays employ
fluorogenic, chromogenic, and chemiluminescent substrates. The 1,2-dioxetane
substrate, Glucuron, has been incorporated into the GUS-Light chemilumines-
cent reporter gene assay for GUS activity 1n plant or animal cell lysates (4,7).
Measurements of purified GUS levels as low as 60 fg are performed reliably
with the GUS-Light assay, and the linear range extends from 1073~107 g of
enzyme. This assay enables the detection of 1.4 pg of purified enzyme with a
signal-to-noise ratto (S/N) of 2. The sensitivity 1s at least 100-fold higher
compared to the reported fluorescent assay detection limit, 0.02 ng (74). GUS
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activity 1s detected over a wide range of total cellular protein, and the measure-
ment of GUS activity with GUS-Light shows excellent correlation with GUS
activity as determined by fluorescence assay with the MUG (4-methyl-
umbelliferyl-p-p-glucuromde) substrate (4).

A novel eukaryotic reporter gene for secreted placental alkaline phosphatase
(SEAP) enables detection of the gene product mn a sample of culture medium
(15). Quantitation of SEAP activity can be performed with the 1,2-dioxetane
chemiluminescent substrate, CSPD (76), which has been incorporated mto the
Phospha-Light assay (Tropix, Bedford, MA), (3,4,7,17). A protocol for chemilu-
munescent detection of SEAP activity with CSPD is provided in Chapter 5 (Kain).

These chemiluminescent reporter gene assay systems are performed in
mucroplate or tube luminometers, or 1n a scintillation counter, and offer rapid,
highly sensitive, versatile alternatives to radioactive, colorimetric, and fluores-
cent detection systems. These assay systems provide additional flexibility in
the choice of assays for transfection normalization, particularly with the biolu-
minescent luciferase reporter gene and expand the available repertoire of
reporter gene assays for use with luminescence instrumentation.

2. Materials
2.1. Preparation of Extracts (5-Gal)

2.1.1. Cell Extract

Galacto-Light assay component (1) is avatlable from Tropix. All solutions
should be stored at 4°C.

1. Lysis solution. 100 mM potassium phosphate, pH 7 8, 0 2% Trton X-100 Dathi-
othreitol (DTT) should be added fresh prior to use to a final concentration of 1 mAM/

21X Phosphate-buffered saline (PBS)" 58 mM Na,HPO,, 17 mM NaH,PO,, 68
mM NaCl, pH 7 3-7 4 Alternate PBS recipes may also be used.

3 Rubber policeman or scrapers

4. Microcentrifuge tubes

2.1.2. Tissue Extract
Components (1) and (4) from Section 2.1.1. and.
1 PMSF (Sigma, St Louis, MO; P-7626) or AEBSF (Sigma, A-5938, see Note 1)
and leupeptin protease inhibitors. PMSF 1s prepared as a 0.2M stock 1n 1so-

propanol and stored at —20°C
2 Microhomogenizer Tissumizer (Tekmar, Cincinnati, OH) fitted with a microprobe

2.1.3. Yeast Extract
Component (4) from Section2 1 1. and:

1 Lysis solution' 100 mM potassium phosphate, pH 7 8, 20% glycerol. Just prior to
use add: 1 mM DTT, 2 pg/mL aprotinin, 2 ug/mL leupeptin, and 2 mM AEBSF
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2 Glass tubes (10 x 75 mm)
3 Gilass beads (Sigma, G-8772, 425-600 pm, acid-washed)

2.2. Chemiluminescent Detection (3-Gal)

Galacto-Light assay components (1-3) are available from Tropix. All solu-
trons should be stored at 4°C.

1 Chemiluminescent substrate. Galacton or Galacton-Plus (100X concentrates)
Reaction buffer diluent 100 mM sodium phosphate, pH 8 0, 1 mM MgCl,
Light emission accelerator. formulation containing Emerald enhancer

Purified B-galactosidase (Sigma, G-5635)

Luminometer tubes (glass, 12 x 75 mm) or white microplates for chemilumines-
cence (Microlite 2; Dynatech Laboratories, Chantilly, VA)

6 Tube or microplate lummometer (or liquid scintillation counter)

2.3. Preparation of Extracts (GUS)

GUS-Light assay component (1) 1s available from Tropix. All solutions
should be stored at 4°C

1 Lysis solution (for plant cells or tissue) 50 mM sodum phosphate, pH 7 0, 10
mM EDTA, 0.1% sodium lauryl sarcosine, 0.1% Triton X-100 Fresh (-mer-
captoethanol should be added prior to use to a final concentration of 10 mM
Lysis solution (for mammalian cells) 100 mM potassium phosphate, pH 7 8,
0 2% Triton X-100 Fresh dithiothrertol (DTT) should be added prior to use to a
final concentration of 1| mM

2 Rubber policeman or scrapers

3. Microhomogenizer

4 Microcentrifuge tubes

2.4. Chemiluminescent Detection (GUS)

GUS-Light assay components (1-3) are available from Tropix. All solu-
tions should be stored at 4°C.

oA W

Glucuron chemiluminescent substrate (100X concentrate)

Reaction buffer diluent 0.1M sodium phosphate, pH 7 0, 10 mM EDTA

Light emission accelerator formulation containing Emerald enhancer

Purified B-glucuronidase (Sigma, G-7896)

Lummometer tubes (glass, 12 x 75 mm) or white microplates for chemilumines-
cence detection (Microlite 2; Dynatech)

6 Tube or microplate luminometer (or liquid scintillation counter)

3. Methods
3.1. Preparation of Extracts (5-Gal)
3.1.1. Cell Extract

1. Aliquot the required amount of lysis solution, and add the appropriate amount of
DTT (see Notes 2 and 3).

NP WD
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Wash cells twice with 1X PBS

Add lysis solution to cover cells (250 uL of lysis solution/60-mm culture
plate)

Detach cells from plate using a rubber policeman or equivalent Nonadherent
cells should be pelleted and sufficient lysis solution added to cover cells. Lyse
cells by pipeting

Transfer extract to a microcentrifuge tube and centrifuge at 12,500g for 2 min at
4°C to clanfy, and transfer supernatant to a fresh microcentrifuge tube. Extracts
may be used immediately or frozen at —70°C.

Optional’ perform heat inactivation of endogenous B-galactosidase (see Sec-
tion 3.1 4)

Optional. perform protein assay with an aliquot of extract

3.1.2. Tissue Extract

Preparation of tissue extract 1s according to Shaper (71).

Aliquot the required amount of lysis solution, and add DTT to a final concentra-
tion of 1 mM, PMSF to 0.2 mM, and leupeptin to 5 pg/mL.

Remove tissues and homogenize for 20 s at 4°C in 1 mL of lysis solution
Centrifuge 1n a microcentrifuge at 12,500g for 10 min at 4°C to clarify, and trans-
fer supernatant to a fresh microcentrifuge tube

Optional. perform heat inactivation of endogenous B-galactosidase activity (see
Section 3.1.4.),

Recentrifuge (following heat inactivation) at 12,500g for 5 min at 4°C, and trans-
fer supernatant to a fresh microcentrifuge tube Extracts may be used immedi-
ately or stored at —70°C

Optional® perform protein assay with an aliquot of extract

3.1.3 Yeast Extract

Preparation of yeast extract 1s according to D. Nathan and S. Lindquist (per-

sonal communication). Lysates should be prepared on 1ce in a cold room.

1

2

Alhquot the required amount of lysis solution and add the appropriate amounts of
DTT, aprotinin, leupeptin, and AEBSF

Pellet 5 x 107 cells, wash once with water and recentrifuge to pellet Cell pellets
can be frozen at —70°C at this point

Resuspend cell pellet 1n 150 uL lysis solution, transfer suspension to glass tube
and add 150 pL glass beads (see Note 4)

Vortex for 3 min on high

Centrifuge extract at 2500g for 5 min, and transfer supernatant to microcentrifuge
tube. Extracts may be used immediately (amount can range from 10 uL of extract
down to 10 pL of 1.100 dilution of extract) or stored at —70°C (see Note 5).
Optional" perform protem assay with an aliquot of extract (50 uL recommended)
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3.1 4. Heat Inactivation of Endogenous B-Galactosidase Activity
in Cell or Tissue Extract (Optional)

Some cell hines may exhibit relatively high levels of endogenous B-galac-
tosidase activity. This may lead to high background that will decrease the over-
all assay sensitivity by lowering the signal to noise ratio (see Note 6). Selective
heat inactivation of nonbacterial enzyme activity 1n cell extracts has been
described (18). This protocol has also been used for selective inactivation of
nonbacterial enzyme activity in tissue extracts (/7).

1 Following extract preparation, incubate extract at 48°C for 50 mun (or 60 min for
tissue extracts)
2 Proceed with chemiluminescent detection (see Section 3 2 )

3.2. Chemiluminescent Detection (3-Gal)
All assays should be performed 1n triplicate

1 Dilute Galacton (Galacton-Plus) substrate 1100 with reaction buffer diluent to
make reaction buffer. This mixture will remain stable for several months 1f stored
uncontaminated at 4°C. It 1s recommended to only dilute the amount of substrate
that will be used within a 2 mo period

2 Warm the amount of reaction buffer required to room temperature

3 Aliquot 2-20 pL of each cell extract (from transfected cells, mock-transfected,
and mock-transfected containing control enzyme [add 1 uL of 10 U/mL purified
B-galactosidase]) into luminometer tubes Adjust the total volume with the
appropriate lysis solution, such that the volume of extract (or extract plus lysis
solution) in each tube 1s equivalent (see Notes 7 and 8)

4 Add 200 pL of reaction buffer to each tube and mix gently. Incubate for 1060
min at room temperature (see Notes 9,10).

5 Place tube i luminometer. Inject 300 pL of accelerator (see Notes 3,11) Aftera
2-5-s delay following injection, measure light emission for 5 s (see Note 12).

3.3. Preparation of Extracts (GUS)

1. Aliquot the required amount of lysis solution and add the appropriate amount of
B-mercaptoethanol or DTT (see Note 13).

2 Prepare sample (see Note 14) Rinse cells to remove culture media or prepare
sample of plant tissue

3 Add sufficient volume of lysis solution to cover cells (250 pL of lysis solution
for a 60 mm culture plate should be adequate) or plant material (250 uL of lysis
solution per 25 mg of plant tissue).

4 Detach cells from culture plate using a rubber policeman or equivalent device.
For plant tissue, homogenize cells or tissue in a microhomogenizer

5 Centrifuge sample 1 a microcentrifuge for 2 mn to clanfy.

Transfer supernatant to a fresh microcentrifuge tube

7 Optional. perform protein assay with an aliquot of extract

(=)
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3.4. Chemiluminescent Detection (GUS)

1

All assays should be performed in triplicate

Dilute Glucuron substrate 1 100 with reaction buffer diluent to make GUS reac-
tion buffer. This mixture will remain stable for several weeks if stored uncon-
taminated at 4°C

Warm the amount of GUS reaction buffer required for the entire experiment to
room temperature

Aliquot 220 pL of each cell extract (from transfected cells, mock-transfected,
and mock-transfected containing control enzyme [add 1 puL {20 pg} of puri-
fied B-glucuromdase to extract]) into luminometer tubes Adjust the total vol-
ume with the appropriate lysis solution, such that the volume of extract (or extract
plus lysts solution) 1n each tube 1s equivalent (see Notes 7 and 14)

Add 180 uL of GUS reaction buffer to each tube and mix gently (see Note 8)
Incubate for 60 min at room temperature (see Note 15)

Place tube 1n lummometer Inject 300 uL of light emission accelerator (see Note
16) After a 2-5-s delay following injection, measure hight emission for 5 s (see
Note 12).

4. Notes

—_—

AEBSF, a water-soluble serine protease inhibitor, may be used mnstead of PMSF

Alternative lysis buffers and lysis protocols may be used, particularly if assays
for other cotransfected reporter genes require specific lysis buffers. The perfor-
mance of alternative buffers should be compared with the Galacto-Light lysis
solution to ensure optimum results

Reducing agents such as B-mercaptoethanol or DTT will decrease the half-life of
light emussion of Galacton and particularly Galacton-Plus If the extended half-
life of light emission from Galacton-Plus 1s crucial to the assay, reducing agents
should be omutted from the lysis solution. If they cannot be omitted, they should
be mimimized and care should be taken to ensure that the same concentration of
reducing agent is present in each assay tube or well This will ensure that the
kinetics of hght emission from each assay do not vary If lysis buffer containing
DTT has been used, the addition of hydrogen peroxide to the light emission
accelerator to a final concentration of 10 mM (add 1 pL of 30% H,0,/1 mL of
light emission accelerator) will prevent rapid decay of signal half-life

The use of glass tubes for preparation of yeast extracts results in more efficient
cell breakage than with microcentrifuge tubes Glass beads are used directly from
the bottle, without washing or reconstitution To measure, mark desired volume
on pipet tip, and scoop beads to level of mark

Yeast cell extracts can be stored at —70°C; however, 1t 15 optimal to store cell
pellets at —70°C 1nstead and prepare extracts just before use

Most cells and tissues have some level of endogenous B-galactosidase activity

Significant reductions of endogenous enzyme activity can be achieved by selec-
tive heat inactivation (18) Endogenous enzyme activity is reduced at the pH of
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the reaction buffer, whereas the transfected bacterial enzyme activity is only
slightly affected (5). It 1s important to determine the level of endogenous enzyme
activity 1n extract from nontransfected cells to establish assay background.

The amount of cell extract required may vary depending on the level of expres-
ston and the instrumentation used Use 5 ul. of extract for positive controls and
1020 pL of extract with cells containing a potentially low level of enzyme, how-
ever, 1t 1s essential to maintain a constant volume of extract and/or lysis solution
1n each reaction, since the DTT 1n the lysis solution can affect the chemilumines-
cent reaction It is important to vary the amount of extract to keep the signal
within the linear range of the assay

Reaction component volumes can be scaled down to accommodate a microplate
assay format or a luminometer with a smaller volume mjector, although sensitiv-
1ty may be affected slightly. It 1s recommended to keep the volume of cell extract
520 uL.

The mcubation period with reaction buffer may be as short as 15 min, but the
dynamic range of the assay may decrease For yeast extracts, it 1s recommended
that this incubation be only 15 min After a 20-min incubation, the reaction may
lose linearity, most likely, owing to proteolysis (D Nathan and S Lindquist,
personal communication) For tissue extracts, a 10 min incubation has been
used (/1)

Light intensities are time dependent Reaction buffer should be added to samples
within the same time frame as they are measured in the luminometer For
example, if 1t takes 10 s to complete a measurement, then reaction buffer should
be added to tubes every 10 s

If manual iyection 1s used, then the light emission accelerator should be added in
the same consistent time frame as the addition of reaction buffer. This 1s critical
when using Galacton. Galacton substrate has a haif-life of light emission of
approxmmately 4 5 min after the addition of light emission accelerator Galacton-
Plus substrate emts light with a significantly longer half-life (t;, = 180 min)
after the addition of light emission accelerator

A lquid scintillation counter may be used as an alternative to a luminometer
(19,20), however, the resulting assay sensitivity may be lower When light emus-
sion reaches a maximum, the changes 1n signal intensity per unit time are at a
minimum (steady-state or approaching steady-state) Therefore, the signal should
be measured during this period Some scintillation counters permit a measure-
ment of chemiluminescence directly by turning off the comncidence circuit. If
chemiluminescence 1s measured without turning off this circuit, a linear relation-
ship between the light level and scintillation counts can be established by taking
the square root of the counts per minute minus instrument background (19).

Actual = (measured-mstrument background)!/2

Alternate lysis buffers may be used, however, we recommend that their perfor-
mance 1s compared with the GUS lysis buffers to ensure optimum results. A lysis
buffer compatible with the luciferase assay, contamning 0.1M potassium phos-
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phate, I mM DTT, and 1 mg/mL BSA has equivalent performance to the GUS
lysis buffer

Bacterial contamination of plant material will cause high background Best results
will be obtained with sterile preparations Chlorophyll 1n concentrated samples
may mterfere with signal intensity Therefore, 1f high levels of chlorophyll are
present, several dilutions of extract should be assayed

The incubation with GUS reaction buffer may be as short as 15 min (especially if
high levels of expression are expected), but the dynamic range of the assay may
decrease. Light intensities are time dependent Reaction buffer should be added
to samples within the same time frame as they are measured 1n the lumimometer

For example, 1f 1t takes 10 s to complete a measurement, then reaction buffer
should be added to tubes every 10 s.

If manual myection 1s used, then the light emission accelerator should be added in
the same consistent time frame as the addition of reaction buffer.
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Chemiluminescent Inmunoassay for the Detection
of Chloramphenicol Acetyltransferase
and Human Growth Hormone Reporter Proteins

Corinne E. M. Olesen, John C. Voyta, and Irena Bronstein

1. Introduction

Chemiluminescent substrates have been successfully used for highly sensi-
tive quantitation of reporter enzyme activity (see Chapters 5 and 6) and 1n
enzyme-linked immunoassays for highly sensitive detection of many analytes
(1-6). CSPD chemiluminescent 1,2-dioxetane substrate (7) for alkaline phos-
phatase has been used with Sapphire-II enhancing reagent for enzyme-linked
immunoassay detection of chloramphenicol acetyltransferase and human
growth hormone reporter gene products. These chemiluminescent reporter gene
assay systems provide nonradioactive, simple, sensitive detection methods,
performed 1n microplate or tube luminometers.

One of the most widely used reporter genes encodes the bacterial enzyme
chioramphenicol acetyltransferase (CAT) (8), and numerous CAT vector
constructs are available. Traditional assays for CAT activity involve radio-
1sotopes and laborious thin layer chromatography or differential extraction
techniques, followed by 1sotopic detection (9) More recently, fluorescent
CAT substrates and assays (/0) and immunoassays (/7/,12) have been
developed The chemiluminescent alkaline phosphatase (AP) substrate,
CSPD, has been used with sandwich enzyme-linked immunoassay detec-
tion for CAT protein.

This chemiluminescent immunoassay enables detection of 5 pg/mL of puri-
fied CAT protein. At a signal-to-noise ratio (S/N) of 2, sensitivities of approx
17-45 pg/mL are achieved. In the linear assay range (10-1000 pg/mL), the
simultaneous incubation of CAT protein and antibody-AP conjugate protocol

From Methods in Molecular Biology, vol 63 Recombinant Protetn Protocols
Detection and Isolation Edited by R Tuan Humana Press inc, Totowa, NJ
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results in the highest sensitivity. The dynamic range extends beyond the linear
assay range (greater than three orders of magnitude). Although the signal 1s
highest with a two-step detection, incorporating a biotinylated detector anti-
body and streptavidin-AP, the sensitivity achieved with a detector antibody-
AP conjugate 1s superior The sensitivity of colorimetric assays ranges from
50—200 pg/mL Thus, this assay combines a short protocol and higher sensitiv-
ity than colorimetric ELISAs and rivals the sensitivity of fluorescent and
radioisotopic CAT enzyme activity assays.

The human growth hormone (hGH) reporter gene product offers the advan-
tage of being a secreted protein, which permits detection i a sample of cell
culture medium and allows cells to remain viable for further experimentation.
It 1s a convenient control for normalizing expression of a second reporter gene.
Quantitative assays for hGH have nearly exclusively been performed by radio-
immunoassay methods (9), and several ELISA-based assays have recently been
mtroduced commercially

CSPD has been used 1n a sandwich enzyme-linked immunoassay detection
for hGH, which enables the detection of as little as 3.5 pg/mL of purified hGH
This concentration 1s routinely detectable above background, and ata S/N =2,
a sensitivity of 50 pg/mL 1s achieved. The assay exhibits a linear dynamic
range of over four orders of magnitude. This chemiluminescent assay format
provides higher sensitivity detection and a greater dynamic range than obtained
with both colorimetric ELISA assays (5-1000 pg/mL reported sensitivities for
commercial assays, two orders of magnitude) and radioimmunoassays (100
pg/mL sensitivity, 2 5 orders of magnitude).

These chemiluminescent reporter gene immunoassays offer rapid, sensi-
tive alternatives to radioactive, colorimetric, and fluorescent detection
systems for both CAT enzyme activity and immunoassays and hGH
immunoassays. For both, immunoassay detection with a chemiluminescent
substrate provides comparable or superior sensitivity and dynamic range
than other detection methods.

2. Materials
2.1. Preparation of Cell Extracts by Freeze/Thaw Lysis (CAT)

1 10X Phosphate buffered saline (PBS) 0.58M Na,HPO,, 0 17M NaH,PO,, 0 68M
NaCl Alternate PBS recipes may also be used

Rubber policeman or scraper

TEN buffer: 40 mM Tris-HCI, 1 mM EDTA, 150 mM NaCl, pH 7 8.

250 mM Tns-HCL, pH 7 8.

Optional phenylmethyl sulfonyl fluoride (PMSF, prepared as a 0 2M stock 1n
1sopropanol), dithiothreitol (DTT), and aprotinin.
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2.2. Inmunoassay Detection (CAT or hGH)
2.2.1. One-Step Immunoassay Detection

Reagents (1-4) are available from Tropix (Bedford, MA). All solutions

should be prepared with Milli-Q H,O.

PBOW R =

wn

10.

11

12.

13

CSPD chemiluminescent substrate 25 mM (60X concentrate) Store at 4°C
Sapphire-1I chemiluminescence enhancer (10X concentrate) Store at 4°C
I-Block blocking reagent: purified casein. Store dry at room temperature
Diethanolamine (DEA) 99% Store at room temperature If material solidifies,
warm to 37°C to melt

10X PBS (see Section 2 1)

Blocking buffer 0.2% I-Block, 0 05% Tween-20, 1X PBS. Add I-Block to 1X
PBS and microwave for approximately 70 s Alternatively, heat to 70°C for 5
min on a magnetic stir plate The solution will remain slightly opaque. Cool to
room temperature and add Tween-20.

. Wash buffer. 0 05% Tween-20, 1X PBS.

Assay buffer 0 1M diethanolamine, 1 mM MgCl,, pH9 5 Dissolve DEA 1n H,O
(4 79 mL or 5.25 g per 500 mL) and adjust pH to 9 5 with concentrated HCl Add
MgCl, Addition of MgCl, prior to pH adjyustment will cause precipitation
White multiwell strips (Microlite 2, Dynatech, Chantilly, VA). Alternatively, the
assay can be formatted with coated polystyrene tubes or beads

Anti-CAT capture antibody (polyclonal anti-CAT, 5 Prime - 3 Prime, Boulder,
CO), or ant1-hGH capture anttbody (polyclonal, Medix Biotech, Foster City, CA)
Anti-CAT (polyclonal, 5§ Prime-3 Prime) alkaline phosphatase conjugate or anti-
hGH (monoclonal, Medix) alkaline phosphatase conjugate. Conjugates were prepared
with alkaline phosphatase (Biozyme, San Diego, CA) using the heterobifunctional
cross-linker SPDP (Pierce, Rockford, IL) and purified by FPLC These reagents are
under development (Tropix) and are not currently commercially available
Purified CAT enzyme (5 Prime-3 Prime, Boehringer Mannheim, Indianapolis,
IN), or purified hGH protein (Scripps Laboratortes, San Diego, CA)

Microplate or tube luminometer

2.2.2. Two-Step CAT Immunoassay Detection

L.

2
3.

Matenals as for Section 2.2.1., except for reagent (11), and in addition:

Biotinylated anti-CAT detector antibody (Fc-biotinylated polyclonal anti-CAT,
5 Prime—3 Prime)
Avidx-AP (streptavidin-alkaline phosphatase conjugate, Tropix).

Methods

3.1. Preparation of Cell Extracts by Freeze/Thaw Lysis (CAT)

1

Protocol is according to the Boehringer Mannheim CAT ELISA Protocol (13).

Precool required volumes of all buffers to 4°C



74

Olesen, Voyta, and Bronstein

For suspension cultures: Centrifuge the cell suspension for 10 min at 250g, and
discard culture medium Resuspend cell pellet in 5 mL of 1X PBS Repeat the
centrifugation and wash steps two more times Resuspend the cell pellet in 1 mL
of TEN buffer and transfer to a microcentrifuge tube. For adherent cultures (60
mm culture plate) Aspirate medium and wash cells three times with 5 mL of 1X
PBS, carefully removing all PBS after last wash Add 750 uL. of TEN buffer to
cells and incubate on ice for 10 min Remove cells from culture plate with rubber
policeman or scraper and transfer to a microcentrifuge tube Rinse culture dish
with 400 pL. of TEN buffer and add to tube

Centrifuge cells for 30 s and carefully remove supernatant Resuspend cell pellet
m 150 pL 250 mM Tris-HCI, pH 7 8

Freeze cell suspension 1n dry 1ce/ethanol for 5 min.

Thaw cell suspension in 37°C water bath for 5 min Repeat freeze/thaw cycle
four times

Centrifuge suspension for 10 min in a microcentrifuge (4°C) to clarify Transfer
supernatant to fresh tube (see Note 1)

3.2. Immunoassay Detection (CAT or hGH)
3 2 1. One-Step Immunoassay Detection

All assays should be performed in duplicate or triplicate.

1.

2.

3

Coat multiwell strips overnight at room temperature with 50 uL/well of 10 pg/mL
ant1-CAT or anti-hGH capture antibody, diluted in 1X PBS (see Note 2)
Discard coating solution, and block wells for 2 h at 37°C with 250 uL/well of
blocking buffer.

Wash wells 3X with wash buffer (see Note 3)

All following incubations are performed at room temperature with shaking
at 150 rpm.

4.

N

Incubate wells for 1 h with 100 pL of purified CAT enzyme (5-10,000 pg/mL,
see Note 4) or purified hGH (550,000 pg/mL; see Note 5), senally diluted 1in
blocking buffer, or 100 pL of cell extract (CAT) or culture medium (hGH) diluted
1n blocking buffer.

. Wash wells 3X with wash buffer

Incubate wells for 1 h with 100 pLL of anti-CAT-AP, diluted 1-1000 mn blocking
buffer, or 100 pL of anti-hGH-AP, diluted 1.500 1n blocking buffer (see Note 6)
Wash wells 3X with wash buffer

Prepare required volume of CSPD/Sapphire-II solution (10% Sapphire-1I, 17 uL
CSPD per 1 mL, diluted 1n assay buffer).

Wash wells 1X with assay buffer

. Add 100 uL. of CSPD/Sapphire-II solution to each well and incubate at room

temperature for 10 mun.
Measure light emission at 10 min intervals (see Note 7)
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3.2.2 Two-Step CAT Immunoassay Detection

6a

6b.

6¢

Perform Section 3.2 1. through step 5

Incubate wells for [ h with 100 pL biotinylated anti-CAT, diluted 1 3000 n
blocking buffer

Wash wells 3X with wash buffer.

Incubate wells for 45 min with 100 pL streptavidin-AP conjugate, diluted
1:10,000 1n blocking buffer.

Proceed with step 7 of Section 3.2 1.

4. Notes

1

Extracts should be used immediately or stored at —70°C Extracts should be fro-
zen 1n dry 1ce/ethanol before transfer to —70°C to avoid degradation of CAT pro-
tein Prolonged storage at 4°C is not recommended Protease mhibitors may be
added to stabilize extracts. 0.2 mM PMSF, S mM DTT, and 5 pg/mL aprotinin
Capture antibodies can be monoclonal or polyclonal and should be used for coat-
ing at a concentration of 0 2—10 pg/mL (74). The performance and optimal coat-
ing concentration for different antibody preparations should be determined.

To wash wells, solution 1s squirted vigorously into each well with a plastic
wash bottle. Wash solution 1s then flicked out of wells. Following each final
wash, the multiwell strips are blotted onto a clean piece of absorbent material
to remove remaining wash solution Alternatively, an automated plate washer
could be used

The one-step detection (Section 3.2 1 ) can be shortened by simultaneous imcuba-
tion of CAT enzyme and ant1-CAT alkaline phosphatase conjugate in wells. In
thus case, 50 uL of CAT enzyme dilution and 50 pl of conjugate (diluted 1 500)
are both added to the well together and incubated for 1 h The CAT enzyme
dilutions and the conjugate dilution are prepared as 2X such that the final con-
centrations of CAT and conjugate are 1dentical for both the sequential and simui-
taneous incubations.

The detection can be shortened by simultaneous incubation of hGH and anti-
hGH alkaline phosphatase conjugate in wells In this case, 50 uL. of hGH
dilution and 50 pL of conjugate (diluted 1-250) are both added to the well
together and incubated for 1 h The hGH dilutions and the conjugate dilution
are prepared as 2X such that the final concentrations of hGH and conjugate
are 1dentical for both the sequential and simultaneous incubations. Simulta-
neous hGH capture and detector conjugate incubations result in higher sensi-
tivity compared to sequential incubations when the assay 1s performed with
purified protein

The dilution of a particular antibody-alkaline phosphatase conjugate should be
optimized for maximal signal/noise.

Maxtmum light emission 1s reached 10-20 mn following addition of CSPD Mea-
sure light emission at 10 min intervals until maximum hght output 1s achieved
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Detection and Selection of Cultured Cells
Secreting Recombinant Product
by Soft Agar Cloning and Antibody Overlay

Marylou G. Gibson, Karmen Hodges, and Lauretta Lowther

1. Introduction

Detection of expression of recombinant genes 1n transfected cells can be
combined with cell cloning to achieve pure cell populations secreting high lev-
els of heterologous protein. The combination of cloning and selection speeds
up the generation of permanent cell lines, increases the number of potential
msertion events that can be screened, and reduces the tedium of sequentially
cloning then analyzing the production levels of each clone.

Several direct cloning methodologies utilizing immunodetection have been
reported. They involve capturing the secreted antigen on a mtrocellulose mem-
brane replica followed by identification of positive clones by enzyme-linked
immunosorbent assay or radioimmunodiffusion (7,2). These techniques can
efficiently detect low-frequency transformants

The soft agar technique (3), which this chapter describes, takes advantage of
the fact that transformed cell clones grow as unattached balls 1n soft agar, and
the product that the clones secrete slowly diffuses away from the colony. When
a specific concentration of polyvalent antibody to the product 1s added to these
cultures, an antigen/antibody complex forms that will aggregate and precipi-
tate. These visible precipitates can be visually enhanced with microscopy. The
degree of precipitation 1s relative to the amount of product secreted by the
clone. Clones surrounded by these precipitates can be easily picked and trans-
ferred to another culture vessel.

This technique was adapted from the method of Coffino and Scharff (4) that
described the identification and cloning of myeloma cell colonies secreting
immunoglobulin heavy and light chains in soft agar. Myeloma and Chinese

From Methods in Molecular Biology, vol 63 Recombtnant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ

77



78 Gibson, Hodges, and Lowther

hamster ovary-based production lines are routinely used as the recipient cell to
generate permanent recombinant cell lines producing protemns of biological sig-
nificance at economical scale. These lines producing immunoglobulin related
proteins, cytokines, or growth factors are easily cloned using this soft agar
technique, and resulting cell lines frequently have two- threefold improved
specific production rates. The technique 1s also adaptable to the selection of
secretor yeast clones

2. Materials

1 SeaPlaque Agarose, (FMC BioProducts, Rockland, ME)

Tissue culture grade water
3 02 um filter unit (e g , Corning product # 25932-200, Corming, NY) for volumes
20 mL or greater; syringe tip Sterille Acrodisc, 0 2 um (Gelman Sciences, Ann
Arbor, MI) for smaller volumes
Growth media- DMEM/F12 or IMDM or suitable equivalent for user’s cells with
fetal bovine serum and selective drugs if needed.
Two water baths adjustable to 37 and 45°C
60 x 15 mm plastic tissue culture dishes
CO, mcubator (5-10% CO,) maintamed at 37°C
Stock cultures of cell lines of interest 1n logarithmic growth phase
Polyclonal antiserum to the recombinant antigen
Inverted microscope with 4X phase objective and phase ring (e.g , Nikon Diaphot
with an E Plan 4/0 1 objective and PH 2 or 3 phase ring, Olympus IM with a 4X,
0 1 objective and a 20X phase ring)
11 Giison p200 Pipetman and sterile yellow pipet tips
12. Various sterile pipets for tissue culture and sterile tissue culture grade 200—250-

mL bottles

3. Methods
3.1. Preparation of Agarose Solutions

1 Prepare a solution of 5% SeaPlaque agarose mn tissue culture grade water 1n a
200-mL bottle Add 5 g agarose to 100 mL of water and autoclave for 20 mm
on liquid cycle to solubilize and sterilize. Can be prepared ahead and stored
at room temperature

2 Within several hours or less of plate preparation and cell cloning, warm 100 mL
of complete growth media to 45°C Simultaneously microwave the 5% agarose
solutron until completely liquefied. Do not allow agarose solution to boil over;
30-60 s 15 usually sufficient.

3 Warm up the filter unit m a 37°C incubator.

4. Prepare 0.5% SeaPlaque agarose 1n complete tissue culture growth medium by
adding 10 mL of molten agarose cooled to 45°C to the complete prewarmed tis-
sue culture media. Mix and immediately filter Place filtered agarose solution at
37°C while setting up for Sections 3.2. and 3.3.

n

S O~
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Fig. 1. Schematic diagram of the soft agar selective cloning technique As described
mn ref., 4, cells secreting recombinant product are plated as a single cell suspension in
soft agar 1n complete selecttve media over an agarose in media underlay A layer of
antigen-specific antibody in medium with agarose 1s added several days after plating

3.2. Preparation of Base Layer
1 A base layer of agarose n each culture dish 1s required so that cell colonies grow as
unattached balls Add 3 mL of filtered agarose solution to each 60 x 15 mm tissue
culture dish and swirl to cover the entire bottom of the dish (agarose underlay, Fig 1)
2. Solidify for 10 min at 4°C Twenty dishes are usually sufficient to screen a poten-
tial cell line

3.3. Cloning of Cells in Agarose (see Note 1)

1 Cells 1in loganthmic growth phase are gently trypsinized if growing as attached
culture and counted Cells routinely grown in suspension should be pipetted or
gently trypsinized to achieve a single-cell suspension

2. Cells are diluted 1n growth medium to a density of 1 x 10° Two mulliliters of
cells at this dilution 1s sufficient Add 0.3 mL of diluted cells to 30 mL of filtered
agarose solution (cells 1n agarose, Fig. 1)

3 Gently add 1 mL of cell/agarose solution to 10 of the dishes and 2 mL of agarose
solution to the other 10 dishes. Tip gently to spread solution over the entire bot-
tom of the dish

4. Gel agarose layer at 4°C for 10 min Place cultures 1n CO, 37°C mncubator

5. Check for cell growth after 2-3 d

3.4. Overlay with Antibody in Agarose (see Notes 2-5)

1 After cells begin to form 48 cell colonies, plates can be overlaid with anti-
body solution

2 Prepare an appropriate amount of 0 5% agarose 1n growth medium as described
above Prepare 1 mL per each 60-mm dish to be overlaid

3 To prepare overlay for 20 dishes add 1 5-2 0 mL of sterile filtered specific anti-

serum to 20 mL of agarose solution Filter using a 0 2-p filter unit

Set aside several dishes that will not receive antibody overlay as negative controls.
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4 Some commercially available antibodies contain sodium azide at 0 1% If such
antibody 1s diluted at least 1/50, the azide should have little or no effect on cell
growth and secretion in culture

5 The lower imit dilution of antiserum described frequently works, but higher dilutions
of other antisera (e g , 0 4 mL antiserum per 20 mL of agarose solution) have shown
results The best working dilution of antiserum must be empirically determined

6 Colonies can be selected based on a variety of features Large colonies with large
halos can yield significant product 1 confluent 24-well dishes (1-10 pg/mL)
(Fig 2A). Smaller colones with dense halos may yield cell lines with higher
production rates per cell. Colonies with sparse halos (Fig. 2B) can yield between
0 1-0 8 ng product/mL spent medium n 24-well dishes Depending on the
expression stability of the line being cloned, 1t 1s usual to observe anywhere from
10-95% halo positive clones

7. Colonies emerging from the same cell pool can have different morphologies 1n
soft agar. Figure 2C shows a tight ball colony and a colony with migrating cells.
No precipitate 1s visible
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Detection and Isolation of Recombinant Protein
Based on Binding Affinity Reporter

Maltose Binding Protein

Paul Riggs

1. Introduction

The pMAL-2 vectors (Fig. 1) provide a method for expressing and purifying
a protein produced from a cloned gene or open reading frame. The cloned gene
1s nserted downstream from the malE gene of E coli, which encodes maltose-
binding protein (MBP), resulting in the expression of an MBP fusion protein
(1,2) The method uses the strong “tac” promoter and the malE translation ini-
tiation signals to give high-level expression of the cloned sequences (3,4), and
a one-step purification of the fusion protein using MBP’s affinity for maltose
(5). The vectors express the malE gene (with or without its signal sequence)
fused to the lacZa gene. Restriction sites between malE and lacZo. are avail-
able for inserting the coding sequence of interest. Insertion nactivates the
-galactosidase a-fragment activity of the malE-lacZa fusion, which results in
a blue to white color change on X-gal plates when the construction 1s trans-
formed into an a-complementing host such as TB1 (6) or IM107 (7). The vec-
tors carry the lacl? gene, which codes for the Lac repressor. This keeps
expression from P, low 1n the absence of IPTG (isopropyl-f3-p-thiogalacto-
side) induction The pMAL-2 vectors also contain the sequence coding for the
recognition site of the specific protease factor Xa (9,/0), located just 5' to the
polylinker msertion sites This allows MBP to be cleaved from the protein of
interest after purification. Factor Xa cleaves after its four amino acid recogni-
tion sequence, so that few or no vector-derived residues are attached to the
protein of interest, depending on the site used for cloning. A purification exam-
ple is shown n Fig. 2.

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc , Totowa, NJ
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olylinker
malE lacZo.
B

P \ terminator
tac

pMAL'2 Ampr

vectors

lact?

pMAL-c2, -p2 polylinker:

|—Sac 1 |
malE TCG AGC TCG AAC AAC AAC AAC AAT AAC AAT AAC AAC AAC CTC GGG

r——anI — rEcoHI | (-BamH I-”-Xba 17 (—Sal I l rPsH 1 rHlnd [/l 1
ATC GAG GGA AGG ATT TCA GAA TTC GGA TCC TCT AGA GTC GAC CTG CAG GCAAGC TTG  lacZo
lie Glu Gly Arg

Factor Xa cleavage site

Fig. 1. pMAL-2 vectors are shown pMAL-c2 (6646 bp) has an exact deletion of
the malE signal sequence pMAL-p2 (6721 bp) mcludes the malE signal sequence
Arrows indicate the direction of transcription Unique restriction sites are indicated

The pMAL vectors come in two versions: pMAL-c2, which lacks the N-termi-
nal signal sequence normally present on MBP, and pMAL-p2 which includes
the N-terminal signal sequence. Fusion proteins expressed from pMAL-c2 are
expressed in the cytoplasm of Escherichia coli. These constructions generally
give the highest levels of expression. Fusion proteins expressed from pMAL-
p2 include a signal peptide on pre-MBP which directs fusion proteins through
the cytoplasmic membrane 1nto the periplasm. For fusion proteins that can be
successfully exported, this allows folding and disulfide bond formation to take
place 1n the periplasm of E coli, as well as allowing purification of the protein
from the periplasm (8a).

To produce a fusion protein in the pMAL-2 vectors, the gene or open read-
g frame of interest must be inserted into the pMAL-2 vectors so that 1t 1s n
the same translational reading frame as the vector’s malE gene. The vectors
have a polylinker containing an Xmnl site for cloning fragments directly down-
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( Grow celis )

‘ Sample 1 uninduced cells

Add IPTG

* Sample 2 nduced cells

( Divide culture and harvest cells )

Resuspend in column buffer Resuspend In Tns/sucrose

Prepare cyloplasmic extract Prepare periplasmic extract
Sample 3 crude extract Sample 6 periplasmic extract
Sample 4 insoluble matter (osmatic-shock fluid)

( Test amylose resin binding )

Sample 5 protein bound
to amylose

SDS-PAGE

Fig. 2 Flowchart for the pilot experiment

stream of the factor Xa site, as well as an EcoRI site in the same reading frame
as Agtl1. A number of other restriction sites are also available for cloning frag-
ments downstream of the Xmnl site or for directional cloning of a blunt/sticky-
ended fragment. Inserts cloned into the Xmnl site produce a protein of interest
that, after factor Xa cleavage, contains no vector-dertved amino acids (9,10).
Factor Xa will not cleave fusion proteins that have a proline or arginine imme-
diately following the arginine of the factor Xa site, so the first three bases of
the msert should not code for arg or pro when cloning into the Xmnl site. If the
sequence of interest was identified as a lacZ fusion m Agtl 1, 1t can be subcloned
into the EcoRI site of the pMAL-2 polylinker directly. If the sequence is from
another source, several strategies may be employed to create an appropriate
fragment to subclone. It 1s assumed that the sequence of interest includes a
translational stop codon at its 3' end; if not, one should be engineered nto the
cloning strategy. Alternatively, a linker containing a stop codon can be inserted
nto one of the downstream polylinker sites.

Section 3. contains a section on cloning, a small-scale pilot experiment to
diagnose the behavior of a particular fusion protein, two methods for the affin-
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1ty purification of the fusion protein, a short method for regeneration of the
amylose resin column, and methods for cleavage of the fusion protemn with the
spectfic protease factor Xa and separation of the target domamn from MBP

2. Materials

In addition to the materials listed below, the standard reagents for molecular
biology such as restriction enzymes and buffers, 0.5M EDTA, phenol, chloro-
form, T4 DNA ligase, solutions for determining protein concentration (e g., by
the Bradford or Lowry method), and the materials and buffers for SDS-PAGE
are required

2.1. Construction of the Fusion Plasmid

1 DNA fragment to be subcloned, preferably with a blunt end at the 5' end of the
gene and a sticky end compatible with the pMAL-2 polylinker at the 3' end

2 pMAL-c2 and/or pMAL-p2, available from New England Biolabs (Beverly, MA)
(see Note 1)

3 Competent E coli TBI (or an equivalent a-complementing stramn of £ coli)

4 LB plates contaiming 100 pg/mL ampicillin, with and without 80 ug/ml. X-gal

2.2. Pilot Experiment and Aftinity Purification

1. Rich medum plus glucose and ampicillin (per liter) 10 g tryptone, 5 g yeast
extract, 5 g NaCl, 2 g glucose, autoclave; add sterile ampicillin to 100 ug/mL

2 0 1M IPTG stock 141 g IPTG hemidioxane adduct (1sopropyl-B-D-thio-
galactoside hemidioxane adduct; mol wt 282 4) or 1 19 g IPTG (1sopropyl-p-D-
thiogalactoside, mol wt 238 3) Add H,O to 50 mL, filter stenilize, store at 4°C
Dioxane adduct solution stable for 6 mo at 4°C, dioxane-free solution 1s light-
sensitive, and therefore considerably less stable

3 Column buffer 20 mM Tris-HCL, 200 mM NaCl, | mM EDTA, pH 7 4 Optional

components | mM sodium azide, and 10 mM B-mercaptoethanol or 1 mM DTT

(see Note 2). Store at room temperature. The conditions under which MBP fusions

will bind to the column are flexible, and the column buffer can be modified with-

out adversely effecting the affinity purification. Buffers other than Tris-HCI that

are compatible include MOPS, HEPES, and phosphate, at pH values around 7

MBP binds to amylose primarily by hydrogen bonding, so higher 1onic strength

mcreases 1ts affinity Nonionic detergents such as Triton X-100 and Tween-20

have been seen to mterfere with the affinity of some fusions

Sonicator

30 mM Tris-HCI, 20% sucrose, pH 8 0

5 mM MgSO,

2.5 x 10 cm column

Centricon, Centriprep or stirred cell concentrator (Amicon), or equivalent.

Amylose resin, available from New England Biolabs (Beverley, MA)

N-JE- IR - NV
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2.3. Regenerating the Amylose Resin
Use 0.1% SDS.

2.4. Denaturing the Fusion Protein
Use 20 mM Tris-HCl, 6M guanidine hydrochloride, pH 7.4

2.5. Separating the Protein of Interest from MBP
after Factor Xa Cleavage

1. 1 x 10 cm column

20 mM Tnis-HCI, 25 mM NacCl, pH 8.0 (Section 3 7.1).

20 mM Trnis-HCI, 0 5M NaCl, pH 8 0 (Section 3.7 1.)

DEAE-Sepharose or Q-Sepharose, or equivalent (Section3 7 1)
Hydroxyapatite resmn (Section 3 72 )

0.5M Sodium phosphate buffer, pH 7 2 (stock). Prepare 0 5M NaH,PO, (69.0 g
NaH,PO, H,0,to 1 L with H,0), and 0 5M Na,HPO, (134 0 g Na,HPO, 7H,0,
to 1 L with H,0) Mix 117 mL 0 SM NaH,PO, with 0.5M Na,HPO, 383 mL.
Store at room temperature (Section 372 )

3. Methods
3.1. Construction of the Fusion Plasmid

R IR

This section gives an example of subcloning a gene of interest mnto a pMAL
vector. The DNA fragment in step | can be made by PCR or by oligo-directed
mutagenesis to create a restriction site at the 5' and/or 3' end of the gene
The vector to insert ratio 1n step 10 assumes an nsert size of about 1.2 kb.
There are many alternative ways to subclone a gene of interest, including
direct cloning 1nto one of the other polylinker sites, for example cloning a
Agtll EcoRI fragment into the EcoRI site. Cloning downstream of the Xmnl
site creates a fusion that, after cleavage with factor Xa, has vector-encoded
amino acids at the N-terminus,

1. Construct a 5'-blunt 3'-sticky-ended fragment containing the gene of interest, for
example by PCR The restriction site for creating the sticky end should be one of
the enzymes that cuts in the pMAL-2 polylinker (except for Xmnl)

2 Digest 05 pg pMAL-2 plasmid DNA m 20 uL with Xmnl Adjust the buffer to

the conditions for the second enzyme (e.g , add NaCl to the recommended level),

and cleave with the second enzyme

Add EDTA to 20 mM to the restriction digest

4. Add an equal volume of a 1 1 phenol/chloroform mixture to the restriction
digests, mix, and remove the aqueous (top) phase and place in a fresh tube Repeat
with chloroform alone.

5. Add 10 pg glycogen or tRNA to the digest as carrier Add 1/9th volume 3M
sodium acetate, mix, and then add two volumes ethanol Incubate at room tem-
perature 10 min

[U'S )]
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6 Microcentrifuge for 15 min Pour off the supernatant, rinse the pellet with 70%
ethanol, and allow to dry
Resuspend the sample 1n 25 uL of 10 mM Tris-HCI, 1 mM EDTA, pH 8 0
8 Mix 2 uL vector digest (40 ng) with 20 ng mnsert DNA Add water to 17 pL, then
incubate the DNA mixture at 45°C for 5 min Cool on ice, then add 2 pl. 10X
ligase buffer and 1 ul. T4 ligase (¢ g, New England Biolabs #202, ~400 U)
Incubate at 16°C for 2 h to overmight
9 Heat at 65°C for S min, cool on 1ce
10 Mix the hgation reaction with 25 pl. competent TB1 (or any lacZa-complement-
ing stramn) (1) and incubate on 1ce for S min Heat to 42°C for 2 mun
11 AddO 1 mL LB and mcubate at 37°C for 20 min Spread on an LB plate contain-
g 100 pg/mL ampicillin {do not plate on IPTG, see¢ below) Incubate over-
night at 37°C. Pick colonies with a sterile toothpick onto a master LB amp
plate and an LB amp plate containing 80 pug/mL X-gal and 0 1 mM IPTG
Incubate at 37°C for 8-16 h Determine the Lac phenotype on the X-gal plate
and recover the “white” clones from the corresponding patch on the master
plate (see Note 3)
12 Screen for the presence of serts in one or both of the following ways
a Prepare mimiprep DNA (12) Digest with an appropriate restriction endonu-
clease to determine the presence and orientation of the nsert (73).
1 Grow a 5 mL culture in LB amp broth to 2 x 108 cells/mL (44, of ~0 5)
1 Take a 1 mL sample Microcentrifuge for 2 min, discard the supernatant
and resuspend the cells in 50 ul. SDS-PAGE sample buffer
m  Add IPTG to the remaining culture to 0 3 mM, for example 15 uL of a
0.1M stock solution. Incubate at 37°C with good aeration for 2 h.
1v  Take a 0.5 mL sample Microcentrifuge for 2 min, discard the supernatant
and resuspend the cells 1n 100 uL SDS-PAGE sample buffer
v Place samples mn a boiling water bath for 5 min Electrophorese 15 L of
each sample on a 10% SDS-PAGE gel along with a set of protein mol-wt
standards (/4,14a) Stan the gel with Coomassie brilhant blue (14,14a,15)
An mduced band should be visible at a position corresponding to the mo-
lecular weight of the fusion protemn A band at or around the position of
MBP2* (mol wt 42,710 Dalton) indicates either an out of frame fusion or
a severe protein degradation problem These can usually be distinguished
by performing a Western blot using the anti-MBP serum (16,16a); even
with severe protein degradation, a full length fusion protein can be
detected on the Western. The molecular weight of the MBP-f3-gal-a fusion
18 50,843 Dalton (see Notes 4-6)

~

It can be helpful to perform a control transformation with about 1 ng of the
uncut pMAL vector. Whereas most inserts prevent expression of any lacZa
fragment, 1t 15 possible to get some o-fragment activity in clones with inserts.
In this case, a difference in the shade of blue can usually be seen by comparing
to transformants containing the vector alone. Because of the strength of the P,
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promoter, transformants taken from a plate containing IPTG can contain mutant
plasmids that have either lost part or all of the fusion gene, or no longer express
1t at high levels (see Notes 7 and 8).

3.2. Pilot Experiment

This experiment 1s designed to determine the behavior of a particular MBP
fusion protein. This protocol results in five (pMAL-c2) or six (pMAL-p2)
samples: uninduced and induced cells, a total cell crude extract, a suspension
of the insoluble material from the crude extract, a fraction containing protein
that binds to the amylose resin, and (for pMAL-p2 constructions) a periplasmic
fraction prepared by the cold osmotic shock procedure (17) (Fig. 2).

1 Inoculate 80 mL rich broth plus glucose and amp with 0 8 mL of an overnight
culture of cells containing the fusion plasmid (see Note 9)

2 Grow at37°C with good aeration to 2 x 108 cells/mL (A4gyy of ~0 5) Take a sample
of 1 mL and microcentrifuge for 2 min (sample 1 uminduced cells) Discard
supernatant and resuspend the cells 1n 50 ul, SDS-PAGE sample buffer Vortex
and freeze at —20°C

3 AddIPTG (isopropylthiogalactoside) to the remaining culture to give a final con-
centration of 0.3 ma/, e g, 0.24 mL of a 0.1M stock in H,O. Contmue incubation
at 37°C for 2 h (see Note 10) Take a 0 5S-mL sample and microcentrifuge for two
mun (sample 2 induced cells) Discard supernatant and resuspend the cells 11 100
uL SDS-PAGE sample buffer Vortex to resuspend cells and freeze at —20°C.

Additional time points at 1 and 3 h can be helpful in trying to decide when to
harvest the cells for a large scale prep

4 Divide the remaining culture mto two aliquots Harvest the cells by centrifuga-
tion at 4000g for 10 min Discard the supernatants and resuspend one pellet 1n 5
mL of column buffer, to make sample A For pMAL-p2 constructions, resuspend
the other pellet in 15 mL 30 mM Tris-HCI, 20% sucrose, pH 8 0, to make sample
B (8 mL/0 1 g cells wet weight)

Sample A (All Constructions)

SA Freeze the cells in column buffer i a dry 1ce-ethanol bath (or overnight at—20°C,
—-20°C 1s more effective than —70°C, but takes longer) Thaw mn cold water

6A Place the cells 1 an 1ce-water bath and sonicate in short pulses of 15 s or less
Monitor the release of protein using the Bradford assay (78), adding 10 pL of the
sonicate to 1 5 mL Bradford reagent and mixing Continue sonication until the
released protein reaches a maximum (usually about 2 min), a standard containing
10 L of 10 mg/mL BSA in 1 5 mL of Bradford reagent can be heipful as an
approximate endpoint

7A  Centrifuge at 9000g at 4°C for 20 min Decant the supernatant (crude extract)
and save on ice. Resuspend the pellet in 5 mL column buffer This 1s a suspension
of the 1nsoluble matter. Add 5 pL. 2X SDS-PAGE sample buffer to 5 pL of the
crude extract and insoluble matter fractions (samples 3 and 4, respectively).
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8A. Place ~200 pL of the amylose resin 1 a microfuge tube and spin briefly in a
microcentrifuge Remove the supernatant by aspiration and discard. Resuspend
the resin in 1 5 mL column buffer, then microcentrifuge briefly and discard the
supernatant; repeat Resuspend the resin in 200 pL of column buffer Mix 50 pl
of crude extract with 50 uL of the amylose resin slurry. Incubate for 15 min on
1ce Microcentrifuge 1 min, then remove the supernatant and discard Wash the
pellet with 1 mL column buffer, microcentrifuge 1 min, and resuspend the resin
mn 50 uL SDS-PAGE sample buffer (sample S. protemn bound to amylose)

Sample B (pMAL-p2 Constructions Only)

5B Add 30 uL 0.5M EDTA (1 mM final concentration) to the cells in Tris/sucrose
and incubate 5—-10 min at room temperature with shaking or stirring

6B Centrifuge at 8000g at 4°C for 10 min, remove all the supernatant, and resuspend
the pellet 1n 15 mL 1ce-cold 5 mM MgSO,

7B. Shake or stir for 10 min 1n an ice-water bath

8B. Centrifuge as in 6B The supernatant 1s the cold osmotic shock fluid Add 5
uL 2X SDS-PAGE sample buffer to 20 uL of the cold osmotic shock fluid
(sample 6)

9 Place the samples 1n a boiling water bath for 5 min. Microcentrifuge for 1 min
Load 20 pL of the of uninduced cells, induced cells, and amylose resin samples
(avoid disturbing the pellets), and all of the remaining samples, on a 10% SDS-
PAGE gel (14,14a) (see Notes 4—6)

10 (Optional) Run an identical SDS-PAGE gel(s) after diluting the samples 1 10 1n
SDS sample buffer Prepare a Western blot(s) and develop with anti-MBP serum
and, 1f available, serum directed against the protein of interest (16,16a)

Most fusion proteins expressed from pMAL-c2 will be 1n the soluble frac-
tion and will bind to the amylose resimn. If the protein 1s insoluble, the best
course 15 to modify the conditions of cell growth to attempt to produce soluble
fusion. Two changes that have helped 1n previous cases are changing to a dif-
ferent strain background and growing the cells at a lower temperature (8,8a).
Fusion proteins expressed from pMAL-p2 will be directed to the periplasmic
space. If the fusion 1s 1n the periplasmic fraction, consider using the method
described 1n Section 3.3.2. In this case, another pilot to optimize expression
and export may be desirable

3.3. Affinity Chromatography

Two methods are presented for purifying the fusion protein In Section
3.3.1., a total cell crude extract 1s prepared and passed over the amylose col-
umn (Fig. 3). This method can be used for any pMAL construct. In Section
3.3.2., a periplasmic fraction is prepared by the cold osmotic shock procedure
(17). This method only works for pMAL-p2 constructions where the fusion
protein 1s exported.
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Load the diluted crude extract at a flowrate of 1 mL/min for a 2.5 cm column
(flowrate = [10 x (diameter of column in cm)? JmL/h)

Wash with 12 column volumes of column buffer (see Note 14)

Elute the fusion protein with column buffer plus 10 mA/ maltose. Collect 1020
fractions of 3 mL each (fraction size = 1/5th column volume). The fusion protein
usually starts to elute within the first five fractions and should be easily detected
by UV absorbance at 280 nm or the Bradford protein assay.

Pool the protein-containing fractions If necessary, concentrate to about I mg/mL
m an Amicon Centricon or Centriprep concentrator, an Amicon stirred-cell con-
centrator, or the equivalent

3.3.2. Method II—For Fusion Proteins Exported
to the Periplasm (pMAL-p2)

1.

2.

5

6

7.

Inoculate 1 L rich broth plus glucose and ampiciilin with 10 mL of an overnight
culture of cells containing the fusion plasmid (see Note 9)

Grow to 2—4 x 108 cells/mL (4450 ~0 5). Add IPTG to a final concentration of 0 3
mM, e g., 85 mg/L or 3 mL of a 0.1M stock 1n H,O. Incubate the cells at 37°C for
2 h (see Note 10)

Harvest the cells by centrifugation at 4000g for 20 min and discard the superna-
tant Resuspend the cells in 400 mL 30 mM Tris-HCI, 20% sucrose, pH 8 0 (80
mL for each gram of cells wet weight) Add EDTA to | mM and incubate for 5—
10 min at room temperature with shaking or sturing

Centrifuge at 8000g for 20 mun at 4°C, remove all the supernatant, and resuspend the
pellet 1n 400 mL volume 1ce-cold 5 mM MgSO,. Shake or stir for 10 mun mn an ice bath
Centrifuge at 8000g for 20 min at 4°C. The supernatant 1s the cold osmotic
shock fluid

Add 8 mL of 1M Tris-HCI, pH 7 4 to the osmotic shock fluid

Continue from Section 3 3 1., step 7

3.4. Regenerating the Amylose Resin Column

This procedure removes any residue from the crude extract that remains on
the column after the affinity purification. Although the column can be washed
at 4°C, 0.1% SDS will eventually precipitate at that temperature. It is therefore
recommended that the SDS solution be stored at room temperature until needed,
and rinsed out of the column promptly. The resin may be reused 3—5 times. On
repeated use, trace amounts of amylase in the E. coli extract decrease the bind-
ing capacity of the column. It 1s recommended that the column be washed
promptly after each use

SRS I S

Wash the column with three column volumes of H,O

Next, wash with three column volumes 0.1% SDS

Wash the column with one column volume of H,O

Finally, equilibrate the column with at least three column volumes of column buffer
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3.5. Cleavage with Factor Xa

1 If necessary, concentrate the fusion protemn to at least 1 mg/mL (see Note 15).

2. Do a pilot experiment with a small portion of your protein For example, mix 20
uL fusion protein at 1 mg/mL with 1 pL factor Xa diluted to 200 ug/mL In a
separate tube, place 5 pL fusion protein with no factor Xa (mock digestion)
Incubate the tubes at room temperature (see Note 16)

3. At2,4,8,and 24 h, take 5 uL of the factor Xa reaction, add 5 uL. 2X SDS-PAGE
sample buffer, and save at 4°C. Prepare a sample of 5 pL fusion protein plus 5 L
2X sample buffer (uncut fusion)

4. Place the six samples 1n a boiling water bath for 5 min and run on an SDS-PAGE
gel (14) (see Notes 4 and 17)

5 Scale the pilot experiment up for the portion of the fusion protem to be cleaved.
Save at least a small sample of the uncut fusion as a reference

6 Check for complete cleavage by SDS-PAGE

3.6. Denaturing the Fusion Protein

Occasionally, the factor Xa site of a particular fusion 1s tnaccessible to the
protease, owing to the three-dimensional structure of the protein. In this case,
denaturing the protemn can sometimes allow the factor Xa to cleave (see Note 18).

1. Either dialyze the fusion against at least 10 volumes 20 mM Tris-HCI, 6M guani-
dine hydrochloride, pH 7 4 for 4 h, or add guanidine hydrochloride directly to the
sample to give a final concentration of 6

2. Dialyze against 100 volumes column buffer, 2 times at 4 h each

During refolding, one has to balance between two objectives. For factor Xa
to cleave it must be present before the protein has completely refolded, so
removing the denaturant quickly is desirable. However, when the denaturant is
removed quickly, some proteins will fail to refold properly and precipitate.
Stepwise dialysis against buffer containing decreasing amounts of guanidine
hydrochloride can prevent precipitation of the fusion protein; halving the guani-
dine concentration at each step is convenient, but cases where 0 1M steps are
necessary have been reported. However, if the fusion protein is able to refold
into a factor Xa-resistant conformation, it may be better to dialyze away the
denaturant in one step and take the loss from precipitation in order to maximize
the amount of cleavable fusion protein recovered.

3.7. Separating the Protein of Interest from MBP
after Factor Xa Cleavage

3.7.1. Method —DEAE- or Q-Sepharose
lon Exchange Chromatography

This method not only purifies the target protein away from MBP and factor
Xa, but also provides an additional purification step for removing trace
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contaminants. A disadvantage 1s that occasionally the peak containing the
protein of interest overlaps with MBP or factor Xa, giving poor separation
(see Note 19) The procedure 1s written for <25 mg, and can be scaled up for
larger amounts,

1 Dualyze the fusion protein cleavage mixture vs 20 mM Tris-HCI, 25 mM NaCl,
pH 8 0 (2 or 3 changes of 100 volumes at least 2 h each)

2 Wash about 6 mL of Q-Sepharose (or DEAE-Sepharose) in ~20 mL of 10 mM
Tris-HCI, 25 mM NaCl, pH 8 0 a couple of times, letting the resin settle and
pouring off the supernatant between washes

3 Pour the resmn into a 1 x 10 cm column to give a bed volume of § mL (~6—7 cm
bed height)

4 Wash the column with 15 mL of the buffer in step 2

5 Load the fusion protein cleavage mixture onto the column Collect 2 5 mL frac-
tions of the column flow-through

6 Wash the column with 3—5 column volumes of the same buffer Continue collect-
ing 2 5 mL fractions.

7 Start a gradient of 25 mM NaCl to 500 mA NaCl (25 mL each) in 20 mM Tris-
HCI, pH 8 0 (see Fig. 4) Collect 1-mL fractions

8 Determine which fractions contain protein by measuring 4,34, or by the Bradford
or Lowry method (78)

The MBP elutes as a sharp peak at 100—150 mM NaCl. Factor Xa elutes at
about 400 mM NaCl. The target protein may flow through the column, or 1t
may elute during the gradient. Electrophorese the relevant fractions on an SDS-
PAGE gel. Pool the fractions containing the target protein free of MBP and
concentrate as desired.

3.7.2 Method ll—Removal of Maltose
by Hydroxyapatite Chromatography and Domain Separation
by Rebinding MBP to Amylose

This method requires 2 steps, but since no dialysis 1s needed and both col-
umns are step eluted, the procedure 1s fairly simple. It removes MBP from the
cleavage mixture, but not factor Xa or any other trace contaminants. In addi-
tion, any MBP that has been denatured or otherwise damaged will not bind to
the amylose column. The procedure must be carried out at room temperature to
avoid precipitation of the phosphate buffer. It 1s written for <25 mg, but can be
scaled up for larger amounts.

1. Swell 1 g hydroxyapatite in column buffer. Remove fines by allowing the
resin to settle and pouring off excess buffer Add fresh buffer and repeat,
twice more

2 Pour the hydroxyapatite into a 1 x 10 cm column

3 Load the fusion protein cleavage mixture onto the column
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25 ml of 25 mM NaCl buffer

Bridge
25 ml of 1
500 mM NaCl —»
buffer
magnetic
stirrer

on ™ Uyt

fraction collector

Fig. 4. Diagram of set-up for Q-Sepharose column chromatography 1s shown

4 Wash with at least 80 mL of the same buffer (washes away the maltose)

5 Elute with 0.5M sodium phosphate, pH 7 2 (stock solution 1n Section 2.6.). Col-
lect 2 mL fractions Assay for protein by A,g, Bradford assay or Lowry (18).
Most of the protein usually elutes 1n the first 8 mL

6. Pour a 15 mL amylose column as described 1n Section 3 3 [.

7 Load the hydroxyapatite-eluted protein onto the amylose column Collect the
flowthrough as 5-mL fractions Protein in the flowthrough should be free of MBP
and consist primarily of the target protein. Assay for protein by A,gy, Bradford
assay or Lowry. The protein of interest should flow through the column by the
seventh fraction.

4. Notes

1. The sequences of the pMAL-c2 and pMAL-p2 are available by mail, fax, or
E-mail. For mail or fax versions, call New England Biolabs or their local dis-
tributor. The sequences can be obtamned via Internet, by anonymous ftp from
vent.neb.com, or E-mail a request to riggs@neb.com.

2. DTT or B-mercaptoethanol can be included in the column buffer to prevent
interchain disulfide bond formation upon lysis (disulfide bonds usually do not
form intracellularly mn E colr).

3. An alternative way to use the blue-white screen is to replica plate on LB amp and
LB amp X-gal IPTG One can also divide the ligation mixture mto two aliquots,
and plate one of them on 80 pg/mL X-gal, 0 3 mM IPTG to observe the percent-
age of clones with inserts, and 1f 1t 1s acceptably high, screen the transformants
on the LB amp plate directly by preparing plasmid DNA
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The molecular weight of the MBP-B-galactosidase alpha fragment fusion pro-
duced by the vector without an insert 1s 50 8 kDa. The MBP2* marker supphed
by New England Biolabs, as well as the MBP-portion of fusion proteins, 1s 42 5
kDa. The MBP2*-paramyosinASal supplied by New England Biolabs as a con-
trol for factor Xa cleavage 1s 70 2 kDa. Factor Xa 1s 42 4 kDa, and consists of two
disulfide-linked chains The heavy chainis 26 7 kDa, but runs at about 30 kDa on
SDS-PAGE. The light chain 1s 15 7 kDa, and runs at about 20 kDa

Sometimes SDS-PAGE does not reveal a band the size expected of the fusion
protein, but instead a band the size of MBP 15 seen There are two likely explana-
tions for this result. If the protein of interest is 1n the wrong translational reading
frame, an MBP2*-sized band will be produced by translational termination at the
first in-frame stop codon If the protein of interest 1s very unstable, an MBP2*-
stzed breakdown product is usually produced (MBP 1s a very stable protein) The
best way to distinguish between these possibilities 18 to run a Western using anti-
MBP antiserum If proteolysis 1s occurring, at least a small amount of full-length
fusion can almost always be detected. DNA sequencing of the fusion junction using
the malE primer (New England Biolabs) will confirm a reading frame problem.
If the problem 1s proteolysis, protease deficient strains of £ col can sometimes help
If a fusion protein appears to be contaminated with many bands that run between
the full-length fusion and MBP on SDS-PAGE, most of the time these bands are
not contaminants but rather truncated proteins produced by proteolysis of the
fusion protein or (rarely) premature translation termination of the fusion. Occa-
stonally multimers of a fusion protemn have been observed, usually due to disul-
fide bonds that were not adequately reduced before loading the gel. Bands lower
than ~39 kDa should not appear, since these fragments do not contain the MBP
amylose-binding function, This interpretation can be confirmed by doing a West-
ern with anti-MBP serum (New England Biolabs) Problems with proteolysis of
the fusion can sometimes be alleviated by using protease deficient stramns of £
coli. In addition, some proteins are unstable in the cytoplasm because they do not
fold properly, especially proteins with disulfide bonds Sometimes switching to
pMAL-p2, that attempts to export the fusion to the periplasm, leads to proper
folding and thus a more stable fusion protein Other proteins behave the opposite
way, 1¢., they are much more stable when expressed 1n the cytoplasm, from
pMAL-c2, than when they are exported to the periplasm

If the transformants contain plasmids that are related to the vector but do not
contain the full insert, 1t may indicate that the gene of interest 1s toxic to £ coli
The expression system on the pMAL vectors, lacl9/P,,., has an induction ratio of
about 1:50. This means that the basal rate of expression can be up to 1% of the
total cellular protein Sometimes the toxicity of a fusion protein can be reduced
by changing the growth conditions, e.g., lowering the temperature or changing
the medrum. Changing the vector could also help, some fusions are less toxic in
pMAL-c2 than in pMAL-p2.

Some foreign proteins do not express well in £ coli. Sometimes this problem can
be solved by fusing the foreign protein to the carboxy terminus of another protein
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15.
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17.

that 1s expressed well, such as maltose-binding protein. But with some proteins,
even a fusion 1s expressed poorly, probably owing to mRNA 1nstability or a prob-
lem with translation. Although no solution to this problem has yet emerged, the
affimity punfication used i the pMAL system often yields significant amounts of
protemn (1-5 mg/L of culture) even when the expression level 1s too low to visu-
alize the protein 1n the crude extract

During growth of the cells for expression of the fusion protemn, glucose n the
growth medium 1s necessary to repress the maltose genes on the chromosome of
the £ coli host. Besides the chromosomal ma/E gene, one of these 1s an amylase
which can degrade the amylose on the affinity resin.

The period of time and the temperature to use during expression depends on several
factors (stability of the protein, host strain, and so on), and variations can be tried
to find optimum conditions for expression This 1s especially true for constructs in
pMAL-p2 In this case, partial induction may lead to higher yields, since protein
export in E coli may not be able to keep up with full level P, expression.

For many unstable proteins, most of the degradation happens during harvest and
cell breakage. Therefore, 1t 1s best to harvest the cells quickly and keep them chilled.
The EDTA 1n the lysis buffer 1s to help inhibit proteases that have a Ca?* cofac-
tor. Addition of PMSF (phenyl methyl-sulfonyl fluoride) and/or other protease
inhibitors may help in some cases.

The dilution of the crude extract is intended to reduce the protein concentration
to about 2 5 mg/mL. If the crude extract 1s less concentrated, less dilution is required

A good rule of thumb 1s that 1 g wet weight of cells gives about 120 mg protein.
The amount of resin to use depends on the amount of fusion protein produced.
The resin binds about 3 mg/mL bed volume, so a column of about 15 mL should
be sufficient for a yield of up to 45 mg fusion protein/L culture. A 50 mL syringe
plugged with silamzed glass wool can be substituted for the 2.5 cm column, but
the glass wool should cover the bottom of the syringe (not just in the tip) so the
column will have an acceptable flowrate.

It 1s possible to allow the column to wash overnight, if the column has a safety
loop to prevent 1t from running dry (see Fig. 4) In this case, 1t is better to restart
the column with elution buffer (step 10), rather than continuing the wash Avoid
loading the column overnight

Factor Xa will work 1n the column buffer plus maltose used to elute the fusion
protein. In addition, Factor Xa will work in a variety of other buffers, with NaCl
concentrations from 0—500 mA and pH values around 7-8

Factor Xa cleavage 1s usually carried out at a w/w ratio of 1% the amount of
fusion protein (e.g , 1 mg factor Xa for a reaction containing 100 mg fusion pro-
temn) The reaction mixture can be incubated for 3 h to several days, at room
temperature or 4°C. Depending on the particular fusion protein, the amount of
factor Xa can be adjusted within the range of 0.1-5.0%, to get an acceptable rate
of cleavage

Factor Xa will cleave at noncanonical sites in some proteins; for some fusions,
there 1s a correlation between instability of the protein of interest n £ coli and
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cleavage at additional sites (unpublished observations) Presumably this cleav-
age activity depends on the three dimensional conformation of the fusion protein
Some fusion proteins are resistant to cleavage with factor Xa, presumably because
the site 1s not accessible to the protease. One strategy that sometimes helps 1s to
denature the fusion to render the factor Xa site accessible to cleavage (see Sec-
tion 3 6 and ref 9) Another strategy 1s to include small amounts of SDS
(0 005—-0.05%) 1n the reaction Presumably this works by relaxing the struc-
ture of the fusion enough to allow for cleavage (19) The window of SDS con-
centrations that work can be small, so a pilot titration with different SDS
concentrations 1s necessary

If the protein of interest 1s not separated from MBP using Q-Sepharose chroma-
tography, other chromatography resins can be tried CM-Sepharose (phosphate
buffer at pH 7 0; MBP flows through) and gel filtration using Sephadex G-100
have been used successfully
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Detection and Isolation of Recombinant Proteins
Based on Binding Affinity of Reporter: Protein A

Stefan Stahl, Per-Ake Nygren, and Mathias Uhlén

1. Introduction

The strong and specific interaction between the Fc part of IgG and staphylococ-
cal protein A (SpA) was utilized by Uhlén and coworkers (1) to create the first
described system allowing affinity purification of expressed gene products. To date,
a multitude of proteins have been produced as fusions to the IgG-binding domains
of staphylococcal protein A, i several different hosts such as gram-positive and
gram-negative bactena (2,3), yeast (4), CHO cells (3), insect cells (6) and plants (7).

SpA is an immunoglobulin-binding surface receptor found on the gram-posi-
tive bacterium Staphylococcus aureus The SpA, which has found extensive
use in immunological and brotechnological research (§—173), binds to the con-
stant (Fc) part of certain immunoglobulins, but the exact biological signifi-
cance of this property is not clear (/4). Functional and structural analysis of
SpA has revealed the presence of a signal peptide, S, that 1s processed during
secretion; five highly homologous domains: E, D, A, B, and C, capable of
binding to IgG (15); and a cell wall attaching structure, designated XM (16-18)
(Fig. 1). Here, X represents a charged and repetitive region, postulated to inter-
act with the peptidoglycan cell wall (16), whereas M is a region common for
gram-posittve cell surface bound receptors containing an LPX,, TGX,, motif,
linked to a C-terminal hydrophobic region ending with a charged tail (17,18).
It has been demonstrated that all three regions are required for cell surface
anchoring (7/7) and it has been suggested that the cell wall sorting 1s accompa-
nied by proteolytic cleavage at the SpA C-terminus and covalent linking of the
surface receptor to the cell wall (78). SpA binds to IgG from most mammalian
species, including man. Of the four subclasses of human IgG, SpA binds to
IgG1, 1gG2, and IgG4 but shows only weak interaction with IgG3 (79).

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
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IgG-binding domains

-
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Fig. 1. Staphylococcal protein A and the 7 kDa B-domain-analogue Z, represented
in the most widely used divalent form, with a schematic illustration how ZZ 1s nor-
mally fused to a target protein that 1s to be produced by secreted or intracellular pro-
duction In expression vectors designed for secretion of the gene fusion products, the
signal sequence S 1s fused to ZZ to direct produced fusion proteins out from the host
cell The signal peptide 1s processed during the translocation process

Several characteristics of the IgG-binding domains of SpA have made
them suitable as fusion partners for the production of recombinant proteins.
SpA 1s proteolytically stable 1tself and the stability of a gene product can
be increased in vivo by fusion to SpA (20,21) The structure of the 1gG-
binding domains, each being a three-helix-bundle (22-25) appears to be
favorable for independent folding of SpA and the fused product since the
N- and C-terminus of each IgG-binding domain 15 solvent exposed (24,25)
It has been demonstrated as feasible to introduce sequences accessible for
site-specific cleavage of SpA fusion proteins in order to release the target
gene product (26) The high solubility of SpA enables the production of
soluble fusion proteins to very high concentrations within the Escherichia
colr cell (27-29)

2. The Expression Systems

A number of expression vectors, based on gene fusions to the SpA, often 1n
the form of the synthetic divalent SpA analogue ZZ (30), or all five IgG-bind-
g domains, have been developed (7,9,30). The promoter and secretion signal
of SpA has been shown to be functional also in the Gram-negative E coli (1).
Protemn A fusions expressed in E coli can thus be efficiently secreted to the
periplasm of the bacteria as well as to the culture medium (3/—35) from where
they can be easily purified by 1gG affinity chromatography (36) To create a
“second generation” affinity tag, the synthetic IgG-binding domain, Z, was
designed, based on domain B of SpA (F1g. 1) (30). This synthetic domain lacks
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the methionine residue present in domains E, D, and A, making 1t resistant to
CNBr cleavage. In addition, an NG dipeptide sequence present in all domains
was changed to NA by altering the glycine codon to a codon for alanine, mak-
ing the Z-domain resistant to cleavage with hydroxylamine (30). Analysis of
the interaction between IgG and Z domains, polymerized to different multi-
plicities demonstrated that the dimer, ZZ (Fig. 1), was the optimal fusion part-
ner giving maximal IgG-binding (37) and efficient secretion (30)

As discussed earlier (Chapter 5), there 1s no single strategy applicable on
recombinant gene products to achieve secretion Instead, the inherent proper-
ties of the target protein very much decide which strategy will give best results.
However, the majority of proteins produced as SpA fusions have been shown
to be soluble and efficiently secreted to the periplasmic space and culture
medium of E. colr (10,33,35). This may at least partially be owing to the high
solubility of the ZZ domains which most likely increases the overall solubility
of the fusion protemns. There are a number of advantages connected with a
secretion strategy. First, the gene product will be less exposed to cytoplasmic
proteases that might enable production of labile protemns (38). Second, disul-
fide bond formation that 1s enhanced n the nonreducing environment outside
the cytoplasm could improve accurate folding (33,39). Third, the recovery of
the recombinant protein 1s very much simplified since a large degree of the
purification has been achieved through the secretion (33,35). Recently,
Hansson and coworkers (35) described the £ coli production of a fusion pro-
tein ZZ-MS$, a candidate malaria subunit vaccine, using a secretion strategy.
More than 65% of the recombinant gene product was secreted to the culture
medum, from where 1t could be recovered 1n a single step by expanded bed
anion exchange adsorption. Since ZZ-MS5 was to be used in a preclinical
malaria vaccine trial in Aotus monkeys (40), a polishing step was included in
which the IgG-binding capacity of the fusion protein was employed. After
affinity chromatography on IgG-Sepharose, contaminating DNA and endot-
oxin levels were well below the demands set by regulatory authorities. The
overall yield of the process, performed 1n pilot scale, exceeded 90%, resulting
in 550 mg product per L culture (35).

In the vectors designed for secretion, the expressed SpA-fusion products are
1n most examples transcribed from the SpA-promoter shown to be constitutive and
efficiently recognized in £ coli (1,9). However, since all gene products cannot
be secreted, owing to inherent properties such as hydrophobic sequences and
transmembrane regions, vectors for intracellular production of SpA fusions
have also been constructed in which the transcription 1s under the control of
inducible promoters, such as lacUVS (9), hpr (9), trp (41,42), trc (43), or T7
(44) enabling a more controlled expression. The intracellularly produced and
still soluble fusion proteins are released by sonication (9} or high pressure
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homogenization (4]) before affimty purification on IgG-Sepharose. However,
even 1f the proteins precipitate, they can be recovered by affinity chromatogra-
phy after solubilization (see Section 4.1 ).

2.1. Expression Vectors

The most extensively used vector for secreted production of SpA fusions 1s
plasmid pEZZmp18 (45), which can be purchased from Pharmacia (Uppsala,
Sweden). For intracellular production, the trp promoter-regulated pRIT44 (41)
and T7 promoter-regulated (46) pT7ZZ vector systems (44), the latter avail-
able in three reading frames, have found extensive use for high level produc-
tion of various gene products in the cytoplasm of £ coli. These vectors can be
obtamned from the authors of this chapter

3. Affinity Chromatography Using IgG-Sepharose

The affinity chromatography purification of SpA fusions has been shown to
be extremely spectfic, resulting 1 a highly purified product after a single-step
procedure. The yield in the chromatography step has been demonstrated to be
very close to 100% (33,35,36), and the fast kinetics of the binding allows
sample loading onto the IgG-Sepharose columns with relatively high flowrates.
It has also been demonstrated that the columns can be regenerated for repeated
use up to 100 times (&8). The human polyclonal IgG used as ligand can be
replaced by recombinant Fc fragments, avoiding the use of a human serum
protein in the purification protocol (47). Also alternative matrices to Sepharose
can be used. For example, 1gG-coated paramagnetic beads (Dynal, Oslo, Nor-
way) could be suitable for certain applications.

3.1. Protocol for the Affinity Purification

1

a. If a secretion strategy 1s employed, collect samples containing the SpA-
fusion products from the periplasm after an osmotic shock procedure (48),
or directly from the culture medium after sedimentation of the cells by cen-
trifugation (10,000g)

b. For intracellularly produced proteins, collect the samples from the superna-
tant of centrifugated (20,000g) cell desintegrates If the product 1s precipi-
tated in inclusion bodies, procedures to solubilize the precipitated proteins
would be necessary (see Section4 1)

2. Load the samples directly onto IgG-Sepharose (Pharmacia) columns, previously
equilibrated with a washing buffer (50 mM Tris-HCL, pH 7 4,0 15M NaCl, 0 05%
Tween-20). To avoid clogging of the columns, samples should preferably be fil-
tered (0 45 pm) prior to loading

3 Wash the columns with 5 mM ammonium acetate (pH 6 0) to lower the buffer
capacity and remove salt before elution with 0 5M acetic acid, pH 3 3
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4. Fractions are collected, and the protein content 1s suitably estimated by A,gq 1
measurements.

4. Affinity Purification of SpA-Fusions from Inclusion Bodies

Proteins of low solubility and proteins containing hydrophobic transmem-
brane regions, are extremely difficult to secrete (43), and they often precipitate
intracellularly 1nto so-called inclusion or refractile bodies. For such protems,
an intracellular production strategy has to be used. Intracellular expression has
become an increasingly attractive alternative owing to recent advances for in
vitro renaturation of recombinant proteins from mtracellular precipitates (49).
Production by the inclusion body strategy has the main advantages that the
recombinant product normally 1s protected from proteolysis and that 1t can be
produced in large quantities. Recently, it was demonstrated that affinity purifi-
cation indeed can be useful also for the recovery of proteins with a strong ten-
dency to precipitate during renaturation from inclusion bodies following
standard protocols (42). Murby and coworkers (42) developed an alternative
recovery scheme (Fig. 2) for the production of ZZ fusions to various fragments
of the fusion glycoprotein (F) from the human respiratory syncytial virus
(RSV). Earlier attempts to produce these labile and precipitation-proned
polypeptides mm E coli had failed, but several different ZZ-F fusions could be
produced by this novel strategy and recovered as full-length products with sub-
stantial yields (2050 mg/L). Since 1t was demonstrated that the IgG-Sepharose
was resistant to 0.5M guanidine hydrochloride, efficient recovery from inclu-
sion bodies of the ZZ-F fusions could be achieved by affinity chromatography
on IgG-Sepharose 1n the presence of the chaotropic agent throughout the puri-
fication process (42). In contrast, exclusion of guanidine hydrochloride during
the procedure resulted 1n precipitation of the fusion protens on the affinity
column. The described strategy has so far been successfully evaluated for a
number of proteins of low solubility and should be of interest for efficient
recovery of other heterologous proteins that form inclusion bodies when
expressed in a bactenal host.

4.1. Renaturation and Recovery of Proteins
by a Modified Affinity Purification Scheme

1. Pellet insoluble material after sonication by centrifugation and recover precipi-
tated mtracellular proteins by an imtial solubilization in 7M guanidine hydro-
chloride (Gua-HCI, Sigma, St Louis, MO) and 25 mM Tris-HCI, pH 8 0 followed
by mcubation at 37°C for 2 h When cysteines are present in the fusion proteins,
include 10 mM dithiothreitol (DTT) or 100 mM B-mercaptoethanol

2 Centrifuge the solubilization mixture and pipet the supernatant slowly mto 100
mL of renaturation buffer contamning 1M GuaHCI, 25 mM Tris-HCI, pH 8 0, 150
mM NacCl, and 0.05 % Triton X100
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Cultivate bacteria

l Centrifugate, Discard supernatant

Release soluble
intracellular proteins

l Centrifugate, Discard supernatant

Solubilize pellet 7 M GuaHCl

L Centrifugate, Collect supernatant

Renaturation 1M GuaHCl, 15 h

L Centrifugate, Collect supernatant

IgG-Sepharose

Affinity chromatography 0.5 M GuaHCl

l Dialyze

Pure product

Fig. 2. Schematic presentation of the purification scheme developed by Murby and
coworkers (42), used for recovery by affinity chromatography on IgG-Sepharose of
SpA fusion proteins, 1n cases where the fused target product has a strong tendency
to precipitate.

3. Incubate the mixture at 4°C under slow sturring for 15 h.

4 Centrifuge and filter the renaturation mixture (0 45 pm) and apply to an affinity
column containing 5 mL IgG-Sepharose (Pharmacia, Uppsala, Sweden) at 4°C at
a low flowrate (0 5 mL/min) The IgG-Sepharose should previously be pulsed
separately with TSTG buffer (50 mM Tris-HCI, pH 8 0, 200 mAM NaCl, 0 05%
Tween-20,0 5 mM EDTA, and 0 5M GuaHCl) and 0 3M HAc, pH 3.3 containing
0 5M GuaHCl
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5 After sample loading, wash the column with 100 mL TSTG and 25 mL 5 mM
ammonium acetate, pH 5 5 containing 0 SM GuaHCL.

6 Elute bound proteins with 20 mL 0.3/ acetic acid, pH 3 3 with 0 53 GuaHCL

7. Remove the chaotropic agent by dialysis against 2 L of 0.3M acetic acid, pH
3 3, twice

5. Detection of Expressed SpA Fusion Proteins

There are several alternative methods to analyze the presence of protem A
fusion proteins 1n a sample One simple and yet very sensitive method takes
advantage of the ability of SpA or ZZ to bind the Fc part of the IgG-molecule,
and 1s very suitable for a modified immunoblotting procedure after protein
analysis using polyacrylamide electrophoresis (50).

5.1. PAP-Staining of Protein A Fusion Proteins

1 After protemn analysis by SDS-PAGE, electrophoretically transfer protemns by
electroblotting to nitrocellulose filters

2 Block unspecific binding to the filter by incubation 1n 0 25% gelatin 1in PBS (50
mM phosphate, pH 7 1, 0 9% NaCl) for 30 mun at 37°C before treatment with a
soluble complex of rabbit antithorseradish peroxidase-IgG and horseradish per-
oxidase, PAP (Dakopatts, Copenhagen, Denmark), diluted 1 1000 1n 0 25% gela-
tin 1n PBS for 30 min at 37°C

3 Wash the filter twice in PBS and once 1n 50 mM Tris-HCI, pH 8 0

4 The presence of horseradish peroxidase 1s detected by adding H,0, and 3,3'-
diaminobenzidine 1n 50 mM Tris-HCI, pH 8 0 By this procedure, SpA-contain-
ing protein bands are stamned brown.

6. Competitive Elution of SpA Fusions for Mild Recovery

One of the drawbacks with the protein A system has earlier been the need
for elution by low pH from the affimity column. The elution of fusion proteins
by pH 3.0, used routinely, has for some products been destructive, yielding
biologically mactive products. By a recently presented concept, the low pH-elution
can be circumvented by competitive elution based on an engineered competi-
tor protein which efficiently can be removed from the eluate mix (5/) The
principle for the competitive elution strategy described by Nilsson and cowork-
ers (51) 1s outhined in Fig. 3. The target protein 1s produced as a fusion to a
monovalent Z-domain of SpA. A sample (e.g., crude cell lysate) containing
the recombinant fusion Z-target 1s passed through an IgG-Sepharose column.
The recombinant fusion protein 1s thus captured, enabling extensive washing
to remove contaminants (Fig. 3A) A stoichiometric excess of an engineered
bifunctional competitor fusion protein ZZ-ABP, where ABP 1s a second affin-
ity tail (see Section 7.) derived from streptococcal protein G (52) capable of
selective binding (K¢ = 1.4 x 10°M 1) to a human serum albumin (HSA) The
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Fig. 3. General concept for the competitive-elution strategy

competitor ZZ-ABP having a more than 10X higher affinity to human IgG than
the monovalent Z, 1s used for competitive elution of the Z-fusion at neutral pH
(Fig 3B). Specific removal of ZZ-ABP from the effluent mix 1s accomplished
by a passage through a second HSA affinity column (52), to which the ZZ-ABP
fusion 1s bound (F1ig 3C) The described strategy has been used to produce the
Klenow fragment of £. coli DNA polymerase I as a Z-Klenow fusion, and the
recovered product retained full enzymatic activity when recovered by the com-
petitive elution strategy (51).
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| serum albumin binding IgG binding
D D Streptococcal
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! i
BB 25 kDa (Refs 52 54,59)
{
ABP 15 kDa (Ref 44)
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Fig. 4. A schematic illustration of streptococcal protein G (SpG) and a presentation
of some existing variants of the ABP affinity tag. SpG is a bifunctional receptor (63
kDa) with the regions responsible for the two binding affinities structurally separated
SpG binds to serum albumins of different mammalian species, including human,
mouse, and rat (53) Three serum albumin binding motifs have been suggested (56)
each bemng 46 amino acids in size One of these postulated mmimal motifs has been
produced and tested for its serum albumin binding (5/), and is considered to be a
surtable affinity tag, in a mono- or divalent fashion.

7. A Related Affinity Fusion Tag
Based on Streptococcal Protein G

A second affinity tag system, that has a number of features in common with
the SpA systems but also some additional advantageous properties, 1s based on
the serum albumin binding region of streptococcal protein G (SpG, Fig. 4)
(52,53). The affinity tag, denoted BB (or in recent publications ABP, for albu-
min binding protein) (54,55), is proteolytically stable and highly soluble. A
minimal binding motif (46 amino acids) has been postulated (57,56). Expres-
sion vectors for both intracellular (42—44) and secreted production (57) of ABP-
fusions have been developed. Fusions to the ABP-region can be efficiently
affinity purified on human serum albumin (HSA)-Sepharose in a single-step
procedure (52,57) in analogy with the SpA-IgG-system. The SpG-derived
expression systems have found several applications. For example, the strong
interaction between serum albumin and the ABP region has been shown to
increase the in vivo circulation half-life of peptides when administered 1v as
ABP fusions (58). Furthermore, a dual affinity fusion concept was developed.
Thus strategy, in which proteins of interest were fused between the IgG-bind-
ing ZZ and the albumin binding ABP, has resulted 1n a considerable stabiliza-
tion of numerous mammalian proteins that were unstable when produced as
single fusions (38,59). In addition, consecutive affinity purifications on IgG-
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(using the ZZ fusion partner) and HSA-Sepharose (using the ABP fusion partner)
yield lighly purified full length fusion proteins (38,59). Furthermore, ABP
seems to have immunopotentiating properties when used as a carrier protein
genetically fused to the immunogen used for immunization (43,60). To date, 1t 15
not fully elucidated whether this capacity 1s a result of strong T-cell epitopes or
related to the serum albumin binding activity giving prolonged 1n vivo half-life.

8. New Ligands Based on the Z Domain

The Z domain has several features including proteolytic stability, high solu-
bility, small size, and compact and robust structure which makes 1t 1deal as
fusion partner for the production of recombinant proteins. The residues
responsible for the Fc-binding activity have been 1dentified from the crystal
structure of the complex between 1its parent B-domain and human IgG Fe,
showing that these residues are situated on the outer surfaces of two of the
helices making up the doman structure and do not contribute to the packing of
the core (22). The Fc-binding surface covers an area of approx 800 A2, similar
1n size to the surfaces mvolved mn many antigen-antibody interactions. Taken
together, these data suggest that 1f random mutagenesis of this binding surface
was performed, novel domains could be obtaimned with the possibility of find-
ing variants capable of binding molecules other than Fc of IgG In addition,
these domains would theoretically share the overall stability and a-helical
structure of the wild-type domain. Recently, an attempt to create such ligands
with completely new affinities was initiated employing phage display technol-
ogy (61) (see also Chapter 5 in companion volume) A genetic library was
created in which 13 surface residues of the Z domain have been randomly sub-
stituted to all 20 possible amino acids. This Z library encoding approximately
1010 Z variants will, after genetic fusion to gene 111 of filamentous phage M13,
be subjected to affinity-selection (panning) against a panel of different mol-
ecules for investigation as a source of novel binders (67). Such novel binders
might constitute a “next generation” of ligands or “artificial antibodies.”

9. Conclusions

SpA and the SpA-derived Z domain have been used as affinity tags for the
production and purification of numerous different peptides and proteins. Hun-
dreds of such fusion proteins have been described in publications (§—13) The
use of SpA fusions is most widespread for research purposes, but the ZZ
expression system can also be adapted for large-scale production. An example
of large-scale production of insulin-like growth factor I (IGF-I) has been pub-
lished (33) and production levels of 800 mg/L of excreted ZZ-IGF-I has been
described (62). When a secretion strategy can be used, the scale-up is simphified
and a single-step production scheme 1n pilot scale have been presented (35).
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The SpA expression systems have been used extensively, often under the
control of the SpA promoter/signal sequences, to produce various proteins of
interest in biotechnology, medicine and immunology. Applications where the
use of the SpA fusion system has proven to be advantageous include- the pro-
duction and in vitro renaturation of peptide hormones (20,26-29), immobiliza-
tion and production of enzymes (7,36,51), production of single chain antibodies
(63), expression of chimeric gene products to be used in different detection and
recovery systems (64,65), and the generation of immunogens for subunit vac-
cine research (12,42,66—69)
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Expression and Purification
of Recombinant Streptavidin-Containing
Chimeric Proteins

Takeshi Sano, Cassandra L. Smith, and Charles R. Cantor

1. Introduction

Streptavidin, a protein produced by Streptomyces avidinii, binds a water-
soluble vitamin, p-biotin (vitamin H), with remarkably high affinity (7,2) The
dissociation constant of the streptavidin-biotin complex 1s approx 107'°M; the
binding of streptavidin to biotin 1s one of the strongest noncovalent inter-
actions found 1n biological systems. The extremely tight and specific biotin-
binding ability of streptavidin has made this protein a very powerful brological
tool for a variety of biological and biomedical analyses (3,4) The ability of
biotin to be incorporated easily into various biological materials has also
expanded the application of the streptavidin-biotin technology to a wider range
of biological systems

Several years ago, the streptavidin gene was cloned from a genomic library
of S avidinii (5). The isolation of the streptavidin gene allowed the develop-
ment of an efficient bacterial expression system for streptavidin (6), which 1s
based on the bacteriophage T7 expression system (7) The establishment of the
expression and purification methods for recombinant streptavidin allowed the
design and production of streptavidin-containing chimeric proteins. Such
streptavidin-containing chimeras, 1f successfully produced, should have
extremely tight and specific biotin-binding ability derived from the streptavidin
moiety; this should provide the fused partner protein with highly specific,
strong biological recognition capability that would allow, for example, spe-
cific conjugation, labeling, and targeting of the fused partner protein to any
biological material containing biotin. Thus, such streptavidin-containing chi-
meras could serve as new, powerful biological tools 1n a variety of molecular

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
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and cellular analyses, thereby further expanding the efficacy and versatility of
the streptavidin-biotin technology.

This article describes general methods for expressing recombinant
streptavidin-partner protein chimeras i Escherichia coli and purifying the
expressed chimeric proteins. Although these methods have been used suc-
cessfully for a few streptavidin-containing chimera constructs, some condi-
tions and procedures may need to be modified or optimized for a particular
partner protein fused to streptavidin to maximize the production of functional
chimera molecules

2. Materials

2.1. Construction of a Gene Fusion
of Streptavidin with a Partner Protein

Construction of a gene fusion of streptavidin with a partner protein is car-
ried out by using standard molecular cloning methods and procedures. See gen-
eral molecular cloning manuals (e.g., refs & and 9) for necessary materials.

2.2, Expression
of a Streptavidin-Partner Protein Chimera in E. coli

Erlenmeyer flasks or equivalent, suitable for culture of £ coli.

A shaking incubator at 37°C, suitable for culture of E coli

A spectrophotometer or equivalent, suitable for monitoring the growth of £ col

Host E coli lysogens, BL21(DE3)(pLysS) and BL21(DE3)(pLysE) (7) These

lysogen strams are commercially available from Novagen, Madison, WI

5 M9 minimal medium 6 0 g Na,HPO,, 30 g KH,PO,, 05 g NaCl, 10 g
NH,C1/L), supplemented with 1 mM MgSO,, 0 2% glucose, 1.5 pM thiamine
(vitamin B1), 0 5% Casamino acids, 8 2 uM (2 pg/mL) biotin, 150 ug/mL
ampicillin, and 25 pg/mL chloramphenicol Supplementary materials are
added to M9 minimal medium at the time of use from stock solutions 1 0M
MgSO,, 20% glucose, 15 mM thiamine, 20% Casamino acids, 3 25 mM (800
pg/mL) biotin in 90% ethanol, 25 mg/mL ampicillin, and 34 mg/mL chloram-
phenicol 1n ethanol

6 100 mM Isopropyl-f-p-thiogalactopyranoside (IPTG) 1n water

7. See refs. 8 and 9 for other materials commonly used for culture of £ coli

B W N -

2.3. Purification of an Expressed
Streptavidin-Partner Protein Chimera

1 A centrifuge and centrifuge tubes that can be used at a centrifugal force of
18,000g or greater

2 100 mM NaCl, 10 mM Tris-HCI (pH 8 0), | mM EDTA

3 2mMEDTA, 30 mM Tris-HCI (pH 8 0), 0 1% Triton X-100

4 10MMgSO,.
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5. 10 mg/mL DNase I (deoxyribonuclease I) in 150 mM NaCl, 50% glycerol, stored
at—20°C

6 10 mg/mL RNase A (ribonuclease A) 1n 15 mM NacCl, 10 mM Tris-HCIL, pH 7 5,

50% glycerol, stored at —20°C

7M Guamdine hydrochloride, pH 1.5.

0.2M Ammonium acetate (pH 6 0), 0.02% NaN,

1.0M NaCl, 50 mM sodium carbonate (pH 11 0), 0 02% NaN,

2-Iminobiotin agarose 2-Iminobiotin agarose 1s commercially available from

several manufacturers, including Sigma, St Louis, MO, and Pierce, Rockford,

IL The resin 1s packed in a column of an appropriate size The resin can be used

at least several times without appreciable loss of the binding capacity for

streptavidin After each use, the resin 1s washed with 6M urea, 50 mAM ammo-

mum acetate, pH 4.0, 0 02% NaNj, to remove any biological materials Then, the

resin 1s equilibrated with a neutral solution, such as 0.5M NaCl, 20 mM Tris-HCl,

pH 7 5, 0 02% NaNj,, and stored at 4°C

11, 50 mM ammonium acetate, pH 4.0, 0 02% NaN; containing urea at a concentra-
t1on of 50 mM—6M The urea concentration can be varied dependent of the stabil-
1ty of a partner protein m urea If the partner protein 1s unstable n urea, 0 SM
NaCl, 50 mM ammonium acetate, pH 4 0, 0 02% NaN, without urea can be used
with reduced recoveries.

12. Dialysis membrane tubing Any commonly used dialysis membrane tubing, such
as regenerated natural cellulose, with a molecular mass cut-off of 12 kDa or
smaller can be used.

S O 0 -

3. Methods

3.1. Construction of a Gene Fusion
of Streptavidin with a Partner Protein

Expression vectors have been designed that are useful for the construction
of a gene fusion of streptavidin with a partner protein (Fig. 1) (10). These fusion
vectors, pTSA-18F and pTSA-19F, carry a truncated streptavidin gene, encod-
ing only the essential region of streptavidin (amino acid residues 16-133), with
a translation mitiation codon (ATG) under the control of the @10 promoter of
bacteriophage T®, followed by the T'® transcription terminator (7) A poly-
linker region, derived from pUCI19, 1s placed downstream of the coding
sequence for streptavidin, so that a gene fusion encoding a chimera consisting
of the N-terminal streptavidin moiety and the C-terminal partner protern moi-
ety can be easily constructed. Alternatively, the 3'-terminus of a coding
sequence for a partner protein can also be fused to the 5'-terminus of the trun-
cated streptavidin gene to produce a chimeric protein, consisting of the
N-terminal partner protein moiety and the C-terminal streptavidin moiety, by
inserting the partner protein gene in frame 1nto a unique Ndel site located at the
translation initiation site.
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Fig. 1. Expression vectors, pTSA-18F and pTSA-19F, for streptavidin-containing
chimeric proteins. These vectors carry a coding sequence for only the essential region
of streptavidin (amino acid residues 16—-133) with a translation imtiation codon (ATG)
under the control of the @0 promoter of bacteriophage T7 A polylinker region,
derived from pUC19, is placed downstream of the coding sequence. This polylinker
region greatly facilitates the construction of gene fusions of streptavidin with part-
ner proteins. (Reproduced with permission from ref. 70, copyright, Academaic,
Orlando, FL, 1991 )

Standard molecular cloning methods and procedures are used for construc-
tion of a gene fusion of streptavidin with a partner protein (8,9). The resulting
expression vecior should be stably maintained in £ coli strains commonly used
for cloning, such as DH5a, unless they carry the T7 RNA polymerase gene or
its fragment.

The expression vector encoding a streptavidin-partner protein chimera 1s
isolated from host E. coli cells by using standard plasmid minipreparation
methods (8,9). The isolated expression vector 18 used to transform £ coli
lysogens, BL21(DE3)(pLysS) and BL21(DE3)(pLysE), which carry the T7
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RNA polymerase gene under the lacUVS promoter in the chromosome. These
lysogen strains also contain an additional plasmid, pLysS or pLysE, which
carries the T7 lysozyme gene under the zet promoter and the chlor-
amphenicol acetyltransferase (CAT) gene. Constitutive production of T7
lysozyme, which 1s a natural inhibitor for T7 RNA polymerase and 1s used
to reduce the basal T7 RNA polymerase activity in an uninduced state (7), 1s
essential to maintain toxic genes, such as the streptavidin gene, stably 1n host
BL21(DE3) lysogens.

3.2. Expression
of a Streptavidin-Partner Protein Chimera in E. coli

Expression of a gene fusion encoding a streptavidin-partner protein chimera
1s carrted out by using the T7 expression system (7), which allows efficient
production of various streptavidin mutants and streptavidin-containing chime-
ras. The procedure described below is written for a culture volume of 100 mL
and can be scaled up as needed.

1. BL21(DE3)(pLysS) or BL21(DE3)(plLysE) carrying an expression vector
encoding a streptavidin-partner protein chimera is grown overnight at 37°C with
vigorous shaking i 5 mL of M9 mimimal medium supplemented with 1 mM
MgSO,, 0.2% glucose, 1.5 pM thiamine, 0.5% Casamino acids, 8 2 uM biotin,
150 pg/mL ampicillin, and 25 pg/mL chloramphenicol.

2 Approximately 2 mL of fresh culture of BL21(DE3)(pLysS) or BL21(DE3)
(pLysE) carrying the expression vector 1s added to 100 mL of M9 minimal
medium supplemented with | mM MgSO,, 0 2% glucose, 1 5 uM thiamine, 0 5%
Casamino acids, 8 2 pM biotin, 150 pg/mL ampzcillin, and 25 pg/mL chloram-
phenicol. Cells are grown at 37°C with vigorous shaking

3 When the absorbance of the culture reaches 1.0 for cells carrying pLysS or 0 6
for those carrying pLysE, 100 mM 1sopropyl-B-p-thiogalactopyranoside (IPTG)
is added to a final concentration of 0 4-0.5 mM to induce the expression of the
T7 RNA polymerase gene placed under the /acUVS promoter. After induction,
cells are incubated at 37°C with vigorous shaking

Expression of the encoded streptavidin-partner protein is analyzed by
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) (11)
of total cell protein (see Fig. 2). A part of the culture (e.g., 500 pL) 1s collected
periodically m a microcentrifuge tube, and cells are precipitated by brief cen-
trifugation. The supernatant 1s discarded, and the cell pellet 1s dissolved 1n a
sample solution for SDS-PAGE, such as 3% SDS, 100 mM Tris-Cl (pH 6.8),
30% glycerol, 0.01% bromophenol blue. The dissolved sample 1s heated 1n
boiling water for 3 min, and applied to a polyacrylamide gel of an appropriate
polyacrylamide concentration. Total cell protein from approx 100 pL of cul-
ture 1s applied to each lane, but appropriate amounts need to be found empiri-
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has higher expression efficiency and provides a higher yield of purified, func-
tional chimera molecules

3.3. Purification of an Expressed
Streptavidin-Partner Protein Chimera

A streptavidin-partner protein chimera, expressed in . colt by using the T7
expresston system, generally forms mclusion bodies Thus, denaturation of the
expressed chimera, followed by renaturation, 1s needed to obtain functional
chimera molecules. Most steps are performed at 4°C or on 1ce to prevent the
denaturation and proteolysis of the chimera molecule at higher temperatures,
though the streptavidin moiety itself 1s extremely stable once 1t 1s folded The
final purification step 1s affinity chromatography using 2-iminobiotin as a
higand (72). 2-Iminobiotin binds to streptavidin reversibly in a pH-dependent
manner; this avoids the need for harsh conditions to dissociate bound
streptavidin-partner protein chimeras from affimty resins If specific purifica-
tion methods are available for the partner protein, e.g., affinity chromatogra-
phy using a ligand of the partner protein, they should be used in combiation
with 2-1minobiotin affinity chromatography to obtain chimera molecules 1n
which both the streptavidin and the partner protein moieties are functional.
The procedure, described below, is written for purification of a streptavidin-
partner protem chimera expressed m 100 mL of culture.

1 E colihost cells, which have been incubated for an appropriate time after induc-
tion, are centrifuged at 2900g for 20 min, and the supernatant 1s discarded

2. (Optional) The cell pellet 1s washed briefly with 20 mL of 100 mM NaCl, 10 mM
Tris-HCL, pH 8.0, 1 mM EDTA, followed by centrifugation as above

3. The cell pellet 1s suspended 1n approx 10 mL of 2 mM EDTA, 30 mM Tris-HC],
pH 8.0, 0 1% Triton X-100 with vigorous shaking to lyse host cells This cell
lysate can generally be stored at —70°C until used

4 (Optional) The cell lysate 1s subjected to a few freeze-thaw cycles to achieve
complete cell lysis Because of the presence of T7 lysozyme 1n host cells, lysis s
usually efficient even without freeze-thaw cycles

5 Tothe cell lysate, 1 0M MgSO,, 10 mg/mL DNase I, and 10 mg/mL RNase A are
added to final concentrations of 12 mM, 10 pug/mL, and 10 ug/mL, respectively.
The mixture 1s incubated at room temperature for 20-30 min During mcubation,
the viscosity of the cell lysate 1s significantly reduced due to the digestion of
chromosomal DNA derived from E. colr host cells

6. The cell lysate 1s centrifuged at 39,000g for 20 min, and the supernatant (soluble
fraction) 15 discarded Generally, expressed streptavidin-partner protein chime-
ras are 1 the precipitate (insoluble) fraction, as they form inclusion bodies n
host cells

7 The precipitate (imsoluble) fraction 1s dissolved in § mL of 7M guamdine hydro-
chloride (pH 1 5) with vigorous shaking If needed, the suspension can be heated



126 Sano, Smith, and Cantor

at, for example, 37°C to facilitate solubilization. If the partner protein 1s unstable
in 7M guanidine hydrochloride at pH 1 5, the conditions may be changed; for
example, the concentration of guanidine hydrochloride 1s reduced and the pH
18 raised to neutral However, 1t 1s important that all insoluble materials are
fully dissolved

8 (Optional) Dissolved fractions are dialyzed against the same solution, 1e, 7M
guamdine hydrochloride (pH 1 5), for several hours to remove cellular biotin, 1f
any This step slightly increases the final yield

9 The dialyzed crude protein fraction 1s diluted with 7 guamdine hydrochloride
(pH 1.5) to 100 mL (= the original culture volume)

10 The diluted crude protein solution 1s dialyzed against 0 2M ammonium acetate
(pH 6.0), 0 02% NaNj, to remove guanidine hydrochloride and renature the chi-
mera It1s of key importance that guanidine hydrochloride 1s removed very slowly
to maximize the final yield Fast removal of guanidine hydrochloride causes the
chimera to form aggregates, this reduces the final yield of the functional chimera

11 The dialyzed fraction is centrifuged at 39,000¢g for 20 mun, and the supernatant is
collected If needed, the dialyzed fraction can also be filtered through a 0 45-um
filter, such as Muillipore’s (Bedford, MA) Durapore membrane, to remove
msoluble matenal

12 The supematant (soluble) fraction is dialyzed against 1.0M NaCl, 50 mM sodium
carbonate (pH 11 0), 0.02% NaN;. Make sure that the final pH of the dialyzed
fraction has reached 10 5 or higher before proceeding to the next step If not, the
pH should be adjusted with NaOH. Alternatively, solid NaCl and sodium carbon-
ate are added directly to the supernatant fraction and dissolved to final concentra-
tions of approximately 1 OM and 50 ma/, respectively Then, the pH of the crude
protein solution is adjusted to 11.0 with NaOH There should be no insoluble
materials present in the crude protein solution at pH 11 0 However, 1f any, they
should be removed by centrifugatton or filtration

13 The crude protein solution at pH 11.0 1s applied to a 2-iminobiotin agarose col-
umn (1.2 x 1 5 cm; bed volume, 1.7 mL}), which has been equilibrated with 1 0M
NaCl, 50 mM sodium carbonate (pH 11.0}, 0 02% NaN; Unbound fraction 1s
coliected and reapplied to the column to ensure that all functional proteins are
bound to 2-iminobiotin.

14 The column is washed with 17 mL (10 bed volumes) of 1 OM NaCl, 50 mM
sodrum carbonate (pH 11.0), 0 02% NaN; to remove unbound materials

15 Bound materal, 1e., the streptavidin-partner protein chimera, 1s eluted with 7
mlL (4 bed volumes) of 50 mM sodium acetate (pH 4 0), 0.02% NaNj;, containing
urea at a concentration of 50 mM—6M The addition of urea enhances the recov-
ery of the chimera from the 2-1minobiotin agarose column. In principle, the higher
the concentration of urea is, the sharper the elution 1s, thus requiring smaller
volumes of the elution solution. If the partner protein is stable 1n urea, higher
concentrations of urea should be used to miimze the dilution of purified chi-
mera. If no urea or a relatively low concentration of urea is used, larger volumes
of the elution solution are needed. If the partner protemn 1s unstable in urea, 0.5M
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NaCl, 50 mM sodium acetate (pH 4 0), 0 02% NaN; may be used as an cluate
with reduced recoveries.

16 The eluted fraction, which contains the streptavidin-partner protein chimera, is

dialyzed agamst any desired solution to remove urea If insoluble materials are
formed during dialysis, they should be removed by centrifugation or filtration

4. Notes

1

The methods described above have been used successfully for a few streptavidin-
containing chimera constructs (73,74} However, the conditions may need to be
adjusted or optimized for a particular streptavidin-partner protein chimera to
maximize the production and final yield of functional chimera molecules

Rich media, such as LB medium, can also be used for expression of a streptavidin-
partner protein chimera and could give higher expression efficiency than with
M9 mimmmal medium In our experience, however, the use of rich media often
causes cellular degradation of the partner protern moiety of an expressed chi-
mera, thereby reducing the final yield The streptavidin moiety 1s generally resis-
tant to cellular proteinases, even m a denatured form Thus, rich media should be
used for expression if the stability of a partner protein against cellular proteolysis
is sufficiently high

During purification, each fraction should be analyzed by SDS-PAGE to find the
optimal purification procedure for a particular streptavidin-partner protein chimera.

If degradation of chimera molecules during purification is observed, proteinase
inhibitors, such as phenylmethylsulfonyl fluoride, pepstatin, leupeptint, and E-64,
are added to all solutions used for punification. Because the streptavidin moiety
is extremely stable against proteolysis when it is folded, the degradation of the
chimera 1s likely to occur within the partner protein moiety. Such degradation of
the chimera can be analyzed by Western blot analysis using anti-streptavidin after
SDS-PAGE. Degradation products of the expressed chimera are detected by
labeling the streptavidin moiety with anti-streptavidin. The determination of the
s1ze of each labeled protein component allows one to locate the sites in the part-
ner protein moiety where proteolysis occurred

The biotin-binding ability of purified chimera can be determined by a gel filtra-
tion method (75) using a desalting column, such as PD-10 columns (Pharmacia,
Piscataway, NJ), and radiolabeled biotin, such as p-[carbonyl-1*Clbiotin
(Amersham, Arlington Heights, IL) and p-[8,9-*H]biotin (Amersham and DuPont
NEN, Boston, MA). Alternatively, the biotin-binding ability can also be deter-
mined semiquantitatively using nonradioactive methods, such as enzyme-binding
assays (16). Usually, the purified chimera has almost full biotin-binding ability,
as it has been purified by using 1ts biotin-binding abulity

The purified chimera 1s generally tetrameric, the subunit association of the chi-
mera 1s determined by the streptavidin moiety whose subunit assoctation 1s
exceptionally stable However, the subunit association of a particular strep-
tavidin-partner protein chimera should be determined experimentally by using,
for example, gel filtration chromatography.
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Bacterial Expression, Purification,
and Potential Use
of His-Tagged GAL4 Fusion Proteins

M. Lienhard Schmitz and Patrick A. Baeuerle

1. Introduction

Fusion of proteins to DNA-binding domains or transactivation domains has
become an extremely powerful approach to study the transcriptional properties
of proteins and to characterize and clone interacting proteins (7,2). The yeast
transcriptional activator protein GAL4 contatns the sequences necessary for
DNA-binding, dimerization and nuclear localization within its N-terminal 147
amino acids (3). A dimer of this fragment can bind specifically to a 17-bp
DNA recogmtion sequence, which displays an imperfect dyad symmetry (4) It
seems that higher eukaryotic cells do not possess proteins with GAL4-specific
binding activity. Recombinant proteins between GAL4 and fused protein
sequences of interest can be used to nvestigate two types of questions. First,
potential protein/protein mteractions can be detected by using an electro-
phoretic mobulity shift assay (EMSA). This approach allows the discrimina-
tion of radioactively labeled unbound DNA, complexes between the GAL4
fusion protein and its cognate DNA, and more slowly migrating complexes
contaming additional protem(s) binding to the protein sequences fused to the
GALA4 protein Second, the potential transcriptional activity of regulatory pro-
teins can be assayed by fusing them to the DNA-binding domam of GAL4 and
testing their transcriptional activity on well-characterized promoters bearing
Gal4 binding sites in a cell-free assay (for review, see ref. 1). This strategy has
the advantage that transcription extracts have not to be depleted of the
transcription factor of interest. It also allows the direct comparison of
transactivation domains from different transcription factors regardless of the
effects probably resulting from their DNA-binding domains.
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To facilitate fusion protein expression two vectors, that combine high-level
expression of GALA4 proteins in £. coli with a simple purification of the recom-
binant proteins, were designed. Both vectors allow the imducible expression of
N-terminally His-tagged GAL4 proteins and differ i the length of the GAL4
DNA-binding domain (5,6). The hexahistidine sequence, that allows efficient
purification of the bacterially produced protein on nickel nitrilotriacetic acid
(N1-NTA) columns, is attached to the N-terminal end of the protein. This
hexahistidine sequence does not interfere with DNA-binding of GAL4, since
the first eight amino acids of GAL4 display considerable conformational
mobility as determined by NMR spectroscopy (7) Only the amino acid resi-
dues 9-40 were found to form a well-defined cluster containing two Zn(II)
10ons coordinated through six cysteins such that the metals share two (Cys 11
and 28) of the ligands (8). The histidine-tagged GAL4 protein purified from E.
coli can bind to 1ts cognate DNA with the same affinity as the untagged version
(5) Competition experiments showed that the tagged GAL4 protein also
retained 1ts DNA-binding specificity (6). The six adjacent histidines pro-
vide an elegant and simple method for rapid protein purification based on
the selective affinity of proteins with polyhistidines for a Ni-metal chelate
adsorbent (9, /0). This binding occurs 1n physiological buffers that are suit-
able for the purification of soluble proteins present in the cytoplasm or
periplasm as well as 1n denaturing buffers, which are used for proteins of
limited solubility present in inclusion bodies. Furthermore, the His-tagged
GALA4 protein can be purified in the presence of detergents, which do not
interfere with the binding of the hexahistidine sequence to N1-NTA col-
umns. Figure 1 illustrates the binding of the His-residues to the immobilized
N1 metal ions.

This interaction between the His residues and the Ni%* 10ns 1s reversible, and
the attached GAL4 protemn can be eluted either with increasing amounts of
imidazole or by lowering the pH.

The GAL4 protemn alone is contained as a soluble protein in the cytoplasm
of the bacterial cells and can be easily purified as will be described below.
Most of the protein sequences that are attached to the GAL4 DNA-binding
domain do not alter the solubility of the protein, such as the transcription acti-
vation domains of NF-«B p65, GAL4, and the-AH domain (5,6). However,
fusion of some protein sequences, such as transcription factor Spl to GAL4
rendered the GAL4 fusion protein mnsoluble and required purification in dena-
turing buffers (3). It 1s therefore necessary to determine for each bacterially
produced fuston protein the optimal purification scheme and to optimize other
parameters such as time and temperature of expression. The purification of
soluble proteins 1s described below. If the fusion protein is not contamed in
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Fig. 1. Schematic model for the binding of the NI-NTA resin to neighboring 6x His
restdues 1s shown.

this fraction it wiil be necessary to purify 1t under denaturing conditions. Once
the optimal conditions for the purification of the fusion protein are worked out,
1t can be expressed on a preparative scale.

2. Materials

All of the equipment used including pipets, glassware, and plasticware
should be clean and autoclaved. The stock solutions for all reagents were pre-
pared exactly as described 1n (71), unless otherwise indicated

2.1. Expression of GAL4 in E. coli

1 LB-Medium: 5 g yeast extract, 10 g bactotrypton, 5 g NaCl/L of medium, autoclave,
2 Antibiotics. 1000X stock solution of ampicillin (50 mg dissolved in 1 mL H,0,
sterilize by filtration and store at —20°C) 1000X stock solution of kanamycm-
sulfate (25 mg dissolved in 1 mL H,O, sterilize by filtration and store at -20°C).

3. IPTG: Prepare a 1M stock solution by dissolving 11 9 g of isopropyl-p-D-
thiogalactopyranoside (IPTG) 1n 50 mL of H,O. Aliquots thereof should be stored
at —20°C.

4 Bacterial strains and plasmids* Principally any £ coli strain bearing the lacd
gene can be used The £ coli stramns M15 (12) and SG13009 (/3) are both
recommended for high-level expression of the His-tagged GAL4 proteins.
These strains carry the pREP4 plasmid, which contains the lacl? gene and
confers resistance to kanamycin The inducible expression of His-tagged
GAlL4 protemns in E. coli can be achieved either with the plasmid pRJR]-
containing amino acids 1-93 of GAL4 (5) or with pHisGal, which comprises
amuno acids 1-147 of GAL4 (6). Both plasmids contain a multiple cloning
site at the C-terminus of the GAL4 DNA-binding domain, allowing the con-
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sary to autoclave denaturing buffers A to E Avoid direct contact of the buffers
with skin

7 BC200- 20 mM Trnis-HCL, pH 7 9, 200 mM KCL 2 mM EDTA, 20% (v/v) glycerol,
10 uM ZnCl, 1 mM 2-mercaptoethanol, 1 mM PMSF. PMSF and 2-mercapto-
ethanol are added just prior to use

8. BC400: corresponds exactly to BC200, except that it contains 400 mA KCl

9 Ni-NTA agarose, sihconized glass wool, columns of different sizes, Heparin agarose

3. Methods
3.1. Cloning and Bacterial Transformation

The protein sequence of interest can be inserted into the polylinker of
pHisGal 1n the chosen reading frame by conventional cloning methods (7/).
Transform 1-20 ng of the generated plasmud in the bacterial strains SG13009
or M15, both of which are recommendable for expression of the His-tagged
GALA4 fusion proteins. These bacterial strains are already resistant to kanamy-
cin and can easily be made competent for high-voltage electroporation or for
CaCl, transformation (/). Plate various amounts of the transformed bacteria
on LB agar plates containing 25 pg/mL kanamycin and 50 pg/mL ampicillin.
Within the next day, single colonies are visible. They contain the plasmid
pREP4 and the plasmid encoding the His-tagged GAL4 protein and can be
picked for further analysis

3.2. Bacterial Expression of His-Tagged GAL4 Proteins

For a test expression, two single colones of the potentially correct clones
are inoculated and tested for their ability to produce the His-tagged GAL4 pro-
tein. In our experience 1t 1s not necessary to pick a larger number of clones. As
a positive control for a soluble protemn, the DNA binding domain of GAL4
alone should be included n the in1tial analytical purification. Each of the clones
1s grown 1n a shaker (210 rpm) as an overnight culture in 3 mL LB containing
25 pg/mL kanamycin and 50 pg/mL ampicillin at 37°C to stationary phase.
One mulliliter of each of the cultures are added to a flask containing 20 mL of
LB (kan/amp) prewarmed to 37°C. For optimal growth of the cells and good
expresston of the GAL4 fusion protein, it 1s necessary to provide good aeration
of the cultures. Therefore the volume of the vessel should be at least four times
larger than the volume of the medum 1t contains. The protocol below is given
for the analytical range but can be upscaled without alterations for the prepara-
tive range.

1 Determune the rate of growth by measuring the ODg, of the bacterial cultures
after another 90 min on a shaker (210 rpm)

2. When an ODgg, of 0 7 1s reached, the protein expression 1s mnduced by the addi-
tion of IPTG to a final concentration of 1 mAM At the same time, ZnCl, 1s added
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to a final concentration of 10 uM, because the GAL4 DNA-binding domain
requires two Zn(I1) 1ons per molecule For the test expression 1t 18 recommended
to analyze one bacterial culture not induced by IPTG as an additional control.

3. Expression 1s allowed for 4 h, which should be ample time for the expression of
most GAL4 fusion proteins. The optimal expression time has to be determined
individually for each fusion protein

4 Transfer the bactera from the vessels into centrifuge tubes Harvest the cells by
centrifugation at 4000g for 15 min Carefully remove the supernatant. At this
stage the cell pellets can be stored at —20°C.

The analytical purification described 1n the next section is suitable for the
His-tagged GAL4 proteins present in the soluble fraction If the protein 1s not
present 1n this fraction 1t has to be purified in denaturing buffers.

3.3. Purification of the Soluble GAL4 Fusion Proteins
on Ni-NTA-Agarose

This protocol is surtable for the analytical scale, the instructions written 1n
parentheses are given for the 1-L scale.

1 Duissolve the bactenal pellet m 200 pL (6 mL) of cold lysis buffer All subsequent
steps are carried out with cold solutions on ice. Break the cells by three cycles of
freeze-thawing and subsequent sonification for 30 s, Cool the cells during the
sonification and strictly avoid the generation of foam (Cells from the 1-L culture
should be somfyed for 2 min Subsequently, 60 mg of lysozyme are added and
dissolved by carefully agitating the tube After 1 h of incubation on ice, the cells
are sonified again for 2 min The cells can be lysed also with alternative tech-
niques such as glass beads or a french press ) Add 0 5 mM of PMSF to the protein
solution and carefully agitate the tube If necessary, additional proteinase inhibi-
tors may be used (see Section 4.1.). The viscosity 1s reduced by passing the solu-
tion three times through a needle that s attached to a syringe

2 Equbbrate the Ni-NTA-agarose with lysis buffer just prior to use Thus 1s done
by transferring the Ni-NTA-agarose to an Eppendorf tube and adding lysis buffer
After centrifugation for 1 min at 6000g the supernatant 1s removed and the proce-
dure is repeated twice. The Ni-NTA-agarose 1s now ready for use

3 Centnifuge the proten extract at 4°C with 12,000g for 30 min Transfer the super-
natant to a fresh tube and add 20 pL (350 uL) of freshly equilibrated Ni-NTA-
agarose Incubate the tube containing the protein extract and the N1-NTA-agarose
on a spinning wheel at 4°C for 1 h

4 Spin the tube for 2 min at 6000g in a cooled centrifuge Take off the supernatant
and add 1 mL (40 mL) of fresh lysis buffer. Agitate the tube 1n order to com-
pletely resuspend the N1-NTA-agarose pellet Spin the tube again and repeat the
washing procedure four times (For purification in the preparative scale, the
N1-NTA-agarose can alternatively be transferred to a column and washed with a
flowrate of approx 2 mL/mun In an additional step, wash the Ni-NTA-agarose
with 30 mIL of BC200 buffer.) To reduce the background proteins subsequently
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add 30 pL lysis buffer containing 1 mM imidazole (5 mL BC200 containing 1
mM mmidazole) to the N1-NTA-agarose pellet containing the His-tagged GAL4
protemn. After 5 min mcubation on 1ce, centrifuge the tube for 2 min at 6000g,
take off the supernatant, and repeat the procedure once Collect these two frac-
tions as a control

The His-tagged GAL4 fusion protein 1s eluted by adding 30 uL lysis buffer con-
tainmng 100 mAM imdazole (5 mL BC200 containing 100 mM imidazole) to the
Ni-NTA-agarose pellet After incubation for S min and a subsequent centrifuga-
tion, the supernatant 1s collected and this procedure 1s repeated once The Ni-NTA-
agarose can be reused up to five times for the same recombinant protein Analyze
the fractions including controls by reducmg SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) If the protein 1s 1n the soluble fraction, 1t should now be
at least 90% pure and can be further purified using heparin-agarose chromatogra-
phy. Otherwise purify the fusion proteins in denaturing buffers as described n
the following section

3.4. Purification of Insoluble GAL4 Fusion Proteins
on Ni-NTA-Agarose

This protocol 1s suitable for the analytical scale, the instructions writ-

ten 1n parentheses are given for the 1-L scale.

1

Dissolve the bacterial pellet in 200 pL (6 mL) of cold denaturing buffer A Shake
cells at room temperature on a spinning wheel for 1 h (During lysis, cells from
the 1 L culture can be stirred using a magnetic bar [150 rpm]).

The Ni-NT A-agarose 1s prepared by washing it sequentially with 20 vol of denaturing
buffers, A, B, C, and F, respectively After a final wash in 20 vol of denaturmg buffer
A, the resin 1s ready for use

Centrifuge the protein extract at 4°C with 12,000g for 30 min. Carefully transfer
the supernatant to a fresh tube and add 20 pL (350 pL) of freshly equilibrated
Ni-NTA-agarose Incubate the tube containing the protein extract and the Ni-NTA-
agarose on a spinning wheel at 4°C for t h

Spin the tube for 2 min at 6000g n a cooled centrifuge. Take off the supernatant,
and add 1 mL (40 mL) of fresh denaturing buffer A. Agitate the tube 1n order to
completely resuspend the Ni-NTA-agarose pellet. Centrifuge the tube again, dis-
card the supernatant and wash with denaturing buffer B (Again, as already
described for the purification of soluble GAL4 fusion proteins, the Ni-NTA-aga-
rose can be transferred to a column and washed with the various buffers at a
flowrate of approx 2 mL/min ) Wash with 1 mL (40 mL) of denaturing buffer C

Most of the E. coli proteins are washed out during this step Collect a fraction
thereof as a control.

Elute and collect the recombinant protein by adding 200 uL (3 5 mL) of denatur-
ing buffer D followed by incubation with 100 uL (1.5 mL) of denaturing
buffer E. The proteins contained in the various fractions can now be analyzed
by SDS-PAGE
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The nsoluble GAL4 fusion proteins are eluted by denaturing buffers D or E
and are unfolded 1n the presence of 8M urea. The fusion protemns can subse-
quently be renatured by dialyzing them sequentially in BC200 buffer contain-
ing 6M, 4M, 2M, and no urea. To allow complete and proper refolding of the
proteins, the buffers should not be changed more often than every other hour.
Alternatively, 1t 1s possible to renature the fusion protein when 1t 1s still attached
to the N1-NTA-agarose. In this case the BC200 buffers containing decreasing
amounts of urea are passed over the N1-NTA-agarose column after 1t has been
washed 1n denaturing buffer C. The refolded protein 1s eluted in a 200 mM
imidazole buffer of pH 7.0.

3.5. Further Purification and Characterization
of the Fusion Proteins

The DNA-binding property of GAL4 1s usually maintained when heterolo-
gous sequences are attached to 1ts C-terminal part This property of GAL4
can be exploited to further purify the GAL4 fusion protein to homogeneity
Either specific or nonspecific DNA or the polyanion heparin are suitable res-
s for the purification of DNA-binding proteins such as GAL Use of DNA
affinity chromatography has the advantage that only properly folded, active
protetn 1s punified.

1 Equilibrate a heparin agarose column (200 pl resin/mg protein) with six bed
volumes of BC200, and subsequently pass the GAL4 fusion protein contained 1n
BC200 over the column Reload the flowthrough once and wash the column with
15 bed volumes of BC200 at a flowrate of 2 mL/min

2 Elute the GAL4 protein with three bed volumes of BC400 Except for the aliquot
that 1s used for analysis by SDS-PAGE, 1t 1s recommendable to add ! mg/mL of
BSA to the eluate in order to stabilize the proteins prior to aliquoting and freez-
ing them at —80°C The proteins are characterized further by examining their
DNA-binding activity in EMSAs (5,6)

4. Notes

The described protocols work very well for the expression and purification
of the DNA-binding domain of the yeast GAL4 protemn There are some poten-
tial problems that may arise owing to the properties of the attached sequence.
One 1s that no or hittle full-length protein is produced

I This might be owing to proteolytic degradation, a problem that can be overcome
by the addition of further protease inhibitors to the various buffers

2 The use of special E coli strains devoid of proteases or the reduction of expres-
sion time and temperature may be helpful to reduce proteoloysis

3 Many proteases are activated during harvesting and cell breakage It may there-
fore become necessary to purify a particular fusion protein in denaturing buffers



His-Tagged GAL4 Fusion Proteins 137

4 Alternatively, it 1s possible that the attached protein sequence ts toxic for £ coll,

a property sometimes observed with hydrophobic sequences If the reduction of
full-length fusion proteins can be attributed to the presence of rare codons in the
coding sequence, they must be replaced mn order to prevent premature termina-
tion of translation
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Detection of Expressed Recombinant Protein Based
on Multidrug Resistance: P-Glycoprotein

Ursuia A. Germann

1. Introduction

The simultaneous resistance of cells to multiple structurally and function-
ally unrelated cytotoxic agents is known as multidrug resistance (MDR). The
phenomenon of MDR was first observed in the clmic 1 tumors of patients
undergoing chemotherapy. Multidrug resistance was recognized as a major fac-
tor contributing to the failure of chemotherapeutic treatment of cancer (1)
Multidrug resistance also occurs in cultured cells selected for resistance to
anticancer drugs (2,3). Exposure of cultured cells to a single cytotoxic agent, e.g.,
Adriamycin (or doxorubicin) will enhance their resistance to anthracychns and
related agents (daunorubicin, idarubicin, mitoxantrone), as well as to Vinca alka-
lowds (e.g., vincristine, vinblastine), epipodophyllotoxins (VP-16 [etoposide] and
VM.-26 [tenmiposide]), and other anticancer drugs (e.g., actmomycin D, mitomycin
C, and topotecan) (4,5). Numerous cell lines have been established as in vitro
model systems to demonstrate the clinical relevance of MDR, to elucidate its
molecular basis and mechanism(s), and to design therapeutically apphcable strate-
gtes to circumvent and overcome MDR (6) Frequently, MDR is due to reduced
intracellular accumulation of drugs resulting from overexpression of the MDR
(mdr) gene product P-glycoprotein (pgp), also known as the multidrug transporter.
P-glycoprotein 1s thought to act as an energy-dependent drug efflux pump at the
cell surface (4,5). Increased levels of P-glycoprotein correlate with increased MDR.
Efforts directed at circumventing or overcoming MDR 1 the clinic are focused on
mhibition or modulation of P-glycoprotein function or MDR1 gene expression.
Approaches include rational design and screemng for P-glycoproten inhibitory
compounds (so-called MDR modulators, MDR reversing agents, or chemo-
sensitizers), inhibitory antibodies, or antisense oligodeoxynucleotides (7)

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ
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Within the past decade, the human MDR1 gene, and its rodent homologs, the
mouse mdrl (or mdr1b) and mdr3 (or mdrla) genes, the hamster pgp1 and pgp2
genes, and the rat pgp1 and pgp2 (or mdr1b) genes have been cloned from highly
multidrug resistant cultured cells (4,5). Upon transfection or retroviral transduc-
tion, all these cDNAs endow drug-sensitive host cells with MDR and, thus, are
useful as selectable markers for gene transfer experiments (8-10) as described by
Kane (see Chapter 27 in companion volume). Potential applications include the
cotransfection of the MDR1 gene and an unselectable gene present 1n two differ-
ent vectors (717), or present in the same vector under the control of two different
promoters (12), or as a transcriptional fusion under the same promoter by using
the internal ribosomal entry sites (IRES) from picornaviruses for cap-inde-
pendent translation of the second gene (73,14), or as a translational fusion to
produce a hybnid protemn (15,16). This chapter focuses on approaches for the
detection of P-glycoprotein in DNA-transfected or retrovirally transduced, cul-
tured cells after drug selection (see Chapter 27 in companion volume).

P-glycoprotemns are high molecular weight (apparent mol wt 145,000~
180,000) single chain phosphoglycoproteins that are expressed within the
plasma membranes (4,5). Pulse-chase labeling experiments have revealed that
P-glycoprotein 1s synthesized as a nonglycosylated precursor (apparent mol wt
130,000~-140,000) that 1s slowly (t;,, = 1-2 h in human cells, t;, = 20-30 mun n
mouse cells) processed to its mature form (77,18). The metabolic half-life is 48-72
h for human P-glycoprotemn and approximately 18 h for the mouse 1soforms (77,18)
Based on hydropathy analysis of the amino acid sequence deduced from an mdr
c¢DNA, a topological model for P-glycoprotein was postulated that predicts the
polypeptide chan to contain 12 membrane-spanning regions (Fig 1) (19,20).
According to this model, P-glycoprotein i1s composed of two similar halves,
each of which contains a transmembrane domain (six membrane-spanning seg-
ments) and a nucleotide binding domain. The orientation of the molecule 1s
such that both the amino-terminus and the carboxy-terminus are located on the
cytoplasmic side of the plasma membranes. Moreover, the two predicted ATP
binding sites are located intracellularly which 1s 1n agreement with their sug-
gested function to fulfill the energy requirements of the drug transport process
(4,5). The predominant glycosylation sites of human P-glycoprotein are located
in the first extracytoplasmic loop, but distinct 1soforms may differ in the degree
and sites of glycosylation (4). This hypothetical 12-transmembrane model of
P-glycoprotein, although not proven, 1s consistent with cellular epitope
localization data obtained with various antibodies that specifically bind to the
amino- or carboxy-terminal ends, near the two ATP binding sites, and within
the first and fourth extracytoplasmic loop (Fig. 1) (2/-24).

Specific antibodies are useful to explore the structure and function of mdr
gene products. They also represent sensitive reagents to detect P-glycoprotemn
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Fig. 1. Topological mode! of the human MDR1 gene product and recognition of
P-glycoprotein by commercially available MAbs A 12-transmembrane domain model 1s
predicted by a computer-assisted hydropathy profile analysis of the amino acid sequence
of P-glycoprotein, six membrane spanning segments are present in each half of the
molecule (19,20). Two predicted ATP-binding sttes are circled. Wiggly lines represent
putative N-linked carbohydrates The MAbs MRK 16 and 4E3 crossreact with extra-
cellular epitopes, whereas the epitopes for C219, C494, and JSB-1 are located intracellu-
larly (see text for details) Adapted with permission from ref 4, by Annual Reviews

in mdr-transfected or retrovirally transduced host cells. As summarized in
Table 1, different commercially available mouse MADbs have been generated
as tools for immunodetection of P-glycoprotein. C219 was prepared by using
SDS-solubilized plasma membranes of multidrug-resistant Chinese hamster
ovary and human leukemic cells as immunogen (217). C219 detects a cytoplas-
mic sequence (VQXALD where X 15 A, or E, or V) that is located within the
two ATP binding domains of P-glycoprotein (24). This region 1s highly con-
served among all known P-glycoprotein 1soforms from different species Thus,
C219 is universally useful for detection of different P-glycoproteins (24) in
mdr-transfected cells by Western blot analysis, immunoprecipitation, fluores-
cence-activated cell sorting (FACS) analysis, or immunocytochemistry. C494
was obtained with the same immunogen as C219 (21) and recognizes the amino
acid sequence PNTLEGN present within the carboxy-terminal ATP bind-
ing domain of the human MDR! and the hamster pgpl gene product (24).
JSB-1 was established after immumzation of mice with the colchicine-
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Table 1
Commercially Available P-Glycoprotein-Specific MAbs
Antibody Isotype Investigator Commercial Source
C219 IgG2a 21 Signet Laboratories
C494 1gG2a 21 Signet Laboratories
JSB-1 IgGl1 25 Signet Laboratories
Boehringer Mannheim
MRK16 IgG2a 26 Signet Laboratories
Kamiya Biomedical
4E3 I1gG2a 27 Signet Laboratories

resistant Chinese hamster ovary cell line CHrCS (25) It recognizes a highly
conserved intracellular epitope of P-glycoprotein which 1s different from the
epitope for C219 (25). Both C494 and JSB-1 are useful for immunoprecipita-
tion and Western blot analysis of P-glycoprotein in mdr-transfected cells. Vari-
ous mouse MADbs, including MRK 16 and 4E3, crossreact specifically with the
external domain of the human MDR1 gene product (26,27) Intact multidrug
resistant human myelogenous leukemia K562/ADM cells were used as immu-
nogen to generate MRK16 (26), which recognizes epitopes present in the first
and fourth predicted extracytoplasmic loop of human P-glycoprotein (24) 4E3
was established by immunizing mice with human squamous lung cancer SW-
1573-500 or uterine adenocarcinoma ME180/Dox500 cells (27). MRK 16 and
4E3 are excellent reagents for detection of human P-glycoprotein at the cell
surface of human MDRI1-transfected cells by FACS analysis or immuno-
cytometry They can also be used for immunoprecipitation of human P-glyco-
protein, but not for Western blot analysis. Moreover, they are useful for
magnetic affimty cell sorting of MDR1-transfectants (268,29)

In the following, three basic protocols are described for detection of P-gly-
coprotein in mdr-transfected, drug-selected cells. All three protocols make use
of the mouse MAb C219 for specificity of detection.

1 P-glycoprotein 1s metabolically labeled with >*S-methionine, a whole cell extract
is prepared, and P-glycoprotein is detected by immunoprecipitation, SDS poly-
acrylamide gel electrophoresis, and autofluorography.

2. P-glycoprotein present at the surface of viable multidrug resistant cells 1s
photoaffinity labeled using H-azidopine, a triton extract 1s prepared, and labeled
P-glycoprotein 1s detected after immunoprecipitation by SDS polyacrylamide gel
electrophoresis, and subsequent fluorography

3 Crude membranes are prepared from P-glycoprotein expressing cells, proteins
are size fractionated by SDS polyacrylamide gel electrophorests, and P-glyco-
protem 1s detected by Western blot analysis.
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DRUG-SELECTED MOR TRANSFECTANTS

3BS-METHIONINE LABELING IH-AZIDOPINE LABELING CRUDE MEMBRANES
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WESTERN 8LOT ANALYSIS

Fig. 2. Flowchart diagram of different experimental strategies for detection of
P-glycoprotein (A) Detection of labeled P-glycoprotein. (B) Detection of nonlabeled
P-glycoprotein by Western blot analysis.

As shown in the flowchart diagram presented 1n Fig. 2, however, strategies
can be devised that deviate from these three suggested routes. The protocols
described in the following have been intentionally limited to procedures using
commercially available reagents (see Notes 1-5).

2. Materials
2.1. Labeling of P-Glycoprotein
2.1.1. Metabolic Labeling Using #°S-Methionine

1 33S-methionine (e.g , 1000 Ct/mM, Amersham, Arlington Heights, IL).
2 Complete cell growth medium.
3 Methionine-free cell growth medium
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2.1 2. 3H-Azidopine Photoaffinity Labeling

1 Dulbecco’s phosphate-buffered saline (DPBS) without Mg?*/Ca** 200 mg/L
KCl, 8000 mg/L NaCl, 2160 mg/L. Na,HPO, 7H,0, 200 mg/L. KH,PO, sterile
filter or autoclave, store at room temperature

2. 3H-azidopine (40-50 Cv/mM, Amersham), store in the dark at —20°C

3 Vinblastine stock solution 10 mg/mL vinblastine (Sigma, St. Louis, MO) in dim-
ethyl sulfoxide (DMSO), store in the dark (wrapped in aluminum foil) at —20°C
A dilution series may be prepared for competition assays Alternatively, other
agents that interact with P-glycoprotem may be used, including Vinca alkaloids,
anthracyclines, etoposoide (30)

2.2. Extraction of P-Glycoprotein from Tissue Culture Cells
2.2.1. Radioimmunoprecipitation Extracts

1 STE. 20 mM Tns-HCL, pH 7 4, 0 15M NaCl, 1 mM ethylenediaminetetraacetic
acid (EDTA), sterile filter or autoclave, store at 4°C.

2 10X Trns-buffered saline (TBS) 200 mM Tris-HCL, pH 7 2, 1 SM NaCl , sterile
filter or autoclave, store at room temperature

3 EDTA stock solution' 250 mM EDTA, pH 8 0, sterile filter or autoclave, store at
room temperature

4 1X Radiommmunoprecipitation (RIPA) 1X TBS, pH 7 2, 1% (v/v) Triton-X-100,
1% (w/v) sodium deoxycholate, 0 1% (w/v) sodium dodecy! sulfate (SDS), 1 mM
EDTA, 1% (v/v) aprotimin (Sigma), store at 4°C

2.2.2. Triton Extracts

1 DPBS without Mg?*/Ca*" (see Section 2 1 2 ) store at room temperature, some
at 4°C

2 Dithiothrettol (DTT) stock solution. 1M DTT n H,O, store n aliquots at —20°C

3. DNase stock solution 1 mg/mL DNase (Sigma) in 50% (v/v) glycerol, 150 mM/
NaCl, store at ~20°C

4 Trnton elution buffer (TEB): 10 mM Tris HCI, pH 8 0, 0.1% (v/v) Triton-X-100,
10 mM MgS80,, 2 mM CaCl,, 10 pg/mL DNase, 1 mM DTT, 1% (v/v) aprotinin
(Sigma). TEB can be prepared without DNase, DTT, and aprotinin, and stored at
4°C. DNase, DTT, and aprotimin are added immediately prior to use

2.2 3. Preparation of Crude Membranes

1 DPBSAp DPBS without Mg?*/Ca?* (see Section 2 1 2 ) supplemented with 1%
(v/v) aprotinin (S1gma), store at 4°C

2. Phenylmethylsulfonylfluoride (PMSF) stock solution® 100 mM PMSF 1n
1sopropanol. Store 1n aliquots at —20°C.

3. Hypotonic lysis (HTL). 10 mM Tris-HCI, pH 8 0, 10 mdM NaCl, 1 mM MgCl,, 1
mM PMSF, 1 % (v/v) aprotinin (Sigma) HTL prepared without PMSF and
aprotinin can be stored at 4°C, PMSF and aprotinin are added immediately
prior to use.
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2.4.

Trypan blue stain (e g , GibcoBRL, Gaithersburg, MD)

TSNa 10 mM Tris-HCI, pH 7 5, 250 mM sucrose, 50 mM NaCl, 1% (v/v)
aprotinin (Sigma), prepare fresh and prechill at 4°C

Protein assay kit (e.g., BCA protein assay kit, Pierce, Rockford, IL).

Immunoprecipitation of P-Glycoprotein

1X RIPA. (see Section 2 2.1.) In some cases, 2X RIPA 1s useful for dilution
of samples

Normal rabbit serum (Organon Teknika-Capel, Durham, NC)

Staphylococcus aureus Zysorbin (Zymed, South San Francisco, CA), use
according to manufacturers condition (10% suspension in DPBS w/o Mg?*/Ca?*,
store 1n aliquots at —20°C), spin prior to use for 1 min at 15,000g, resuspend in
1X RIPA, spin for 1 min at 15,000g, and resuspend pellet again 1n 1X RIPA to
final concentration of 10%

1% (w/v) Ovalbumin in H,O

20% (w/v) Trichloroacetic acid (TCA) in H,0O

1M NaOH

0 4M Acetic acid

Aquasol scintillation fluid (DuPont NEN, Wilmington, DE)

C219 affinity-purified MAD, 0.1 mg/mL (Signet Laboratories, Dedham, MA)
Protein A sepharose (PAS) (Pharmacia, Uppsala, Sweden) Swell and wash beds
according to 1nstructions of the manufacturer, prepare 50% (w/v) solution i 1X
RIPA Prepare fresh, or store at 4°C 1n presence of 0 1% sodium azide, but wash
once with 1X RIPA prior to use.

Rabbit antimouse IgG (Organon Teknika-Capel, Durham, NC)

1X RIPA/KCI 1X TBS, pH 7.2, 1% (v/v) Triton-X-100, 1% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 1% (v/v) aprotinin (Sigma), 2.5M KCI, store at
4°C

Elutton buffer (EB)' 100 mM Tris-HCI, pH 7.5, 2% (w/v) SDS, 5% (v/v)
B-mercaptoethanol.

Sucrose' 50% (w/v) sucrose, 0.02% (w/v) sodium azide, store at room temperature
Acetone; keep at —20°C.

Gel fix 40% (v/v) methanol, 10% (v/v) acetic acid

Amplify (Amersham) or other reagent for gel fluorography

Western Blot Analysis

and Immunodetection of P-Glycoprotein

1

2.
3

Towbin transfer buffer 25 mM Tris-base, 192 mM glycine, 20 % (v/v) metha-
nol, pH 8 3

DPBS w/o Mg?*/Ca?* (see Section 2 1.2.)

DPBST DPBS w/o Mg?*/Ca?* with 0.1% (v/v) Tween-20 (Bio-Rad, Hercules,
CA), store at room temperature.

Blotto' 10% (w/v) Carnation nonfat dry milk in DPBS w/o Mg2*/Ca?*, store at
4°C for a few days.
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5 Primary antibody solution 02 pg/mL C219 mouse MAb (Signet Laboratories)
m Blotto, dilute freshly prior to use. The primary antibody solution can be stored
at 4°C in the presence of 0 02% sodium azide and reused, 1f desired

6. Secondary antibody solution. antimouse IgG-horseradish peroxidase (Amersham)
diluted 1-1000 1n Blotto, prepare immediately before use

7 Enhanced chemoluminescence (ECL) Western blotting detection system
(Amersham), store at 4°C

8 3,3'-diaminobenzidine tetrahydrochloride (DAB) stock solution 40 mg/mL DAB
(Bio-Rad) 1n H,0, store at 20°C.

9. NiCl, stock solution' 80 mg/mL 1n H,O, store at room temperature

10. 30% H,0, (Aldrich, Milwaukee, WI), store at 4°C.
11 DAB staming solution 100 mM Tris-HCl, pH 8 0, 0 8 mg/mL DAB, 0 4 mg/mL
NiCl,, 0.01% H,0,; use immediately after addition of H,O,

3. Methods
3.1. Labeling of P-Glycoprotein
3.1.1. Metabolic Labeling Using 3°S-Methionine

33S-methionine 1s commonly used to metabolically label proteins during bio-
synthesis. According to the amino acid sequence deduced from the MDR1
cDNA sequence, human P-glycoprotein contains 32 methionine residues As
mentioned in the introduction, it has a relatively long half-life. Thus, to allow
for efficient labeling of P-glycoprotein, drug-selected MDR1-transfectants are
grown 1n medium containing 33S-methionine for an extended period of time,
i.e., 16 h (see Note 6).

1 Plate cells that grow as monolayer at approx 4—6 x 106 cells/100-mm dish 1n
regular growth medrum approx 4-6 h prior to use The cell density should be
subconfluent

2 Remove the growth medium, add 5-10 mL methionine-free growth medium to
wash the cells briefly, aspirate again, and add 5 mL methionine-free growth
medium. Add 33S-methionine to a final concentration of 1 mCr/dish and incubate
cells at 37°C, 5% CO, for 16 h

3 Harvest the labeled cells, wash cells, prepare cell extract as described 1n section
3.2.1., and perform radioimmunoprecipitation (see Section 3 3 )

3.1 2. 3H-Azidopine Photoaffinity Labeling

This section describes a method for photoaffinity labeling of P-glyco-
protein. Among various photoactivatable reagents, arylazides are most
widely used. They form covalent bonds to the polypeptide acceptor site(s)
upon UV irradiation via nitrene termediates (3/). Several photoaffinity
probes are known to label P-glycoprotein specifically, including different
analogs of cytotoxic drugs and different analogs of MDR modulators
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(30,32). H-Azidopine 1s a commercially available, relatively affordable
dihydropyridine calcium channel blocker that photolabels P-glycoprotein at
two major sites, one in each half of the molecule (33,34). *H-Azidopine
photoaffinity labeling of P-glycoprotein is inhibited by an excess of vinblastine,
doxorubicin, actinomycin D, and many MDR modulators (30). Thus, competi-
tion assays with increasing concentrations of nonradioactive anticancer drugs
or MDR modulators can be performed to identify the photolabeled protein as
P-glycoprotein (see Note 7).

I

Harvest tissue culture cells Trypsimze cells that grow as monolayers, dilute with
serum-containing growth medium, and centrifuge at 500g for 10 min at room
temperature Wash the cell pellet 3 times with DPBS w/o Mg?*/Ca®* and resus-
pend 1n DPBS w/o Mg?*/Ca®* at a density of 1 x 107 cells/mL.

Add 1 pCi (1e, 1 pL) *H-azidopine/10° cells (final concentration 1s approxi-
mately 0 2 pM) 3H-azidopine 1s supphied as an ethanol solution and will rapidly
evaporate, thus, work as quickly as possible and keep solution chilled Divide the
cell suspenston mto 100 pL. aliquots 1n 1.5-mL polypropylene microtubes For
competition assays, add 1 pL of vimblastine solution (or other compound, con-
centration can be varied, see Note 7) to the appropriate tubes Add 1 uL DMSO
to control tube

Incubate cells for 1 h in the dark (wrapped in aluminum foil) at room temperature
with gentle agitation (e g, rocking)

Pellet the cells by low speed centrifugation at 1000g for 1 min, remove the super-
natant which contains excess radioactive label, and resuspend the cell pellet in
100 uL DPBS w/o Mg?*/Ca?*

Open the tubes, place 1n rack on ice to keep samples cold during crosslinking
reaction, and uradiate at a distance of approximately 5 cm for 20 min with UV
lamp using two, 15-W, self-filtering, longwave UV tubes (e.g, Blak-Ray UV
Bench/display lamp, UVP, VWR Scientific)

Collect the cells by centrifugation as above and remove the supernatant

The photolabeled cell pellet can be extracted immediately, or frozen on dry 1ce
and stored at —70°C until use Usually triton extracts (see Section 2 2 2 ) are pre-
pared which are used for immunoprecipitation (see Section 3 3 3 ) after dilution
with an equal volume of 2X RIPA buffer and adjustment of the total volume to
500 pL with 1X RIPA The *H-azidopine labeled cell pellets can also be extracted
according with RIPA buffer (see Section 3.2 1) In transfectants that express
high levels of P-glycoprotein due to multistep selection 1n increasing concentra-
tions of cytotoxic agent (see Chapter 27 in companion volume), 3H-azidopine-
labeled P-glycoprotein may be detectable without immunoprecipitation by
directly analyzing triton extracts by SDS polyacrylamide gel electrophoress, fol-
lowed by autofluorography (dilute samples with 2X loading buffer for SDS poly-
acrylamide gel electrophoresis, then proceed to step & in Section 3 3 3.). To
concentrate the proteins in triton extracts before loading on an SDS polyacryla-
mide gel, perform an acetone precipitation (see steps 6,7 m Section 3 3 3.)
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3.2. Extiraction of P-Glycoprotein from Tissue Culture Cells
32 1 Radioimmunoprecipitation Extracts

Cell extracts for radioimmunoprecipitation are usually prepared by deter-
gent lysis. The protocol described here 1s for cells growing as a monolayer (see
Section 3.1.1) The protein extract is clarified by centrifugation at 100,000g
Nucleic acids, which make the sample viscous, are pelleted in this step (see
Notes 6 and 8)

1 After metabolic labeling, monolayer cells are rinsed 2X with 5 mL ice-cold STE
buffer, scraped into STE buffer and centrifuged at 500g for 5 min at 4°C

2 Dissolve the cell pellet in 1 mL 1ce cold RIPA buffer and let sit on 1ce for 10 min

3 Perform ultracentrifugation at 100,000g for 30 min at 4°C. P-glycoprotein will
be 1n the supernatant

4 Immunoprecipitate radiolabeled P-glycoprotein and quantitate (see Section 3 3 )

3.2.2. Triton Extracts

Compared to the protocol for whole cell extracts described in Section3 2 1.,
this method uses mildly denaturating conditions. Although the overall yield of
extracted proteins is somewhat smaller than with RIPA buffer, P-glycoprotein
is efficiently extracted with 0.1% (v/v) Triton-X-100. The cells are lysed by
repeated freeze-thawing and mild sonication. DNAse 1s present in the triton
elution buffer to decrease the viscosity of the samples. The protein extract 1s
cleared by centrifugation at 15,000g (see Notes 6 and 8).

1 Resuspend cells in 1 5 mL polypropylene microtubes at 1 x 107 cells/mL 1n TEB
by pipeting up and down

2. Freeze-thaw cells 3X,1¢, freeze cells on dry 1ce, thaw at room temperature or at

37°C (1n water bath or heating block)

Sonicate samples for 30 s with Teqmar sonic disruptor (see Note 8)

Incubate cell extracts at 37°C for 10 min to complete DNASse reaction

Spn at 15,000g for 5 min, P-glycoprotein will be 1n the supernatant

If desired, the protein 1n the supernatants can be concentrated by acetone precipi-

tation (see steps 6 and 7 in Section 3 33 )

R

3.2.3. Preparation of Crude Membranes

P-glycoprotein 1s a polytopic transmembrane protein present at the cell sur-
face. Alternatively to whole cell extracts, crude membranes can be prepared to
enhance the relative P-glycoprotein content 1n a protein extract and, thus,
facilitate detection of P-glycoprotein. Briefly, a preparation of crude mem-
branes involves hypotonic lysis and homogenization of cells, low speed cen-
trifugation to separate unbroken cells and nuclei, and high speed centrifugation
of the low-speed supernatant to pellet the crude membrane fraction which con-
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tains plasma membranes, as well as various intracellular membrane fractions.
All the steps for the crude membrane preparation need to be carried out n the
cold; 1.e., buffers and equipment are prechilled to 4°C and sample(s) are kept

on
1

1ce (see Notes 6 and 9)

Grow approx 5 x 107 monolayer cells Ideally, monolayer cells are near
confluency at time of harvesting Aspirate the medium and harvest cells by
scraping into DPBSAp Spin cells at 500g for 10 min, remove supernatant,
resuspend the cell pellet in DPBSAp by pipeting up and down, and wash twice
Determine total cell number before third centrifugation with Coulter counter
or hematocytometer

Resuspend cells at 1 x 107 cells/mL 1n HTL (1.e , 5 mL) Spin immediately at
500g for 10 min As the cell pellet will be very soft, carefully remove the
supernatant and resuspend cells again in the same volume HTL Incubate on ice
for 20 min

Transfer the cells to a Dounce homogenizer and perform 20 strokes with tight-
fitting pestle. A staiming with trypan blue can be performed with a few uL cell
homogenate to ascertain that at least 90% of cells are broken. If so, add an equal
volume of TsNa to the cell lysate.

Transfer the diluted cell lysate to a centrifuge tube and spin at 500g for 10 min,
Resuspend the cell peliet in 1-2 mL TsNa and keep a small aliquot for protein
assay (make a note of the volume of this fraction) The rest of the cell pellet can
be discarded unless used otherwise

Transfer the supernatant into an ultracentrifuge tube and spin at 100,000¢ for 1 h.
The high-speed supernatant will contain the cytosolic fraction A small aliquot
should be kept for protein assay (make a note of the volume of this fraction), the
remamnder can be discarded unless used otherwise

Resuspend the high-speed pellet contamning the crude membranes in TsNa,
use approx 1/10 volume of HTL volume from step 2 (1 €., 500 uL TsNa) Mem-
brane pellets are generaily difficult to resuspend, 1t helps to use a syringe with an
18-gage needle (1 5 1n, long) that s bent at a 90° angle Resuspended crude mem-
branes can be stored frozen at—70°C Repeated freeze-thawing of crude membranes
should be avoided, and storage 1n aliquots 1s recommended If membranes aggre-
gate upon thawing, again use a syringe with a bent 18-gage needle to resuspend
Determine protein concentrations in the low-speed pellet, the high-speed pellet,
and the high-speed supernatant with protein assay kit according to manufacturer’s
instructions Calculate the total amount of protein m each fraction Typically, the
crude membrane fraction will contain approx 15-20% of the total cell protein,
1., the P-glycoprotein content in crude membranes is approximately fivefold
enhanced as compared to whole cell extracts.

3.3. Immunoprecipitation of P-Glycoprotein

Radiolabeled cell extracts are first preadsorbed to normal rabbit serum and

heat-tnactivated, formalin-fixed Staphylococcus aureus containing high
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amounts of protein A to reduce nonspecific binding to primary antibody, sec-
ondary antibody, and protein A sepharose (Section 3.3.1.) A protein precipita-
tion using trichloroacetic acid (TCA) is performed to allow for normalization
of radioactivity from different samples (Section 3.3.2.). Equal amounts of
radiolabeled protein are then incubated with C219, a P-glycoprotein-specific
mouse MADb, and subsequently with protein A sepharose containing rabbit
antimouse IgG secondary antibody (Section 3.3.3 ). The immune complexes
are pelleted by centrifugation and washed. Finally, radiolabeled P-glycopro-
tein is eluted, concentrated, and analyzed by SDS-polyacrylamide gel electro-
phoresis followed by autofluorography. If desired, immunoprecipitations can
be quantitated (Section 3.3.4., see Notes 10 and 11)

3.3.1. Preadsorption of Cell Extracts
to Staphylococcus aureus Protein A

1 Add 0.1 mL normal rabbit serum to 1 mL RIPA extract and wcubate on 1ce
for 30 mm

2 Add 01 mL Staphylococcus aureus suspension and incubate with gentle agita-
tron (e g., on a rotating wheel) at 4°C for 30 min

3. Spumn at 15,000¢ for at least 15 mn at 4°C and transfer the supernatant to a new
microtube for further analysis. Protein concentrations are determined, 1f desired.

3.3.2. TCA Precipitation of Cell Extracts

To normalize radioactivity of extracts from different cell lines, the 33S-
methiomne content (cpm/mL) 1s determined. To this end, three protein aliquots
of each sample are precipitated by TCA as follows.

1 To2uL, 5 pL, and 10 pL of extract in 1.5-mL microtubes add 0 1 mL ovalbumin
and 1.0 mL 20% TCA, incubate for 5 min at 4°C (on 1ce), spin for 5 mun at
15,000g and discard supernatant.

2 Solubilize the peliet in 0.1 mL 1M NaOH, then neutralize with 0 3 mL of 0 4M
acetic acid Transfer the sample to a scintillation vial and count in scimntillation
fluid (e g., 12 mL Aquasol)

3. Use equal number of 33S-cpm from different cell lines for immunoprecipitation
and adjust volumes to 500 uL with 1X RIPA.

3.3.3 Immunoprecipitation of P-Glycoprotein

All steps are performed in 1.5 mL polypropylene microtubes at 4°C or on
ice unless indicated otherwise.

1. Add1 pg C219 MAD to antigen prepared in 500 ul. RIPA and incubate overmight
2. For each sample, preadsorb 50 uL Protein A sepharose with 5 pL rabbit
antimouse I1gG secondary antibody for 6G mun with rocking or other gentle

agitation (e g , rotating wheel). Spin for 2 min at 1000g and wash twice with
IX RIPA.
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3

Resuspend PAS containing secondary antibody 1n 50 ulL 1 x RIPA and add to
cell extract. Incubate for 2 h with rocking or other gentle agitation (e.g.,
rotating wheel)

Spmn for 2 min and wash once with 1 mL 1X RIPA, once with 1 mL 1X RIPA/
KCl, and once again with | mL 1X RIPA

Elute antigen and IgG from sepharose beads 1nto 400 pL EB by mcubating for 30
min at room temperature with rocking or other agitation Spin for 2 min and
transfer supernatant into new microtube

Precipitate proteins by adding 1/10 volume, i.e , 45 pL 50% (w/v) sucrose and
1/1 volume, 1.e , 450 pL cold acetone Freeze samples on dry 1ce or at —70°C
When you are ready for SDS-polyacrylamide gel electrophoresis, thaw samples
at —20°C for at least an hour Spin at 15,000g for 15 min 1n the cold, remove
supernatant and dry pellet briefly (2—5 min) i lyophilizer or SpeedVac Do not
overdry pellets or they will be difficult to resuspend

Resuspend pellets with 1X loading buffer for SDS polyacrylamide gel electro-
phoresis Since P-glycoprotein may aggregate at high temperature, do not boul,
but mncubate at 37°C for 5-10 mn before loading on low percentage gel (for best
resolution in high-mol-wt range, use gel containing 6-8% polyacrylamide) After
electrophoresis fix proteins 1n at least 5 gel volumes of gel fix for at least 30 min.
Subsequently soak gel for fluorography in Amphfy for 2030 min according to
the instructions of the manufacturer Dry gel and expose to X-ray film (e.g.,
Kodak XARS film) at —70°C

3.3.4. Quantitation of Immunoprecipitation

There are several different ways to quantitate immunoprecipitations which

are described 1n the following

1

2

Using a phosphoimager or similar instrument (e g., Bio-Rad GS-363 Molecular
Imager system)

The signals on the X-ray film can be quantitated by densitometry scanning (e g ,
PharmacialLKB UltroScan XL). X-ray films needs to be preflashed, if accurate
quantitation 1s required

The radiolabeled P-glycoprotein band can be excised from the SDS polyacryla-
mide gel, solubilized mm 1 mL 30% H,0,/1% NH,OH overnight at 37°C, and
counted 1n 20 mL Aquasol scintillation fluid

3.4. Western Blot Analysis

Conventional Western blotting 1s performed which includes the separation

of a mixture of proteins by SDS polyacrylamide gel electrophorests, followed
by electrophoretic transfer of the proteins to a sohid support (e.g., nitrocellu-
lose membrane or polyvinylidene difluoride [PVDF] membrane). After block-
ing of the membrane with nonspecific milk proteins, immunocomplexes are
formed with P-glycoprotein using C219 mouse MAb and sheep antimouse Ig
that 1s covalently coupled to horseradish peroxidase (HRP). Finally, the HRP-



152 Germann

labeled protein complexes are detected using the enhanced chemoluminescence
(ECL) Western blotting detection system If desired, the Western blot can also
be stained with DAB subsequently.

1 Prepare protem sample m 1X loading buffer for SDS polyacrylanude gel electro-
phoresis Protemn amount required for signal detection depends on the levels of
expression of P-glycoprotein. For unknown samples, 1t 1s recommended to 1ni-
tially load the maximum amount of sample without overloading the gel Heat
samples at 37°C for 10 mn, but do not boil since P-glycoprotein may aggregate
Load and run a low percentage (6—8%) SDS polyacrylamide gel and include a
prestained molecular weight marker 1n a control lane

2 Tranfer proteins to mtrocellulose (045 por 0.2 w) or PVDF membranes using
Towbin transfer buffer Use prechulied transfer buffer (4°C) and apply current of
approx 0 7 mA/cm? of gel for 1 5-2 h. The prestained markers are used to ascer-
tamn the quality of the Western transfer

3 Incubate the blot 1n approx 0.1 mL/cm? blocking solution at room temperature
for 1 h with gentle agitation (e g, rocking)

4, Dascard the blocking solution and immediately add the same volume of
primary antibody solution Incubate overnight at 4°C with gentle agitation
(e g, rocking)

5 Wash blot for at least 30 min at room temperature with DPBST (>1 mL/cm?)
Change DPBST 4-5 times, then wash once with DPBS

6 Add secondary antibody solution (approx 0 1 mL/cm?) and incubate for 1 h at
room temperature with gentle agitation (e g, rocking)

7 Wash with DPBST for at least 30 min Change DPBST 4-5 times

8 Perform ECL detection according to mstructions of manufacturer (Amersham)
Briefly drain membrane until no liquid 1s visible (do not blot dry) To avoid
artefacts, this 1s done best by holding the blot with forceps at one corner, letting
the opposite corner touch a Whatman filter paper and airdry the membrane (but
be careful not to overdry the blot) Then wrap the semidry membrane with Saran
Wrap and immediately expose to X-ray film Start with an exposure of 1 mun,
develop film and adapt exposure time according to signals (from 1 s up to 1 h)
For quantitative purposes, the signals should be 1n the hinear range of the X-ray
film and X-ray film should be preflashed If signals are too strong even upon
exposure of 1 s, prechill film cassette including membrane for 10 min at —20°C,
this will slow down signal detection

9 If ECL detection shows high background, wash blot several times with DPBS
and repeat ECL detection

10 If background is still too high, wash blot several times with DPBS and try stain-
ing with DAB solution (approx 0.1 mL/cm?) Unfortunately 1t 1s impossible to
suppress background staining completely, thus, 1t 1s very important to monitor
the course of the peroxidase reaction closely As soon as desired signals have
optimal intensity, rinse the blot briefly with delonized water and transfer 1t to a
tray containing approximately 250 mL DPBS Photograph the blot as soon as
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possible to obtain a permanent record of the experiment, since signals will fade
after several hours of exposure to hight
11. Quantitate P-glycoprotein signals (e g , by densitometry scanning, see Section 3 3 4.).

4. Notes

1. P-glycoprotein subjected to SDS polyacrylamide gel electrophoresis always
appears as a characteristic broad band with an apparent 145,000—180,000 mol wt
The apparent molecular weight of P-glycoprotein depends on the host cell line, it
1s generally somewhat lower in mouse than human cell lines presumably due to
differences in glycosylation. Protein fusions with P-glycoprotein will have an
increased apparent molecular weight, depending on the size of the fusion partner
Again the signals for such hybrid proteins are generally broad

2 It 1s very important to include positive and negative controls 1n all experiments
The KB-3-1 and KB-V1 cell lines are ideal control cell lines which are available
from ATCC. KB-3-1 1s a drug-sensitive subclone of the human adenocarcinoma
cell line HeLa. KB-V1 was derived from KB-3-1 via two steps of mutagenesis
with ethyl methanesulfonate (EMS) and multiple steps of drug selection 1n
increasing concentrations of vinblastine (35) The KB-V1 cell line 1s maintained
at 1 pg/mL vinblastine and exhibits a relative resistance of 213 for vinblastine,
422 for Adriamycin, and 171 for colchicine when compared with the KB-3-1
parental cell line (35) The MDRI1 gene in the KB-V1 cell line 1s amplified
(approx 100 copies are present) (36), and KB-V1 cells express approximately
320-fold higher levels of MDR1 mRNA than KB-3-1 cells (37) P-glycoprotein
levels expressed in the KB-V1 cell line are estimated to represent approximately
1% of the total plasma membrane protein (M M Gottesman, personal communi-
cation), thus, P-glycoprotein 1s readily detectable in KB-V1 cells

3 Generally 1t 1s advisable to use two or more antibodies for detection of P-glyco-
protein to corroborate specificity of the reagents The protocols are described for
C219 mouse MAD, but similar protocols can be used for C494 or JSB-1 mouse
MADb It 1s recommended, however, to titer all antibodies for individual experi-
ments since different lots of MAbs may vary in their quality. Thus, the amounts
of antibodies indicated n the protocols have to be considered approximate Some
nonspecific signals may have to be expected depending on the cell line analyzed
C219 may cross-react with muscle myosin (38) C494 has been reported to cross-
react with pyruvate carboxylase, a mitochondrnial protein of an apparent 130,000
mol wt (39)

Polyclonal rabbit antisera have been prepared by several laboratories (e.g ,
anti-P, anti-C, 4007, 4077, antt-PEPG2, anti-PEPG13, 22,40,41), these may be
useful for both immunoprecipitations and Western blot analysis of P-glycopro-
tein, although nonspecific background will be somewhat higher than with MAbs
Obviously the protocols described above would have to be adapted to include the
appropriate secondary antibodies

Alternatively, 1f human P-glycoprotein is used as a selectable marker, whole
cells can be subjected to fluorescence activated cell sorting (FACS) analysis using
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the mouse MAbs MRK 16 or 4E3 and a secondary antibody that carries a fluores-
cent tag (e g , fluorescein isothiocyanate (FITC)-conjugated secondary antibody)
It 1s important to include 1n each analysis an IgG2a 1sotype-matched negative
control primary anttbody. MRK16 and 4E3 can also be used to immunoprecipi-
tate P-glycoprotein from metabolically or surface labeled cells, but they require
different protocols, € g., incubation of cells with primary antibody before lysis
and/or use of mild detergents for the preparation of cell lysates (27,42) Several
other human P-glycoprotein-specific MAbs have been developed by different
laboratories, but many of them are not commercially available (43)

4 The sensitivity of various methods for detection of P-glycoprotein has not been
determined accurately to date and can only be estimated Metabolic labeling with
35S-methionine may give somewhat higher sensitivity than photoaffinity labeling
with H-azidopine, although experiments performed with *H-azidopine can be
exposed to X-ray film for extended periods of time (several months as opposed to
several weeks for experiments with 3S-methionine) to increase the sensitivity of
detection 3H-azidopine, however, will label less proteins than 33S-methionine,
and the specificity of labeling of P-glycoprotein can be analyzed by competition
assays with nonlabeled cytotoxic agents. Western blot analysis of crude membrane
preparations has sumilar sensitivity as immunoprecipitation of radiolabeled cells

Experiments have been performed with a series of multidrug resistant KB cell
lines which have demonstrated that P-glycoprotemn can be detected in KB-8-5
cells, which are three- to sixfold resistant to various drugs compared with KB-3-1
cells, but not 1n KB-8 cells which are only twofold resistant (44) Levels of P-glyco-
protein in drug-selected mdr-transfectants are generally high enough to allow
detection of P-glycoprotein If problems occur and no P-glycoprotein is detected,
1t 15 advised to analyze MDR1 mRNA levels. Different methodologies have been
established to measure MDR1 mRNA levels, including Northern blot analysis,
slot/dot blot analysis, RNase protection assay, in situ hybridization and reverse
transcriptase-polymerase chain reaction (RTPCR), the last one being the most
sensitive (45)

5. The protocols described have been optimized for MDRI1-transfected cells that
grow as monolayers such as human HeLa cells or mouse NIH 3T3 cells, but they
can also be performed with other cell Iines, including cells that grow 1n suspen-
sion. Depending on the size of the cells, the cell number may have to be adapted
Most protocols can be scaled up or down proportionally

6 The protocols described 1n this chapter are optimized for detection of human
P-glycoprotein and need to be modified for concomitant detection of coexpressed
proteins Depending on the half-life of the protein, metabolic labeling with 3°S-
methionine may have to be performed for a shorter time period (1-2 h) and 1n this
case, starvation of cells for 1 h in methionine-free growth medium may enhance
efficiency of labeling. Proteins containing only few methionine residues, but
many cysteine residues can be labeled efficiently with mixtures of 33S-methion-
e and 3*S-cysteine (e.g., Tran®3S-label, ICN Radiochemicals). Tran35S-label
will also label P-glycoprotein efficiently and 1s more reasonably priced than pure
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35S-methionine. Cell growth medium that 1s depleted m methionine alone, or both
cysteine and methionine can be used For the analysis of proteins coexpressed
with P-glycoprotein, the preparation of cell extracts will have to be adapted, e.g.,
by including additional protease mhibitors, by using mulder or stronger deter-
gents, or by 1solating different cell fractions using differential centrifugation,
sucrose gradient centrifugation, or percoll density gradient fractionatton

Not every cytotoxic agent that represents a substrate for the multidrug transporter
will block *H-azidopine photoaffinity labeling of P-glycoprotein efficiently (30)
Vinblastine, actinomycin D, or doxorubicin interfere, but not colchicine (46)
Many MDR modulators will also inhibit *H-azidopine labeling of P-glycoprotein
(30) The efficacy of blocking *H-azidopine labeling of P-glycoprotein depends
on the concentration and the P-glycoprotein 1soform, so competitive agents need
to be titrated Since 3H-azidopine and competitive agents are incubated with
P-glycoprotein for 1 h before crosslinking occurs, the order of adding these
reagents 1s not important. As described mn Section 3.1 2, viable cells containing
P-glycoprotemn at the cell surface are used for *H-azidopine labeling Alterna-
tively, crude membranes (50-100 pg protein per sample) prepared from P-glyco-
protein-expressing cells can be used. Labeling of whole cells, however, appears
more efficient and gives lower background. Step 4 m Section 3 1 2 1s optional
The 3H-azidopine labeling protocol can be scaled up several-fold, but 1t 1s impor-
tant to limit the volume in steps 4 and 5 to 100 pL

With regard to the yield of proteins, extractions with RIPA buffer or triton elu-
tion buffer (see Sections 32 1 and 3.2.2 ) are similar The triton extraction pro-
tocol has the perhaps marginal advantage that the extracted proteins, if necessary,
can be concentrated by using acetone precipitation For the preparation of triton
extracts, the sonication step (step 3) 1s quite crucial and determines how effec-
tively protems are extracted. A Teqmar sonic disruptor may not be accessible in
every laboratory Other types of sonicators may be used alternatively, but sonica-
tion time should be adjusted (e g , three times a second for much more effective
sonicators that use a microtip, such as Heat Systems Ultrasonic processor XL, or
5 mun with much less effective sonication bath, such as Cole-Palmer 8851). The
DNAse reaction 1s often completed before step 4, so the incubation of the sample
at 37°C may eventually be skipped or shortened, especially 1f labile proteins
coexpressed with P-glycoprotein are to be analyzed

Usually it 1s sufficient to 1solate crude membranes to detect low levels of P-gly-
coprotein by Western blot analysis If required, plasma membranes can be puri-
fied by differential centrifugation, or via sucrose or percoll density gradient
fractionation. Generally such protocols require, however, a higher number of cells
for the experiment

The radioimmunoprecipitation protocol usually gives very low background. If
background 1s too high, bovine serum albumin (BSA) can be used to block non-
specific binding to protein A sepharose. Protein A sepharose 1s ncubated with
BSA before rabbit antimouse secondary antibody 1s bound and/or BSA can be
added to the extract (final concentration 10 mg/mL) Occasionally 1t 1s helpful to
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use several different concentrations of radiolabeled extract to establish the
immunoprecipitation protocol As indicated 1n Note 3, antibodies may vary from
lot to lot, thus, they need to be titered Occasionally shortening of incubation
periods may also help to reduce the background. The method described for elut-
1ng proteins from protein A sepharose (step 5 in Section 3 3 3.) involves a rela-
tively large volume of elution buffer and, therefore, 1s quite quantitative The
subsequent acetone precipitation, however, may cause problems since occasion-
ally the acetone precipitate 1s difficult to dissolve Sucrose 1s added during the
acetone precipitation to make the pellet easter to suspend As an alternative to
steps S and 6 1n Section 3 3 3, immunoprecipitated proteins may be eluted from
the protein A sepharose in 1X SDS polyacrylamide gel loading buffer directly
Since *H-azidopine labels P-glycoprotein more specifically than *3S-methion-
ine, preadsorption of cell extracts to Staphylococcus aureus protein A may
not be required When comparing different H-azidopine-labeled cell lines,
the protemn extracts should be normalized for protein content rather than for
incorporated radioactivity
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Detection and Isolation of Recombinant Proteins
from Mammalian Cells
by Immunoaffinity Chromatography: p53

Jamil Momand and Bahman Sepehrnia

1. Introduction

Recombinant proteins can be purified through immunoaffinity chromatog-
raphy. The advantage of this technique over conventional chromatography
methods is the reduced number of steps required for purification. However,
owing to the high avidity of antibodies for their respective antigens, it is often
difficult to elute the recombinant protein from the immunoaffinity column
without denaturing the antibody or protein antigen. If the antibody binding
epitope on the recombinant protein 18 mapped to a short primary sequence a
synthetic epitope peptide can be used to elute the protein from the antibody
under mild conditions. This technique has been employed to elute proteins from
immunoaffinity columns with the retention of biological function.

This chapter sets out to describe the methods for:

The growth of monoclonal antibody (MAb)-secreting hybridomas,

The purification and preparation of antibodies for coupling to activated resin,
The growth and harvesting of mammalhian cells expressing recombinant proten,
The application of soluble cellular lysate to the immunoaffinity column, and
The elution of the recombinant protein from the column

R S

Recombinant p53 1s used to 1llustrate this methodology. However, this protocol
should be applicable to the purification of any recombinant or native protein
that contains a defined epitope of short sequence and for which the antibody is
available. A brief background of the p53-specific MAb used for the purifica-
tion and the source of mammalian expressed recombinant p53 1s presented,
followed by the detailed protocol.

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc , Totowa, NJ
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P53 was first detected as a cellular protein in transformed cell lines utilizing
polyclonal antiserum derived from mice or hamsters infected with SV40 virus
(1,2). Spleen cell/myeloma hybridomas were generated from a mouse 1njected
with syngeneic tumor fragments from animals nyected with SV40-transformed
murine cells (3). Whereas several MAbs denved from the spleen of this mouse
recognized SV40 viral encoded proteins, one MAb, PAb421 (ongmally named
L21), was observed to detect a cellular protein called pS3. The MAb PAb421
belongs to the IgG2a class and binds amino acid residues 370-378 of murine p53
(4,5) It 1s 1deally suited for purifying recombinant p53 because 1t recognizes
most mutant and wild-type forms of p53 from a variety of different species (3,6).

As with any method, there are limitations to immunoaffinity chromatogra-
phy. Conveniently, a few studies employing PAb421 can be used to illustrate
these limitations. It has been reported that there are some forms of recombinant
p53 and native p53 not recognized by PAb421 (7,8). One mechanism that pre-
vents binding 1s phosphorylation of p53. It has been shown that at least one
serine residue within the PAb421 epitope of p53 can be phosphorylated in vivo,
and that the phosphorylated p53 1s unable to bind PAb421 (9,70). Another
mechanism that prevents an antibody from binding its target protein, is alterna-
tive sphicing of mRNA. Murine p53 mRNA has been shown to undergo an
alternative splicing reaction resulting in the replacement of 26 carboxyl termi-
nal amino acid residues with 17 amino acids derived from intron 10 (71,12).
The PAb421 epitope lies within the region of p53 that 1s spliced out. A third
mechanism leading to epitope loss 1s a conformational alteration of pS3. Sev-
eral missense mutations in the central region of pS3 have been shown to lead to
an abnormal conformation incapable of binding DNA. This altered conforma-
tion masks the epitope usually recognized by the MAb called PAb246 (6). The
missense mutations giving rise to the altered conformations actually lie outside
of the actual epitope. In sum, an antibody may not recognize 1its protein target
due to posttranslational modifications, alternative splicing of its mRNA, or
conformational changes. This warrants some caution in using this technique
(see Note 1). Notwithstanding these potential pitfalls, however, immunoaffinity
chromatography remains an effective method to quickly purify recombinant
proteins from a variety of sources.

As a source of pS53, our laboratory used rat embryo fibroblasts transfected
with a plasmid overexpressing mutant murine p53 (6) This cell-line was
derived from primary rat embryo fibroblasts transformed by cotransfection of
a plasmid expressing activated H-ras and a plasmid expressing mutant murine
p53. Focus-forming cells were cloned and screened for p53 expression by
immunoprecipitation of the soluble cell lysates after metabolically radiolabel-
ing the cells with 3*S-methionine. The p53 was separated from bound antibody
on a denaturing sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and
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detected by autoradiography. Recombinant p53 was purified from these cells
by constructing a column containing the PAb421 antibody covalently bound to
crosslinked agarose (13). P53 was specifically eluted by incubation with a 14
amino acid residue epitope peptide encompassing amino acid residues 370—
378 of p53. A scaled-up version of this immunoaffinity chromatographic pro-
cedure was used to copurify a 90 kDa polypeptide along with p53. Through
protein sequence analysis, it was identified as the product of the MDM?2 proto-
oncogene (14). An immunoaffinity column constructed with PAb421 has also
been used to purify p53 from Spodoptera frugiperda insect cells infected with
a recombinant baculovirus expressing human p53 (15). The p53 was shown to
bind DNA 1n a sequence-specific DNA manner and activate transcription 1n
vitro (16—18). These studies demonstrated that immunopurified p53 retained
biological activity after purification.

2. Materials
2.1. Columns and Column Resins

1. Precolumn resin for protein A-Sepharose column SepharoseCL-4B (Sigma,
St. Louts, MO).

2. Empty, low-pressure glass column for SepharoseCL-4B resin‘ 1 x 5 ¢cm Econo-

Column (Bio-Rad, Hercules, CA).

Resin for purifying PAb421 antibody. protein A-Sepharose CL-4B (Sigma)

4 Empty, low-pressure glass column for protein A-Sepharose CL.-4B 1 5 x 20 cm
Econo-Column (Bio-Rad)

5 Precolumn resin for immunoaffinity column' BioGel A-5m 100-200 mesh (Bio-Rad)

6. Empty, low pressure glass column for BioGel A-5m 1 x 5 cm Econo-Column
(B1o-Rad)

7 Resin for immunoaffinity column Affigel-10 or Affigel-Hz (Bio-Rad)

8. Empty low pressure glass column for immunoaffinity resin' 1 5 x 20 cm Econo-
Column (B1o-Rad)

(98]

2.2. Buffers

1 Lysis buffer 50 mM Tris-HCI, pH 8 0, 5 mM EDTA, 150 mM NaCl, 0.5%
Nonidet-P40 (v/v)

2. Phosphate-buffered saline (PBS)' 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,,
1.4 mM KH,PO,.

3 TEN buffer: 50 mM Tris-HCL, pH 74, 5 mM EDTA, 150 mM NacCl, 0.5%
Nonidet-P40 (v/v).

4 SNNTE buffer. 5% sucrose (w/v), 1% Nonidet-P40 (v/v), 500 mM NaCl, 50 mM
Tris-HCI, pH 7 4, 5 mM EDTA.

5. RIPA buffer. 20 mM Tnis-HCI, pH 7 4, 150 mM NacCl, 1% Triton X-100 (v/v),
1% deoxycholate (w/v), 0.1% sodium dodecy! sulfate (w/v)

6 TBS buffer' 15 mM Tris-HCl (pH 7.4), 140 mM NaCl, 5 mM KCl, 3 mM MgCl,.
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2.3. Other Materials

1 Epitope peptide LKTKKGQSTSRHKK (see Note 2)

2. Beckman UltraClear Centrifuge Tubes (25 x 89 mm)

3 Phenylmethylsulfonylfluoride (abbreviated as PMSF) 100 mM stock stored 1n
ethanol at 4°C. This 1s available from Sigma

4. Pepstatin (Boehringer Mannheim, Mannheim, Germany) 1 mM stock stored in
ethanol at 4°C

5 E-64 (Boehringer-Mannheim): 1 mM stock stored 1n water at 4°C

6 Dulbecco’s modified essential media (Irvine Scientific, Santa Ana, CA),
stored at 4°C

7. Heat-mactivated fetal calf serum (Irvine Scientific)' heat-inactivated 1n the labo-
ratory by incubation at 55°C for 30 mun, stored at —20°C

8 Penicillin/streptomycin solution to prevent microbial growth mn cultured cells
(Irvine Scientific)' penicillin G 10,000 U/mL, streptomycin sulfate 10,000
ug/mL 1 normal saline This stock solution 1s diluted 100-fold 1n the final
tissue culture medium

9 3-[(3-Cholamidopropyl)-dimethylammonio]-2-hydroxyl-1-propanesulfonate
(Sigma). this 1s a detergent abbreviated as CHAPS.

3. Methods
3.1. Growing MAb-Secreting Hybridomas

1 Maintain PAb421-secreting hybridoma cells (see Note 3) at a density of 10°
cells/mL 1n media consisting of 90% Dulbecco’s modified essential media
(DMEM), 10% heat-inactivated fetal calf serum, 100 U/mL penicillin G, 100
ug/mL streptomycin in a humidifying incubator of 5% CO, at 37°C Grow
the cells 1 T-700 flasks (Becton Dickinson, Franklin Lakes, NJ) The cells grow
1n suspension as well as attached to the plastic surface Tilt the flasks at a slight
angle against the inside wall of the incubator. This provides a large surface area
for some of the cells to attach Unscrew the cap enough to allow incubator gases
to equulibrate with the media

2 Swirl the flasks once a day to allow for proper mixing of the cells with the media
Remove a small aliquot (100 uL) of the cell suspension to quantify the cell den-
sity with a Coulter counter Add media to the growing cells to maintain a density
of 109 cells/mL.

3. When the flask 1s filled to capacity (approx 500 mL) and the cell density has
reached 10° cells/mL, allow the cells to incubate another three days before har-
vesting. Clear the supernatant by centrifugation at 2300g for 20 min at 4°C in a
swinging bucket rotor Remove the supernatant to fresh storage tubes and maintain at
4°C for a maximum of three days prior to application to the protein-A Sepharose
column. For long-term storage, store the hybridoma supernatant at —20°C
Recentrifuge the supernatant just prior to application to the protein A-Sepharose
column The concentration of antibody 1n the hybridoma supernatant ranges from
1 to 5 pg/mL (see Section 3.2.2 for determination of antibody concentration)
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3.2. Purification and Preparation of Antibodies
for Coupling to Activated Resin.

1

Swell 1 5 g of protein A-Sepharose CL4B at a ratio of 1.14 (w/v) m TEN buffer
for at least 1 h at room temperature Wash the swollen resin (6 mL vol) twice in
TEN buffer by gentle mixing Remove each wash by centrifugation at 1500g for
5 min Resuspend the washed resin 1n 10 vol of TEN buffer and pour into a 1.5 x
20 cm Econo column connected to a peristaltic pump located 1n line postcolumn
Pack the column at a flowrate of 0.5 mL/min Pack a 1-mL precolumn with
SepharoseCL-4B 1n TEN buffer in a similar fashion Attach the outlet of
precolumn to the mlet of the protein A-Sepharose column with tygon tubing

Apply the hybridoma supernatant to the column at a flowrate of 0.5 mL/min at
4°C The flowrate can be adjusted with the peristaltic pump After one pass, wash
the protein-A Sepharose column with seven column volumes of 0 1/ sodium
borate, pH 9.0 Elute the PAb421 antibody with 0 1M sodium citrate, pH 4 0 into
prealiquoted glass borosilate tubes (13 x 100 mm) containing 1.5 mL of 1 0M
Tri1s-HCI, pH 8.0 Ths step neutralizes the PAb421 antibody solution as quickly
as possible to avoid denaturation by the acidic eluant. Quantify the amount of
PAb421 1n each fraction with a Bradford assay (available from Bio-Rad) using
manufacturer-supplied sheep IgG as a protein standard (19) Pool the antibody-
containing fractions Run a small aliquot of the pooled fractions (1-3 pg) on 10%
SDS-PAGE and stain with Coomassie brilliant blue R (Sigma) to ensure that the
antibody heavy and light chains (relative mol wts of approx 55 and 25 kDa,
respectively) are present (20). The amount of antibody obtained from 3 7 L of
hybridoma supernatant was 56 mg, and the final concentration was 1 8 mg/mL.
Concentrate the antibody to 5.4 mg/mL with an Amicon Ultrafiltrator (Amicon,
Beverly, MA) using a YT membrane with a mol-wt cutoff of 30,000 Dialyze the
concentrated antibody against coupling buffer (Bio-Rad), and couple the anti-
body to Affigel-10 or Affigel-Hz according to the manufacturer’s mstructions
(B1o-Rad) Determine the amount of antibody covalently bound to the column by
measuring the protein concentration of the antibody 1n the coupling buffer before
and after coupling with the Bradford assay In our hands, approx 73% of the
PAb421 coupled to Affigel-Hz resulting 1n 2.73 mg of antibody coupled per mL
of column bed. To verify that antibody did couple to the resin, run the resin on
SDS-PAGE and visualize the heavy and light chain of the antibody by Coomassie
stamning. If Affigel-Hz is employed, the antibody covalently couples to the resin
through the Fc domain (via oligosaccharides) so that the Fab domain 1s free to
interact with antigen Boul the antibody-coupled resin 1n samptle buffer (20) This
results 1n the dissociation of the hight chain and heavy chain The heavy chain, for
the most part, remains covalently bound to the resin. Thus, during electrophore-
sis most of the heavy chain bound to the resin remains 1n the well of the stacking
gel and the light chain mgrates to 1ts normal relative size of approx 25 kDa mol
wt (see Note 4) Store the affimity column as a 50% slurry 1n lysis buffer supple-
mented with 0.01% sodium azide
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3.3. Growth and Harvesting Mammalian Cells
Expressing Recombinant Protein

1. The source of p53 used for our studies has been transformed A-1 rat cells
expressing recombmant murine p53 (6) P53 constitutes 0 1-0 24% of the
total soluble protein 1n these cells and represents the highest level of p53
expression in mammalian cells reported (13,7/4) Grow the cells 1n 90%
DMEM, 10% heat-inactivated fetal calf serum, 100 U/mL pemcillin G, 100
ug/mL streptomycin in a humidifying incubator of 5% CO, at 37°C Maintain
cells 1n 15 cm diameter dishes and split 1:5 or 1:10 when cells form a
confluent monolayer

2 After the cells have reached confluency (approx 5 x 10 cells per plate) discard
the media and add approx 3 mL of ice-cold PBS to each plate Scrape the cell/
PBS mixture with a rubber policeman (we use a customized 6 cm wide rubber
policeman but commercially-available cell lifters [Costar, Cambridge, MA] will
suffice) With a Pasteur pipet, transfer the suspended cells to a 50 mL, graduated,
conical polypropylene tube (Becton Dickinson, Franklin Lakes, NJ) prechilled
on rce Perform the next steps at 0—4°C unless otherwise noted Typically, 10
plates of cells can be combined in one 50-mL tube

3 Spin the cells 1n a refrigerated clinical centrifuge at 1000g for 5 min, Discard the
supernatant and store the cell pellet at —80°C until the next step

3.4. Application of Soluble Cellular Lysate
to the Immunoaffinity Column

1 Add 2 mL of lysis buffer per 15-cm dish of confluent cells to each cell pellet. To
inhibit proteolysis of p53 during the purification, supplement the lysis buffer
with protease mnhibitors at a final concentration of 1 mM PMSF, 1 uM E-64, and
1 uM pepstatin (see Note 5). Thaw the frozen cell pellet/lysis buffer mixture on
1ce for 20 min and occasionally vortex to disperse the pellet

2 Sonicate the resuspended cells at a ratio of one 10-s pulse/mL of suspended cells
on a Branson Somfier (Model 250, Danbury, CT) equipped with a water/ice-
filled cuphorn. Set the control setting to three. This gives an output power of 75
W Submerge the capped 50 mL tube contamning the suspended cells into the
cuphorn just above the metal horn Use one hand to hold the tube steady, and
the other to control the sonicator output (wear hearing protective earmuffs)
Deliver a 10-s pulse for each round of sonication. Wait approx 30 s between each
pulse to prevent the lysate from warming during sonication. Care 1s taken to re-
plenish the cuphorn with 1ce during large preparations to keep the lysate cold
during this procedure.

3. Pour the lysate into Beckman UltraClear centrifuge tubes and centrifuge at
100,000g for 1 h 1n a SW28 rotor Fill the tubes to capacity (approx 38 mL) and
balance them to prevent tube failure during the centrifuge run If not enough
lysate 1s available to completely fill the centrifuge tube 1t can be topped off with
lysis buffer
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4 Immediately transfer the supernatant to an Erlenmeyer flask and apply to the

PAb421 column equipped with a 1-mL precolumn at a flowrate of 0 25 mL/min.
Ensure that the bead size of the precolumn 1s the same as the bead size of the
affinity column to maintain the proper flowrate. The precolumn serves two pur-
poses* to filter insoluble material not removed by the centrifugation step and to
bind nonspecific proteins prior to encountering the PAb421 column, It 1s impor-
tant to change the precolumn once every 6 h during the run to prevent clogging
Failure to change the precolumn results in drawing air into the PAb421 column.
This may denature the PAb421 antibody. Save a small aliquot of the lysate (0.1-1
mL) before and after each column pass and store at —80°C for recovery analysis.

3.5. Washing the Column and Elution of the Recombinant Protein

L.

(%]

Remove the resin from the column, place m a 50-mL Falcon tube, and batch
wash (see Note 6). For high stringency washing, wash the column twice with
four volumes of the following buffers:

Lysis buffer.

Lysis buffer, 5 mM CHAPS.

Lysis buffer, 350 mM NaCl

Lysis buffer, 500 mM L1Cl

0 12M sodium thiocyanate (pH 7.5), 0.5% Nomdet-P40

Lysis buffer

For each wash step, gently rock the resin/buffer shurry 1-3 s. Remove the wash
buffer by centrifugation at 1500g for 3 min Avoid vigorous mixing as it can
damage the column.

For most purposes a nonstringent wash will be sufficient and lead to recombinant
protemn that 18 90-98% pure. For nonstringent washing, the resin should be
washed with lysis buffer, SNNTE, RIPA, and again with lysis buffer (see Note 7).
Elute the p53 by adding four volumes of 0.25 mg/mL (w/v) epitope peptide in
lysis buffer. Rock the resin/buffer slurry for 1 h and collect the eluted p53 by
centrifugation as described 1n Section 3 5 1. Store the supernatant containing
the p53 at —80°C.

If the column is saturated after the 1nitial pass of lysate, reapply the flow-through
to the column after equilibration with lysis buffer (see Note 8).

Store the column 1n lysis buffer supplemented with 0.01% (w/v) sodium azide at 4°C.
Assess p53 recovery by immunoblot analysis and assess purity by SDS-PAGE
followed by silver staining. Figure 1A 1s an autoradiograph of an immunoblot
monitoring the presence of p53 during purification. Lane 1 represents the level of
P53 in the soluble cell lysate prior to purification. Lane 2 represents the level of p53
remaining in the lysate after one pass through the column. A comparison of the
p53 level in lane 1 and lane 2 suggests that the column was saturated and that the
lysate from the first pass could be used to obtain more p53. Lane 3 shows the
level of p53 eluted from the column after incubation with the epitope peptide

Since 1t appeared that the column was saturated, the lysate from the first pass was
reapplied to the column Lane 4 shows the level of p53 eluted from the column

-0 0o o






Immunoaffinity Chromatography 169

after reapplying the lysate from the first pass This indicated that residual pS53
remaining n the lysate after the first pass could be captured by the same column
Lane 5 represents the p53 that remains bound to the column after the second
peptide elution This demonstrated that removal of p53 from the column with
peptide was not 100% efficient (see Note 8) Lane 6 shows the level of pS3
remaining in the lysate after the second pass through the column. There was very
little p53 remaining 1n the lysate after the second pass through the column. This
indicated that the majority of p53 could be removed from the initial lysate after
two successive passes through the affinity column (compare lane 1 and lane 6).
The purity of p53 was assessed by SDS-PAGE followed by silver staining
(Fig. 1B) Lane 1 shows the silver staining pattern of 1 0 pg of mol-wt standards
Lane 2 shows the silver staining pattern of 0 05 ng of molecular weight stan-
dards Lane 3 1s the silver staining pattern of proteins eluted from the column
with the epitope peptide The minor polypeptides other than p53 may be
copurifying proteins that form a tight complex with p53 in vivo

4. Notes

1

One must be cautious when choosing a MAb for purification of proteins As men-
tioned 1n the introduction a variety of mechanisms can prevent an antibody from
binding to 1ts target protein Therefore 1t 1s important to ensure that the recombi-
nant protemn expresses the correct epitope prior to constructing the immuno-
affinity column. To address this issue, metabolically radiolabel cells with
35S-methionine and immunoprecipitate the recombinant protemn with the anti-
body and protein A (or protein G) covalently bound to cross-linked agarose. The
choice of protein A or protein G for immunoprecipitation depends on the IgG
species and subclass (see ref. 2/; Tables 1 and 2 in Chapter 15) The recombinant
protein 18 1dentified by its relative migration to protein standards on SDS-PAGE
followed by autoradiography.

The epitope peptide was synthesized by the FMOC method on a semiautomated
synthesizer (22). The peptide cleaved from the solid phase support can be puri-
fied by HPLC reverse phase chromatography However, we have observed that
this purification step is not required

. PAb122 15 another MAb with the same epitope on p53 as PAb421 and can be

used as a substitute for PAb421 (23) Hybridoma cells secreting PAb122 are
available from the American Type Culture Collection.

Pipeting the coupled resin for SDS-PAGE analysis can be tricky. For quantita-
tive analysis always start with a 50% (v/v) slurry. Cut 2—4 mm off the end of a
200-pL Pipetman yellow tip with a razor blade. Vortex the slurry so that the resin
is homogeneously suspended and withdraw the required amount for analysis Bozl
the resin 1n SDS-PAGE sample buffer (20) and use another clipped pipet tip to
load all of the suspended resin plus sample buffer into one well of a Laemmh gel.
Three protease inlubitors (PMSF, E-64, and pepstatin) are used because they
mhibit three major classes of mammalian proteases—serine, cysteine, and aspartic
proteases, respectively (24) See ref. 24 for storage conditions and shelf-life.
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6 Although batch washing and elution 1s quicker than conventional column wash-

ing, manipulation of the resin outside of the column invariably leads to loss of
some resin. We have recently altered our protocol so that these steps can be
accomplished without removing the resin from the column Preliminary evidence
indicates that the purity and yield of the recombinant protein 1s as high as batch
washing and elution Remove the precolumn and wash the immunoaffinity col-
umn with four column volumes of each wash buffer at a flowrate of 2 4 mL/min

After the final wash step, drain the buffer such that the meniscus resides just
above the wet column bed Gently layer the epitope peptide solution onto the
column bed with a Pasteur pipet Connect the inlet and outlet lines to each other
to make a closed loop and use the peristaltic pump to circulate the peptide solu-
tion through the column at a flowrate of 2 4 mL/mun for 1 5 h Recover the pep-
tide-eluted protein by draining 1nto a polypropylene tube

Recombinant p53 expressed mn mammalian cells sometimes forms a tight com-
plex with the endogenous chaperone protein hsc70 (25) To specifically remove
hsc70, incubate the column-bound p33 1n three column volumes of TBS and 1 mM
ATP after the last wash step (/3) Hsc70 hydrolyzes the ATP and simultaneously
dissociates from the p53 Gently rock the column 1n the TBS/ATP mixture for
1 h at room temperature and remove the free hsc70 by centrifugation or column
elutton The p53 that remains bound to the column can be removed by epitope
peptide elution

We have observed some residual p53 remaining on the PAb421 column after
peptide elution (see Fig 1A, lane 5) It 1s possible that the tightly-bound p53
represents a distinct subpopulation of p53 with a higher affinity for the antibody
than the major fraction of pS3 Removal of the tightly-bound p53 by further pep-
tide elution has failed. Attempts to remove the tightly-bound pS53 with stripping
buffers such as acid, ethylene glycol, or buffers containing a high salt concentra-
tion have either been ineffective or have resulted in damage to the column
(assessed by the presence of antibody 1n the recovered stripping buffer).
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Yeast GAL4 Two-Hybrid System

A Genetic System to Identify Proteins
That Interact with a Target Protein

Li Zhu

1. Introduction

The yeast two-hybrid system is a powerful 1n vivo method for 1dentifying
novel genes encoding proteins that interact with a protein of interest (7,2) The
system offers several innovations for identifying interacting proteins over con-
ventional biochemical methods such as coimmunoprecipitation and affinity
copurification. The two-hybrid system 1s the first genetic and molecular
approach to detect interacting proteins, and the assay 1s performed in vivo rather
than 1n vitro, which allows detection of interacting proteins 1n their native con-
figurations. Consequently, the two-hybrid system has an unparalleled level of
sensitivity to detect weak and transient protein interactions (3). In addition, the
molecular methodology used enables immediate access to the gene encoding
the interacting protein of interest. The two-hybrid system can be used either to
screen a hibrary for a gene encoding a protein that interacts with a known target
protein or to test known proteins for interaction. The significant impact of the
two-hybrid system on this field 1s demonstrated by the many recent discoveries
of interacting proteins using the system (4—36) and by the rapid proliferation of
two-hybrid-based technologies (37,38)

The yeast GAL4 two-hybrid systems (such as the MATCHMAKER Two-
Hybrid System, Clontech, Palo Alto, CA) have been reported 1n the majority of
successful two-hybrid studies. In addition, several modified two-hybrid sys-
tems for specific applications have been reported (39,40) The underlying prin-
ciples have also been used to identify proteins interacting with target DNA
sequences (one-hybrid system; 4/—48), to 1dentify a third protein that meduates
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recognizes and binds to a sequence (UAS) in the upstream regions of GAL4-
responsive genes, whereas the AD contacts other components of the machinery
needed to initiate transcription. The presence of both domains, if physically sepa-
rated, is not sufficient to activate the responsive genes (53,54). In the two-hybnd
system, the two GAL4 domains are separately fused to genes encoding proteins
that interact with each other, and the recombinant hybrid proteins are expressed in
yeast. Interaction of the two hybrid protemns brings the two GAL4 domains in
close enough proximity to form a functional activator that activates transcrip-
tion of reporter genes, making the protein interaction phenotypically detectable.

To use the two-hybrid assay, the gene encoding the target or “bait” protemn
must already be cloned. This gene is ligated into a DNA-BD vector to generate
a fusion between the target protein and the DNA-BD. Likewise, a cDNA library
(or when testing for an interaction between two known proteins, a second gene
encoding a potentially interacting protein; see Note 1) is constructed and ligated
mnto a special AD vector to generate fusions between the proteins encoded by
the library cDNAs and the AD. A wide variety of cDNA libraries constructed
i AD vectors are now commercially available In the two-hybrid screening
procedure, the two hybrid plasmids are cotransformed into a special yeast
reporter strain, such as HF7¢ (55) used in the MATCHMAKER System.

The library screening procedure described here uses two different reporter
genes, HIS3 and lacZ, both of which are under the control of GAL4 responsive
elements. Yeast transformed with both DNA-BD/target and AD/library plas-
mids are plated on a mimmmal medium lacking leucine (Leu) and tryptophan
(Trp) to select for transformants that contain both plasmids. The medium also
lacks histidine (His), to select for colones expressing interacting hybrid pro-
teins. If the DNA-BD/target protein interacts with an AD/library protein (both
of which are targeted to the yeast nucleus), a functional GAL4 transcrip-
tional activator is reconstituted and reporter gene expression 1s activated
(56). The HIS3 nutritional reporter gene provides a simple yeast growth
selection for cells expressing interacting proteins and is used for identify-
ing positive clones 1n an 1nitial library screening (Fig. 2). Primary
transformants that express the HIS3 gene (His") are then tested for expression
of the second reporter gene, lacZ, using a filter assay for B-galactosidase activ-
1ity. This second assay reduces the background of false positives arising in the
His selection. All double positive clones are further tested to eliminate any
persisting false positives (57; Figs. 3 and 4).

2. Materials
2.1. Plasmids and Yeast Strains

1 The MATCHMAKER two-hybrid system is available from Clontech This kit
provides two yeast reporter strains (HF7c and SFY526), a standard GAL4-BD






GAL4 Two-Hybrid System 177

Construct DNA-BD/target plasmid

Sechon |

¥
Titer Two-Hybrid Plasmid Libraries

4
Amphfyflasmxd libraries

echon 3

Y

Isolate plasmid

¥
Verify yeast sirain phenotypes
If)’ y Sejhon I3 f fyp

¥

Perform control experiments
Section 3 3

v

Cotransform yeast strein
Sacton 3 4

Y

Select for HIS3 expression
echon 3

v
Assay for B sgclactosndase activity

echons 3

v

Eliminate false positives
Sachon 3 6

L]

Confirm interaction independently
Sechon 3 6

Fig. 3. Guide to the two-hybrid system protocols

901, eu2-3, 112, gal4—542, gal80-538, LYS2  GALI-HIS3, URA3  (GAL4
17-mers) ~CYCl—lacZ (see Note 2; 55) URA3 (but not Lys2) 1s functional in HF7¢.

2.2. Yeast Growth and Maintenance

1. YPD medum. 20 g/L Difco peptone, 10 g/L yeast extract, 20 g/L agar (for plates
only) Add H,O to 950 mL. Adjust pH to 5 8, autoclave, and cool to ~55°. Add
dextrose (glucose) to 2% (50 mL of a sterile, 40% stock solution per liter)

2. SD medium (see Note 3) 6.7 g/L Difco yeast nitrogen base without amino acids
(Difco), 20 g/L agar (for sohid medium only) Add H,O to 850 mL/L, add 100 mL of
the appropriate 10X dropout solution, adjust to pH 5 8, autoclave, and cool to ~55°C
Then add 50 mL of a sterile, 40% dextrose stock solution per liter of medium
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1. Segregate multiple AD/library
plasmids within a single colony. \ /

* Restreak colonies
* Repeat B-gal assay

2. Sort persistent positive clones / \
into groups.
* PCR amplfy msens

* Restriction digest DNA

* Electrophorese samples
* Compare banding patterns
3. Chaose one representative from

each group. v v

4. Generate clones harboring only =
the AD/library plasmid.
* Transform £ coh
* Complement leu 8
* Isclate plasmid
5. Confirm two-hybnd interactions
and identify false positives in
transformation experiments.
* Retransform plasmids
* Select for markers
6. Discard false positives, save * Assay for B-gal actvity

true positives.

7. Verify true positives with an
mdependent method. * Sequence cDNA inserts
* Express and coimmunoprecipitate protein

Fig. 4. Procedures for eliminating false positives

3. 10X Dropout solution' 10X dropout solutions contain all but one or more of the
components 1n Table 2; which components are omitted depends on the selection
medium desired. To prepare SD/~Trp/~Leu, for example, use a 10X dropout
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Table 2
Component Stock Solutions for 10X Dropout Media
Component Stock concentration, mg/L Sigma cat. no.
1 L-Isoleucine 300 1-7383
2 1-Valine 1500 V-0500
3 L-Adenine hemisulfate salt 200 A-9126
4 p-Argimie HCl 200 A-5131
5 L-Histidine HCl monohydrate 200 H-9511
6 L-Leucine 1000 L-1512
7 L-Lysine HCI 300 L-1262
8 L-Methionine 200 M-9625
9 L-Phenylalanine 500 P-5030
10 L-Threonine 2000 T-8625
11 L-Tryptophan 200 T-0254
12. L-Tyrosine 300 T-3754
13. L-Uracil 200 U-0750
4 Z buffer with B-mercaptoethanol. Used only if the highest sensitivity level 1s
desired. To 100 mL of Z buffer, add 0.27 mL of B-mercaptoethanol (Sigma)
5 Whatman #5 or VWR grade 413 paper filters. 75-mm diameter filters for use

with 100-mm diameter Petr1 plates, 125-mm diameter filters for 150-mm plates
(Or, special order 85-mm and 135-mm filters directly from Whatman )

Liquid mitrogen

O-nitrophenyl pB-p-galactopyranoside (ONPG) solution: Prepared fresh prior to
use (Sigma) 4 mg/mL 1n Z buffer, mix well

M Na2CO3.

2.5. Plasmid Preparation from Yeast

3.

4

S.

3.

. Yeast lysis solution 2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCI
pH 8 0, 1.0 mM EDTA

Phenol chloroform’ 1soamyl alcohol (25:24:1): Prepare with neutralized pH 7 0
phenol (see ref. 58 for information on equilibrating phenol)

Acid-washed glass beads (average diameter, 425-600 um; Sigma)

95% and 70% EtOH

3M NaOAc

Method

3.1. cDNA Library Amplification

cDNA libraries suitable for two-hybrid screening are usually constructed in

AD vectors, such as pGAD424, pGAD10 (52), pGADGH, pGADGL (8), and
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pACT (7). The libraries are typically provided to the users as Escherichia
coli transformants.

1 To obtain enough plasmid for yeast transformations, plate £ coli transformants
on selective medium (e.g., LB+ amp agar) at a high density, 20,000 colonies/
150-mm plate, so that the resulting colonies are nearly confluent Plate enough
transformants to obtain at least 2—3 times the number of independent clones 1n
the library Approximately 100-150 150-mm plates will be necessary (see Note 4)
Incubate plates at 37°C overnight.

Scrape the colonies into 1-2 L of LB+amp broth.

Incubate at 37°C for 2-4 h with shaking

Perform a large-scale 1solation of highly purified plasmid using a standard proto-
col (58)

P NREN

3.2. Yeast Maintenance
3 2.1 Yeast Phenotype Verification

1 Before starting any transformations, verify nutritional requirements by streaking
3—4 colonies of HF 7¢ from the working stock onto four separate SD plates SD/~Trp,
SD/—Leu, SD/~His, and SD/~Ura.

2 Incubate plates at 30°C for 4—6 d for the phenotype to appear Yeast stramns grow
slower on SD than on YPD medium.

3. Compare your results with the following: SD/~Trp, no growth; SD/—Leu, no
growth;, SD/-His, slow growth (see Note 5); and SD/~Ura, normal growth

4 Use reddish colonies from the verified working stock plate to moculate liquid
cultures for preparing competent cells

3.2 2. Yeast Strain Maintenance

1 To recover the strains, make a working stock plate of strain HF7¢ by streaking
some frozen stock onto a YPD (or appropriate SD) agar plate. Incubate the plate
at 30°C for 3-5 days to grow to 2 mm 1n diameter (see Note 6)

2 To prepare stock cultures of new yeast transformants, use a sterile inoculation
loop to scrape a few 1solated colonies from a plate (less than 3 wk old) Thor-
oughly resuspend the cells in 500 pL of H,O or YPD medium Transfer to 510
mL YPD and grow 14-18 h,

3. Toprepare a long-term stock, add sterile glycerol to 50% volume of the saturated
liquid culture. Tightly close the cap. Shake the vial before freezing at —70°C

4. For short-term storage, yeast strains can be kept on culture plates Seal with
Parafilm and store plates at 4°C for up to 2 mo.

3.3. Control Experiments

Before committing to a full-scale library screening, perform control yeast
transformations to verify two-hybrid system function. Also, be aware of
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Table 3
g-gal Control Transformation Results
DNA BD AD SD medium Expected colony color
pCL1 — —Leu blue
— pGAD424 —Leu white
pGBT9 — ~Trp white
pVA3 — ~Trp white
pVA3 pGADA424 —Leu, —Trp white
— pTD1 —Leu white
pGBT9 pTDI1 —Leu, —Trp white
pVA3 pIDI1 ~Leu, -Trp blue
pLAMS' — —Trp white
pLAMS' pTD1 —Leu, —Trp white
pLAMS' pCL1 —Leu, -Trp blue

the occurrence of false positives, and the potential for false negative results
(see Section 3.5.; Note 7) and design appropriate control experiments when-
ever possible. For example, bona fide interactions may be missed if the hybrid
proteins are not stably expressed 1 yeast; are not localized to the yeast nucleus;
are not expressed at a sufficient level; or if the GAL4 domains interfere with
the ability of the test proteins to mteract (49). Another potential cause of false
negatives, at least 1n the case of some mammalian proteins, 1s that yeast may
not provide the proper posttranslational modifications required for native fold-
g or interactions. To avoid unnecessary confusing results, the following con-
trols should be conducted:

1 To verify two-hybrid system function, follow the small-scale transformation
mnstructions 1n Section 3 3. and use control plasmid combinations recommended
n Table 3.

2 To help eliminate false positives, demonstrate that the target protein cannot
autonomously activate the reporter genes when fused to the DNA-BD, for
example, owing to the presence of cryptic transcriptional activation sequences
(see Note 8)

3. To use sequential transformation in a library screening (see Section 3.4.), you
should demonstrate that your target protemn 1s not toxic to yeast cells when
expressed. Therefore, compare the growth curves of untransformed cells with
cells transformed with your DNA-BD/target plasmid

4. Perform a Western blot to verify that the target protein 1s expressed 1n yeast (59).
If the antibody against your bait protein 1n not available, you can use a GAL4 BD
MADb (available from Clontech) to detect hybrid protein expression It may be
necessary to do immunoprecipitation using the same antibody 1n order to detect
the hybrid protein by Western blot
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Table 4
Guide to Yeast Transformation Protocols

Scale Suggested uses

Small Perform control experiments
Verify that DNA-BD/target protein does not autonomously activate
reporter genes
Look for toxicity effects of DNA-BD/ target protein
Transform with DNA-BD/target plasmmd as first step of sequential
transformation
Practice for larger-scale protocols

Large Only 1f no DNA-BD/target protein toxicity to yeast cells 1s found you may
Use for “sequential” method of library transformation (1050 pg of plasmid)
Practice for first attempt at library transformation

Library  Used more often than large-scale transformation
Perform simultaneous cotransformation (100500 ug of plasmud).
Screen 1- 5 x 106 independent clones
Avoid possible toxicity of DNA-BD/target protein to yeast cells.

3.4. Two—Hybrid Library Screening

To perform a two-hybrid screening, you must introduce two fusion genes,
either simultaneously or sequentially, into competent yeast reporter cells by
transformation (see Table 4; Note 9). For example, you must transform
competent HF7¢ cells with both the AD/library and the DNA-BD/target
plasmids. Large-scale, sequential transformation (named LARGE below)
1s recommended if there 1s no selective disadvantage to cells expressing the
DNA-BD/target protein (1.e , the protein 1s not toxic to the cell), because
the transformation efficiency is higher than with simultaneous cotrans-
formation. For large-scale sequential transformation, prepare competent
HF7c that has been previously transformed with the DNA-BD/target plas-
mud, except use SD/~Trp medium for the overnight culture and YPD for the
second culture. Then perform a large-scale transformation with the second plas-
mid using these cells.

Library-scale simultaneous cotransformation (see Table 5) is sometimes
preferable to large-scale sequential transformation, even though the transfor-
mation efficiency 1s lower than with sequential transformation. Specifically,
library-scale simultaneous cotransformation 1s preferable when expression of
the DNA-BD/target protein 1s known to be toxic to the cell or to avoid potential
toxicity problems. In either case, to screen 1 x 109 independent cDNA clones,
50 150-mm diameter plates are needed.



Table 5
Yeast Transformation Protocol at Three Different Scales
Transformation scale

Small Large Library

1. Inoculate several 2—3-mm colonies into YPD 05mL 05mL 05 mL
2 Vortex vigorously to disperse the clumps
3. Transfer this into a flask containing YPD 50mL  50mL 100 mL

(see Note 10)
4. Incubate at 30°C for 16—18 h with shaking at 250 rpm
to stationary phase (ODggp>1 5)
5 Transfer enough overnight culture to produce an
ODggp = 0.2-0.3 into YPD: 300 mL 300 mL 1L
6 Incubate for 3 h at 30°C with shaking at 230 rpm.
7 Centrifuge the cells at 1,000g for 5 min at room
temperature (20-21°C)
8. Discard the supernatant and vortex to resuspend

the cell pellet in H,O- 50mL  50mL 50 mL
9. Centrifuge the cells at 1,000g for 5 min at room
temperature
10. Decant the supernatant
11. Resuspend the pellet in fresh 1X TE/LiAc. 1.5mL 1.5mL 8 mL
12 Prepare PEG/LiAc solution 10 mL 10 mL 100 mL
13 Add each type of plasmid 0tpg 10-50pg 0.1-0.5mg
with herring testes carrier DNA: 01 mg 2 mg 20 mg
to each tube and mix
14. Add yeast competent cells to each tube and mix well: 0.1 mL 1 mL 8 mL
15. Add sterile PEG/L1Ac solution to each tube and vortex 0.6 mL 6 mL 60 mL
16. Incubate at 30°C, 30 min, with shaking at 200 rpm
17 Add DMSO to 10% and mix gently by inversion 70 uL 700 puL 7 mL

18. Heat shock for 15 mun 1n a 42°C water bath Swirl
occasionally to mix (large- and library-scale only)
19. Chill cells on 1ce

20. Pellet cells by centrifugation for Ss 5 min 5 min
(swinging bucket rotor best) at 1000g 1000g 1000g

21 Remove the supernatant

22. Resuspend cells in 1X TE buffer: 0lmL 10mL 10 mL

23. For hbrary screening, spread 100 uL onto each 100-mm plate or 200 pL onto each
150-mm plate containing the appropriate SD medium (see Note 11)

24. Incubate plates, colony side down, at 30°C until colontes appear.

25 For library screening, after 2-3 d, some His* colonies will be visible, but incubate the
plates for 8 d, to allow slower growing colonies (i e , weak positives) a chance to appear
(see Note 12).

26. Streak out His* colonies on fresh SD/~ Trp/~Leu/— His master plates

27 Perform P-galactosidase filter assay on the original plates containing freshly trans
formed colonies and on fresh master plates containing restreaked His* colonies.

28 Seal master plates with Parafilm, and store at 4°C for up to 3—4 wk

29 Calculate transformation efficiency to estimate the number of clones that you screened
(see Note 11)
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3.5. Confirmation of Positive Clones
3.5.1. Colony Lift B-galactosidase Filter Assay.

1 For blue/white colony screening, prepare Z buffer/X-gal solution (see Note 13)

2. Presoak one Whatman #5 or VWR grade 410 filter for each plate of transformants
to be assayed 1n this solution by adding 1 75 mL of Z buffer/X-gal solution to a
clean 100-mm plate. Then layer a 75-mm filter onto the liquid to soak it up (see
Note 14)

3 Place a sterile, dry filter over the surface of the agar plate containing transformants

4. Freeze/thaw permeabilize the cells by carefully lifting the filter off the agar plate
with forceps and transferring 1t with colonies facing up 1nto liquid nitrogen.

5 Completely submerge the filters for 10 s or until uniformly frozen

6 Remove filter and thaw 1t at room temperature.

7. Carefully place the filter, colony side up, on a presoaked filter (step 2). Do not
trap air bubbles under or between filters

8. Incubate the filters at 30°C and check periodically for the appearance of blue
colonies Colonies producing B-galactosidase typically take 30 min to 8 h to turn
blue. Incubation >8 h often gives false positives. However, certain strains, for
example those transformed with pCL1, a wild-type GAL4 control, will turn blue
within 20-30 min.

9. Pick the corresponding positive colonies from the original plates, and transfer
them to fresh medium If all of a colony was lifted onto the membrane, pick it
from the filter, or incubate the plate for 1-2 d to regrow the colony

3.5.2. Liquid Culture B-galactosidase Assay with ONPG as Substrate

The ONPG assay provided here 1s the standard -galactosidase assay; how-
ever, the CPRG assay (see MATCHMAKER Library Protocol) may be prefer-
able for detecting weak interactions, because they may not be quantifiable by
ONPG (18).

1. Inoculate a yeast HF7¢ colony into 5 mL of SD/~Leu/~Trp/~His liquid medium
Grow overnight at 30°C with shaking at 250 rpm (see Note 15)

2. Duissolve ONPG at 4 mg/mL in Z buffer with shaking for 1-2 h.

3 Inoculate 2 mL of overmight culture nto 8 mL of YPD liquid medium.

4. Grow culture at 30°C for 35 h with shaking at 230-250 rpm, until the ODgq, =

0.5-0.8.

Vortex for 0.5-1 min to disperse the culture. Record exact ODgq

6. Put 1.5 mL of culture into each of three 1.5-mL tubes Centrifuge at 14,000 rpm
for 30 s

7 Carefully remove supernatants. Wash and resuspend each pellet in 1 5 mL of Z
buffer per tube 18.

8. Spin cells again, and resuspend 1n 300 uL of Z buffer, thereby concentrating cells
5X Reread the ODgqy to correct for sample variation Try several dilutions of
cells, 1f necessary, to remain within the linear range of the assay.

W
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9. Add 100 pL of cell suspension into a fresh microcentrifuge tube

10 Place tubes 1n liqud nitrogen until the cells are frozen

11 Thaw 1n a 37°C water bath for 30 s—1 min

12. Setup a blank tube with 100 uL of Z buffer

13. Add 0.7 mL of Z buffer plus B-mercaptoethanol to reaction and blank tubes (do
not add prior to freezing)

14 Start timer Immediately add 0.16 mL of ONPG 1n Z buffer to reaction and blank
tubes

15. Incubate tubes at 30°C.

16. After yellow color develops, add 0.4 mL of 1M Na,COj to the reaction and blank
tubes. The time needed will vary. ~3-5 min for pCL1, ~1 h for pVA3/pTD1; and
weaker interactions may take 24 h

17. Record elapsed time 1n min.

18 Spin reaction tubes for 10 min at 10,000g to pellet cell debris

19. Calibrate spectrophotometer against the blank at 4,5,

20 Carefully remove supernatant and read OD 4, of the samples relative to the blank

(see Note 16)
21 Calculate B-galactosidase units, where 1 U B-galactosidase hydrolyzes 1 pmole
of ONPG to o-nitrophenol and D-galactose per min (60), as follows

B-galactosidase units = 1000 x ODg0/(t x V x ODgqq)

where t 1s the elapsed time (1n min) of incubation, V 1s 0 1 mL X concentration
factor, and ODygpy 15 Aggo of 1 mL of culture

3.6. Elimination of False Positives

In the yeast two-hybrid screening, true positive clones exhibit reporter gene
expression only when the AD/library plasmid 1s cotransformed with the DNA-
BD/target plasmid. False positives are His* or LacZ* yeast transformant colo-
nies that carry plasmids that do not encode hybrid proteins that directly interact.
Such colonies arise 1n a two-hybrid system for several reasons (see ref. 57 for
more 1information). Sometimes either the AD/library or DNA-BD/target plas-
mid alone can activate reporter gene transcription, or the activation comes from
promoter regions other than the UASga1 4. Yeast strain HF7¢ employs HIS3
and LacZ reporter genes with different promoters, which eliminates many false
positives. However, you should test positives to determine that their activity 1s
specific for your target protein hybrid (Fig. 4).

3.6.1. Sort Multiple Positive Clones into Groups

1. Restreak the initial positive clones (see Note 17)
Reassay completely 1solated colonies to verify the B-galactosidase phenotype

3. Isolate plasmids from a 5-mL culture of each positive clone as mn Section 3 6.2.,
steps 210

4 Dassolve plasmud in 10-20 pL of TE buffer
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5 PCR-amplify the cDNA inserts using Activation Domain Insert Screening
Amphmer Set (Clontech)

6. Digest the PCR-amplified inserts with a frequent-cutting restriction enzyme, such

as Alul or Hae |

Electrophorese a sample of the digest on an EtBr agarose gel

Compare the restriction digest pattern of the clones

Identify those positive clones that have similar-sized fragments, and sort 1nto groups

Choose one representative clone from each group for further analysis

S 0 o~

1

3.6.2. Segregate Plasmids by LEU2 Complementation in E. coli

Complementation of a bacterial LEU2 gene deficiency can be used specifi-
cally to recover the AD/hibrary plasmmd without the DNA-BD/target plasrmd
This procedure 1s necessary to test for false positives and to further character-
1ze the AD/library plasmid of interest. The procedure involves 1solating plas-
mids from yeast, transforming them nto £ coli, and selecting for the AD/
library plasmid using 1ts LEU2 to complement an E coli leuB mutation in
HB101. Plasmids 1solated from yeast using the quick lysis procedure described
here are contaminated with yeast genomic DNA; therefore, the plasmuds are
not suitable for restriction mapping or sequencing, and electroporation 1s rec-
ommended for a high transformation efficiency (see Note 18) (For protocols,
see refs. 58 and 61.)

1 Prepare electrocompetent leuB E coli cells (1e, HB101) (61)
2 Culture 3—4 individual His*, LacZ* transformant yeast colonies each in 5 mL of
SD/— Leu hiquid for only 1 d
3. Fill a 1.5-mL tube with culture and spin at 10,000g for 5 s at room temperature to
pellet the cells

4 Decant the supernatant Vortex to resuspend the pellet 1n residual iquid

Add 0.2 mL of yeast lysis solution.

Add 0 2 mL of phenol.chloroform.isoamy!l alcohol (25-24 1) and 0 3 g of acid-

washed glass beads Vortex vigorously for 2 mm

Spin at 10,000g for 5 min at room temperature.

Transfer the supernatant to a clean 1 5-mL tube

9. Add 1/10 vol 3M NaOAc, pH 5 2, and 2 5 vol ethanol to precipitate the DNA

10. Wash the pellet with 70% ethanol and dry under vacuum

11. Resuspend the DNA pellet 1n 20 pL of TE buffer.

12. Add 1 uL of the plasmud to 40 uL of the leuB E. coli cells and perform the
electroporation.

13 Plate cells on M9 medum contaming 50 pg/mL ampicilhin, 40 pg/mL proline,
and 1 mM thiamine-HCI (see Note 19)

14 TIsolate plasmuids from Leu*, Amp' leuB E coli transformants using a standard
miniprep procedure (58)

15 Venify plasmid genotype by restriction enzyme digestion

N

o~
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Table 6

Cotransformation Experiments to Eliminate False Positives

No Purpose Plasmid 1 Plasmuid 2 SDmedium  Fortrue+
1 Confirm phenotype  None AD/library —Leu White?

2 Confirm phenotype =~ DNA-BD/target AD/library -Trp/~Leuw/~His  Blue®

3 Test for autonomous DNA-BD/no msert AD/library —Trp/~Leu/~His  White°
lacZ activation

4 Identify artifactual DNA-BD/control*  AD/library —Trp/~Lew~His ~ White?
interactions

9Reconfirm the LacZ™ Trp auxotrophic phenotypes

bB-gal negatives could be due to the segregation of multiple AD/library plasmids present in one
original colony 1f one plasmid encodes an interacting hybrid protein, whereas the other does not, you
will see the B-gal positive phenotype 1n the 1mtial assay, however, subsequent plasmid segregation will
result in both f3-gal negative and positive phenotypes among the 1solated colonies

‘False positives here may result from a chance interaction between the candidate library protein and

the GAL4 DNA-BD, which activates lacZ expression

4False positives here may be revealed when, for unknown reasons, the presence of a DNA-BD/
control protemn activates the reporter gene This could happen 1f the AD/library plasmid encodes a
protein that does not bind to the DNA-BD/target protem but interacts with promoter sequences flanking
the GAL4 binding site, or to proteins bound to the flanking sequence

¢Use a GAL4 DNA-BD/any unrelated protein fusion plasmid

3.6.3. Transformation Experiments to Eliminate False Positives

1 Using information provided in Table 6, conduct experiments 1—4, retransforming
the plasmid(s) into yeast strain HF7c as shown

2 Assay transformants for -galactosidase activity

3 Referto Table 6 for the results expected when lacZ expression 1s truly dependent
on nteraction of the two hybrid proteins

4 Discard false positives, save true positives

3.6.4. Additional Tesis
to Confirm Genuine Protein—Protein Interactions

Some investigators may wish to conduct one or more of these two-hybrid
tests to provide additional evidence for a genuine protein—protein interaction

1 Move the library insert from the AD to the BD vector and vice versa, and then
perform the two-hybrid assay again (2,49).

2 Test the library and target mserts using a different system, such as the /ex4 two-
hybrid system (39,40).

3. Create a frameshift mutation just upstream of the library insert in the AD vector (38)
Using the unmutated AD/library vector mn a positive control experiment, cotransform
AD/mutated hbrary and DNA-BD/target vectors into HF7¢, and test for lacZ expres-
ston The frameshift mutation should knock out the reporter gene expression
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3.6.5. Independent Methods to Verify True Positives

Although the yeast two-hybrid 1s an 1n vivo assay, the interactions detected
could differ from those that occur under physiological conditions. Therefore,
one should reconfirm the two-hybrid screening results with independent methods.

1. Sequence mserts in the AD/hibrary plasmids using AD junction primers (Clontech)

2 Venfy interactions 1dentified by the two-hybrid approach by an independent
methodology, for example, by overexpression and coimmunoprecipitation. You
could transfer the gene into an overexpression vector, express the encoded pro-
tein at high levels, and purify it Then fix the protein to a chromatographic col-
umn to bind and fractionate the target protein from a cellular extract Elute bound
protens, and assay for the presence of the target protein by an immunoassay (7, 62)

3 Ifpossible, identify the functional relationship between the target protein and the
interacting protemn 1solated from the yeast two-hybrid screening (such as
described in refs 76,34, and 36)

4. Notes

1 Procedures for using the two-hybrid system to test two known proteins for inter-
action, although similar to those described here, are not detailed 1n this chapter
When using two known proteins in the two-hybrid assay, the main difference 1s
that nutritional selection (using the HIS3 reporter gene) for interacting proteins 1s
not necessary, because all cotransformants contain both potentially interacting
proteins. Consequently, yeast strain SFY526 1s often used because 1t has lacZ
under the control of a stronger promoter

2 The yeast GALI promoter contaming an UAS 1s fused to lacZ in SFY 526 and to
HIS3 i HF7¢ In addition, in HF7c, three copies of the GAL4 17-mer consensus
sequence and the TATA region of the CYC! promoter are fused to lacZ. GAL!
UAS and the G4AL4 17-mer both respond to the GAL4 transcriptional activator.
The native GAL1 1s a stronger GAL4-responding promoter

3 Synthetic dropout (SD) 1s a minimal medium used 1n yeast transformations to
select for specific phenotypes It includes a yeast mtrogen base, a carbon source,
and a stock of “dropout” solution that contains essential nutrients, such as amino
acids and nucleotides One or more essential nutrients are often omutted to select
for transformants carrying the corresponding nutritional gene

4. Growing the transformants on solid 1nstead of liquid medium minimizes uneven
amplification of the individual clones

5 HF7c will grow very slowly on SD/—His, owing to a low level, leaky expression
of the HIS3 reporter gene If desired, this leaky expression can be effectively
suppressed by 5 mM 3-aminotriazole

6 Yeast colonies should appear slightly pink or red (from the ade2—101 mutation)
and grow to >2 mm in diameter However, small white colonies will form at a
rate of 1-2% owing to spontaneous mutations that eliminate mitochondrial func-
tion Avoid these whte colonies, For additional information on yeast genetics, ref
63, Guide to Yeast Genetics and Molecular Biology (Clontech), 1s recommended
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7.

10

11

12,

13

14.

Failure to detect interaction between two proteins that normally interact 1n vivo
will result 1n false negatives. If high-level expression of one or both of the hybrid
protemns is toxic to the cell, transformants will not grow. Sometimes truncation of
one of the proteins will alleviate the toxicity and still allow the interaction to
occur Alternatively, vectors providing a low level of expression may be used. It
also may help to construct hybrids containing different domains of the target

protein (see ref 48)

If autonomous activation by the DNA-BD/target construct 1s observed, 3-AT

added to the growth medium may sufficiently suppress the background signal so

that the target can be used. Alternatively, 1t may be possible to delete the activat-
ing regions from the target molecule before using 1t 1n a two-hybrid screening

This L1Ac method for preparing competent yeast cells was developed by Ito (64)

and modified by Schiestl and Gietz (65), Hill (66), and Gietz (67) to give a higher

frequency of transformation (10*-10° transformants per pg of single plasmid)

Two plasmids can be introduced simultaneously mnto one strain but this reduces

the efficiency to 10°~10* transformants/ug of DNA For best results, use competent

cells for transformation immediately. However, 1f necessary, storage at room tem-
perature for several hours should not significantly reduce competency

Use SD/~Trp (instead of YPD) for overmight culture for second sequential

transformation.

To estimate transformation efficiency n large- or library-scale experiments,

spread 10, 1, and 0.1 pL of the transformation mixture plus 100 uL of H,O on

separate SD/~Trp/~Leu 100-mm plates Calculate transformation efficiency as

{#colonies/# pL spread) X (10,000 pL/# pg of DNA) = cfu/ug, and then calculate

the amount of DNA needed to screen 1-5 x 106 clones

Not all of the transformants surviving this selection will be “true” positives. Dur-

ing the initial ibrary screening, beware of the following other types of colones.

a Background growth small colomes in which a low level of leaky HIS3
expression 1n the HF7¢ host strain permits slow growth on SD/~His medium
The true His* clones are robust, reddish-brown, and can grow to >2 mm 1n
diameter. 5 mM 3-AT (Sigma) added to the selection medium is sufficient to
suppress HF7c background growth.

b. False positives may occur owing to the forturtous cloning of HIS3 transcrip-
tional activators or other activators that appear to require the presence of both
types of hybrid proteins, but are not dependent on interactton between the
hybrid proteins (57). This 1s why screening for the expression of the second
reporter gene (lacZ) 1s necessary. (See Section 3 5 for more information on
eliminating false positives.)

Thus assay can be done any time after colonies are visible, but best results will be

obtained using freshly transformed colonies 1-2 mm 1n diameter For best results,

moculate colonies onto filters placed on selection medium Incubate plate for 1—

2 days at 30°C, then lift out the filters and assay the colonies for B-galactosidase

activity (Section 3.4.1., steps 4-6)

You can use nitrocellulose filters, but they often crack when frozen and thawed.
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17.

18.
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To reduce variability, assay five separate transformants, and with each, perform
the assay 1n triplicate.

The cellular debris, 1f disturbed, will strongly 1nterfere with the accuracy of this
test. The OD should be between 0.02—1 0

Several different AD/library plasmids may be present in each -galactosidase
positive colony, therefore, purify each colony by restreaking 1t on SD/~Trp/~Leu
selection medium to segregate plasmids

If you can obtain a transformation efficiency of at least 107 cfu/ug DNA, using
standard chemical transformation procedures should be possible here See Kaiser
and Auer (68) for an alternative, rapid method for the transfer of a shuttle plas-
mid from yeast to £ coli.

For better recovery of transformants, add —Leu dropout solution supplement to
1X 1n the M9 medium (Section 2 2 )
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Alternative Yeast Two-Hybrid Systems
The Interaction Trap and Interaction Mating

Erica A. Golemis and Viadimir Khazak

1. Introduction

Since the original demonstration that for protems P1 and P2 known to inter-
act, 1t was possible to detect interactions between a DNA-binding domain
(DBD) fused P1 and activation-domain (AD) fused P2 by assaying transcrip-
tional activation of one or more reporter genes containing cognate DNA binding
site for the DBD (1), a number of groups have developed varants of this approach
for purposes such as mapping interaction domains on proteins, screening cDNA
libraries for novel interacting proteins, and screening novel proteins against
predetermined sets of known proteins to 1dentify which pairs interact. We here
describe strategies for these purposes utilizing the interaction trap (2), a two-
hybrid system variant developed n the laboratory of Roger Brent (Fig. 1).

In the mnteraction trap, the DBD function 1s provided by the bacterial protein
LexA, and the AD function 1s provided by bacterial sequences encoding an
amphipathic helix (“acid blob” B42) Two reporters are used to score activa-
tion: a Lex A operator -LacZ plasmid, and a LexA-operator LEU2 gene present
in single copy on the chromosome of an appropriate yeast strain. Plasmids
required for the interaction trap are shown in Fig. 2, and summarized in the
Section 2. The basic principles involved in the interaction trap are essentially
the same as those 1n the two-hybrid system. Therefore, the question arises as to
why to use one vs another system variant for studying protein-protein interac-
tions. The interaction trap has several unique advantages. First, because it uti-
lizes the bacterial Lex A protein rather than the yeast GAL4 protemn as DBD, it
is not necessary to use gal4 yeast strains, which are frequently unhealthy. Sec-
ond, in the case of library screens using yeast proteins, 1t 1s not necessary to

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc , Totowa, NJ
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which one of two putative interacting proteins 1s toxic in yeast. Finally, all
two-hybrid systems utilize chimeric fusion proteins to assay interactions. It
occasionally happens that an interaction can be scored readily using the two-
hybrid system and not at all with the interaction trap, or vice versa, presumably
because of particular steric problems with either the GAL4 or the LexA DBD,
or the GAL4 or the B42 AD Having more than one option available increases
the likelihood that a protein can be used effectively in a two-hybrid strategy.

The following describes three basic protocols for the interaction trap. The
first describes how to detect protein-protein interactions between two pre-
defined protein partners. The second describes how to rapidly screen a prede-
fined panel of proteins against each other or agamnst a novel proten to detect
patterns of interaction. The third describes how to screen a hibrary for novel
interacting partners for a given protein.

2. Materials

Note: All the protocols utilize an overlapping set of reagents Thus, all
materials necessary for the three basic protocols are presented here Plasmuds,
strains, and libraries are most readily obtained by writing to Roger Brent, whose
address 15 included at the end. In addition, a number of varants of the LexA-
fusion plasmids have been created to facilitate work with proteins that are toxic
or require unobscured amino-terminal segments. These also are detailed 1n the
Notes section at the end.

2.1. Plasmids (see Fig. 2)

1 pJK202 and pEG202, HIS3 plasmids for making LexA fusion protein with
(JK202) or without (pEG202) an incorporated nuclear localization sequence
Expression 1s from the constitutive ADH promoter

2 pJG4-5, TRPI plasmid for making a nuclear localization sequence-activation
domain-hemagglutinin epitope tag fuston to a unique protein or a cDNA library.
Expression 1s from the GAL1 galactose-inducible promoter

3. pl1840, pJK103, or pSH18-34, URA3 plasmids containing 1, 2, or 8 LexA opera-
tors upstream of the LacZ reporter gene, respectively.

4. pJK101, URA3 UASgar/LexA-operator/LacZ-reporter plasmid for repression assay

pSH17-4, HIS3 plasmid encoding LexA-GAL4, a positive control for activation

6. pRFHM 1, HIS3 plasmid encoding LexA-bicoid, a negative control for activation
and posttive control for repression.

2.2. Strains

1. Yeast strain EGY48 (MATo ura3 trpl his3 3LexAop-leu2).
2. Yeast stram EGY 191 (MATa ura3 trpl his3 1LexAop-leul).

(9}

These strains are derivatives of the strain U457 (a gift of Rodney Rothsten)
in which homologous recombination was used to replace the sequences
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upstream of the chromosomal LEU?2 gene operators for LexA derived from the
colE1 gene (3). EGY48 contains three such operators, and can bind up to 12
LexA monomers: EGY 191 contains one such operator, and can bind up to 4
LexA monomers.

3 Yeaststrain REY206 (MATa his3 D200 leu2-3 lys2D201 ura3-52 trplD. "hisG)
4 E coli strain KC8 (pyrF leuB600 trpC hisB463)

2.3. Reagents for LiOAc Transformation of Yeast

1 Stenle filtered [10 mM Tris-HCl pH 8 0, | mM EDTA, 0 1M hithrum acetate]

2. Sterile filtered [10 mM Tris-HCI pH 8.0, 1 mM EDTA, 0.1M lithium acetate,
40% PEG4000]

3 Sterile DMSO

2.4. Reagents for Minipreps from Yeast

1 STES lysis solution 100 mM NaCl, 10 mM Tris-HCL, pH 8 0, 1 mM EDTA,
0.1% SDS

Equilibrated phenol (pH ~7 0)

Chloroform.

100% Ethanol.

70% Ethanol

Acid-washed sterile glass beads, 0 45-mm diameter.

SRR

2.5. Reagents for p-Galactosidase Assays

Lysis buffer 0.1M Tris-HCY, pH 7 6 / 0.05%Triton-X-100

ONPG (o-nitrophenyl -p-galactopyranoside) Dissolve powder directly in Z

buffer.

3 Z-buffer. 16 1 gNa,HPO, - 7TH,0, 5 5 g NaH,PO, H,0,0 75 gKCl, 0 25 MgSO,
7H,0, made up to 1 L, pH adjusted to 7 0.

4, IM N32CO3

DN =

2.6. Plates for Growing Bacteria (100 mm)

1 LB supplemented with 50 pg/mL ampicillin.
2 KCS8 plates for selecting library plasmids, made as follows.
a Autoclave 1 L of dH,0 contamning 15 g agar, 1 g (NH,),S0,, 4 5 g KH,PO,,
10 5 g K,HPO,, and 0 5 g sodium citrate - 2H,0 Cool to 50°C
b Add 1 mL sterile filtered 1M MgSO, 7H,0, 10 mL stenile-filtered 20% glu-
cose and 5 mL each of 40 ug/mL stenle-filtered stocks of L-histidine, L-leucine,
and uracil Pour.

2.7. General Directions for Defined Minimal Yeast Medium

All minimal yeast media, liquid, and plates, are based on the following three
ingredients, which are sterilized by autoclaving for 1520 min:
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per L, 6.7 g Yeast Nitrogen base — amino acids (Difco, Detroit, MI)
20 g glucose or 20 g galactose + 10 g raffinose
2 g appropriate nutrient “dropout” mix (see below)

For plates, 20 g Difco bacto-agar (Difco) are also added.

A complete minimal nutrient mix mncludes the following.

2.5 g Adenine, 1.2 g L-arginine, 6.0 g L-aspartic acid, 6.0 g L-glutamic acid,
1.2 g L-histidine, 1.2 g L-1soleucine, 3.6 g L-leucine, L-lysme 1.8 g, 1.2 g L-methion-
ine, 3.0 g L-phenylalanine, 22.0 g L-serine, 12 0 g L-threonine, 2 4 g L-tryp-
tophan, 1.8 g L-tyrosine, 9.0 g L-valine, 1.2 g uracil.

Leaving out one or more nutrients selects for yeast able to grow m its absence,
1.e., containing a plasmid that covered the deficiency. Thus, “dropout medium”
lacking uracil (denoted ura- 1n the following recipes) would select for the presence
of plasmids with the URA3 marker, and so on. Note, the above quantities of
nutrients produce a quantity of dropout powder sufficient to make 40 L of medium:
1t is advisable to scale down for most of the below dropout combinations. Note,
premade dropout mixes are available from some commercial suppliers.

2.8. Plates for Growing Yeast (100 mm)

1 Defined minimal dropout plates, with glucose as a carbon source: ura-; trp-, ura-
his-, ura-his-trp-, ura-his-trp-leu-.

2. Defined minimal dropout plates, with galactose + raffinose as a carbon source-
ura-his-trp-leu-

3 YPD (rich medium)' per L, 10 g yeast extract, 20 g peptone, 20 g glucose, 20 g
Difco Bactoagar autoclave for ~18 min, pour ~40 plates.

2.9. Liquid Medium for Growing Yeast

1. Defined minimal dropout media, with glucose as a carbon source ura-his-, trp-
2 YPD: perL, 10 g yeast extract, 20 g peptone, 20 g glucose autoclave for ~15 mm

2.10. Plates
for Growing Yeast Library Transformations (240 x 240 mm)

Defined minimal dropout plates, with glucose as a carbon source-
ura-his-trp-. Each plate requires 200 mL medium.

2.11. X-Gal Plates

Start with the basic recipe for dropout plates, but mix basic ingredients n
900 mL of dH,0 rather than 1 L. Autoclave 20 min, and allow to cool to ~65°C;
then add 100 mL of sterile filtered 10X BU salts (1 L 10X stock = 70 g
Na,HPO, * 7H20, 30 g NaH,PO,, pH adjusted to 7.0, filter sterihized), and 2
mL of a 40 mg/mL solution of X-gal dissolved in dimethylformamide (DMF).
After pouring, plates should be stored at 4°C and protected from light
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X-Gal plates required for the experiments described below- ura-, made with
glucose; ura-, made with 2% galactose + 1% raffinose.

2.12. Miscellaneous

1 Replica block and velvets or disposable plastic replica blocks

2 Sterile microscope slide and/or

3 Sterile glass balls, 4 mm, #3000, Thomas Scientific

4 Sterile glycerol solution for freezing transformants (65% sterile glycerol, 0 1M
MgSQO,, 25 mM Tris-HC, pH 8.0)

3. Methods

3.1. Assaying Interactions
Between Two Predetermined Protein Partners

1 Use standard methods to clone the gene encoding proteins to be tested for inter-
action (P1 and P2) nto either the pEG202 or the pJK202 vector (referred to as
p-202 1n the following instructions), and 1nto the pJG4-5 vector This will allow
the testing of interactions 1n both orientations.

2 Transform the following combinations of plasmids into EGY48 yeast.

a p-202-Pl + pJG4-5-P2 +JK103 .. plate to ura-trp-his-
b p-202 -P2 + pJG4-5 -P1 + JK103 ....plate to ura-trp-his-
¢ pRFHMI + pJG4-5-P2 + JK103 plate to ura-trp-his-.
d pRFHMI1 + pJG4-5-P1 +JK103 plate to ura-trp-his-
e p-202 -P1 + pJG4-5 + JK103 plate to ura-trp-his-
f p-202-P2 + pJG4-5 + JK103 plate to ura-trp-his-
g pRFHMI + pJG4-5 + JK103 . .plate to ura-trp-his-

A standard, highly efficient means of performmg such transformation involves
the use of a lithium acetate solution to make yeast competent (4—6) Briefly:

1 Grow an overnight culture of EGY48 1n ~5 mL YPD lLiquid medium at 30°C
Stocks of EGY48 and other yeast strains can be maintained on parafilm-
wrapped YPD plates for several weeks at 4°C

1 In the morning, dilute the culture mto 50 mL fresh YPD liqud media to
approximately 2 x 106 cell/mL (ODg ~0 10) culture. Grow until approx 1 x
107 cells/mL (ODgqy ~0.50)

it Transfer culture to a 50 mL Falcon tube Harvest by spining at 1000—1500g
n a low-speed centrifuge, at room temperature, for ~5 min Resuspend 1n 30
mL sterile distilled water

v Repeat the spin at 1000-1500 g for S mimn Resuspend in 0 3 mL TE/ 1M LiAc
pH75

v Take s1x 1 5-mL Eppendorfs Into each, aliquot 1 pg of each plasmid DNA
and 10 pg high quality sheared salmon sperm carrier DNA (see Schiestl and
Gietz) For maximal efficiency, salmon sperm should be denatured by boiling
for ~5 min immediately before addition to reactions Total volume of DNA
added per tube should be less than 20 ul, and preferably less than 10 micro-
liters Add 50 pL of the resuspended yeast solution
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vt Add 300 microliters of sterile TE/lithium acetate/40% PEG4000 solution, and
mix thoroughly by inversion Incubate at 30°C for at least 30 mun 1f desired, the
icubation can then be placed at 4°C for storage overnight before proceeding
vit  Add DMSO to 10% (~40 uL) per tube. mix by inversion Heat shock 1n 42°C
heat block for 10 min, and plate ~200 uL of each tube’s contents on a ura-his-
trp- dropout plate, and 1ncubate until colomes are > 1 mm 1n diameter (23 d)
3. For each transformation, restreak at least six colonies to a ura-his-trp- master
plate (all s1x transformations can be pooled to a single plate with 42 streaks)
4. Restreak from the master plate to the following four tester plates: ura-his-trp-leu-
with glucose, ura-his-trp-leu- with galactose, ura-his-trp- X-gal plate with glu-
cose, ura-his-trp- X-gal plate with galactose; and incubate for 2472 h at 30°C.
5 The AD-fusion 1s expressed under the control of the GAL1 promoter Hence, 1t 1s
made at high levels 1n yeast grown on medium containing galactose as a carbon
source, but not on medium containing glucose as a carbon source If there 1s a
positive, specific interaction between the DBD and AD fused proteins, then colo-
nies deriving from transformations a and b will grow better on leu- galactose
plates, and will be darker blue on X-gal galactose plates than colonies derived
from c,d,e,f, and g In contrast, a,b,c,d,e,f, and g will grow comparably on leu-
glucose and will turn comparably blue on X-gal glucose plates Note, 1n very rare
cases, 1f an nteraction occurs with very high affinity, and P1 and P2 are very
stable proteins 1n yeast, a weak enhancement of growth and X-gal activity will
occur for a and b on glucose as well as galactose medium This 1s because the
very low levels of transcription from GAL1 promoter on glucose medium allow
accumulation of sufficient levels of strongly interacting, stable AD-fusions for
an interaction to be detected
6. One potential problem to be alert for 1s that one or both of the LexA-fused pro-
temns has significant intrinsic ability to activate transcription (in practice, this
happens in 5—10% of cases) This would result m blue color on X-gal glucose plates
and growth on leu- glucose plates by transformations a and e and/or b and f, which 1f
substantial enough may block the ability to detect an mteraction In cases of weak to
moderate activation by DBD fusions, 1t 1s frequently possible to suppress “back-
ground” by using less sensitive reporter plasmids and strans (EGY 191 rather than
EGY48, and 1840 rather than JK103) In cases of strong activation, 1t 15 sometimes
necessary to truncate the DBD-fused protemn to remove activating sequences
7 Itis possible to roughly quantitate rank order of interactions by performing a
B-galactosidase assay (7). This 1s done as follows
a. For each combination of plasmids to be assayed, pick at least three indepen-
dent transformants and grow a 5-mL overmight culture 1n ura-his-trp- glucose
medium at 30°C

b The following morming, dilute the culture (which should be saturated, 1¢.,
ODyggo >2 0) mnto ura-his-trp- galactose medium to an ODgyo 0of 0 1-0 15, and
grow at 30°C until the culture has reached an ODg, of 0 450 65.

¢. Spin down 1 mL of cells from each culture 1n a microfuge at 13,000g for 2
min at room temperature. It 1s important to record for each culture the exact
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0Dy of the culture at time of harvest (see below) Note, 1t 1s generally wise
to make duplicate samples of each culture as a guard against unforeseen acci-
dents, as growing the cultures 1s the most labor-intensive part of the process

d There should be a visible pellet of yeast of 1-2 pL i volume 1if not, spin another
2 min as above Pour off supernatant Add 100 L of Tris/Triton lysis buffer to
each microfuge tube Vortex briefly, and place tubes directly onto dry 1ce to crack
yeast Samples may be frozen at—70°C overnight or longer at this stage, 1f desired

¢. Thaw samples at 30°C For each sample, make up a solution of Z buffer con-
taining ONPG at | mg/mL, and bring to 30°C as well In addition, have ready
500 pL of 1M Na,CO, for each sample

f Setalaboratory timer for ~30 mm Arrange all samples in a row, preferably in
a 30°C water bath (although setting up the reactions at room temperature and
moving them to a 30°C incubator 1s acceptable) Turning on the timer, start
ppeting 750 pL of the Z buffer/ONPG solution into each sample 1n turn

g When a medium yellow color has appeared (which may be from 2 min to several
hours, depending on the strength of the interaction), stop the reaction by add-
g 500 L of 1M Na,CO; Do not allow the reaction to become very dark
yellow. As exactly as possible, record the length of the reaction Note, when
comparing many samples with different interaction strengths, 1t may be desirable
to stop some after short periods, and allow others to go for longer periods of time

h Spin down the sample for 15 s at 13,000g at room temperature to precipitate
cell debris

1 Read the ODy,, of all samples If the ODyy, 15 greater than 1 0, dilute the
sample 1-10 to read

) Calculate 3-galactosidase units using the formula

Units =(100/rxn time 1n minutes)/([OD450}/[ODgg07)

k Average the values for independent colonies, and determine standard devia-
tion Varnation should be less than 20% between independent colonies

1 In general, it 13 advisable to repeat the entire process (starting with different
mdependent colonies) on a separate day, to ensure maximal accuracy.
Appropriate controls

If an mteraction 1s not detected, 1t 1s important to exclude the possibility that one

or both of the fusion protemns is not expressed, or that the DBD-fused protein 1s

unable to bind reporter operator sequences Expression of the AD fusion can be

determined by performimg a Western blot of crude yeast lysate, using antibody to

the hemagglutinin eprtope tag. Operator binding of the DBD-fusion can be deter-

mined by performing a repression assay (8)

To perform a repression assay, transform EGY48 yeast with the following com-

binattons of plasnuds:

p-202-P1 + JK101 ... Ve e . .plate to ura-his-,
p-202-P2 + JK101 ... . . «. plate to ura-his-,
pRFHMI1 + JK101 . . . . . plate to ura-his-

JK101 ... .. .. .. . plate to ura-
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11.

For each transformation, restreak at least six colonies to a ura-his- or a ura- mas-
ter plate

Restreak from the master plates to a single ura- X-gal plate containing galactose/
raffinose as a sugar source, and mcubate 1-2 d at 30°C (It 1s not necessary to
maintain selection for the HIS3 plasmid over this period, and because of variabil-
ity of batches of X-gal plates, 1t 1s important to compare all transformations on
the same plate). Inspect the plate JK101 1s stmilar to JK103, except that 1t con-
tains the GAL] upstream activating sequences (UASg,; ) upstream of 2 LexA-
operator sites. Yeast containing JK101 only will have significant -galactosidase
activity when grown on media 1 which galactose 1s the carbon source, which
will result 1n dark blue colony color. LexA-fused proteins that are made, enter the
nucleus and bind the LexA operator sequences, and will interfere with activation
from the UASg,, repressing B-galactosidase activity two- to 10-fold, resulting
in reduced blue color (as with pRFHMI + JK101)

If a protein neither activates nor represses, the most hkely reason 1s that 1t 1s not
being expressed correctly This can be determined using a Western blot of a crude
lysate protein extract (as in ref. 9) of EGY48 containing the plasmid, using anti-
LexA antibodies as primary antisera If this is the case, it may be possible to
express truncated domains of the protein

3.2. Interaction Mating

Interaction mating allows the testing of a large number of protein-protein

interactions for predefined group of proteins (70). In this method, a series

of
loi

DBD-P(n) and AD-P(x) fusions are transformed independently into hap-
d yeast strains of opposite mating types, and cross-gridded together to

select diploids. Combinations containing interacting fusion proteins can be
rapidly detected by replica of diploids to X-gal and leu- selective plates
(see Fig. 3).

1

. Grow cultures of EGY48 and of RFY206 for transformation (see above for trans-
formation protocols)
Into EGY48 (MATa), transform the following combinations of plasmids

p-202-P1 + JK103 plate to ura-his-
p-202-P2 +JK103 .. e e plate to ura-his-.
p-202-P(n) + JK103. .. plate to ura-his-
p-202 + JK103 e e, plate to ura-his-
Into RFY206 (MATa), transform the following plasmids:
pJG4-5-Pl1... . . . .... plate to trp-
pJG4-5-P2. . .. .. plate to trp-
pJG4-5-P(n)... . ... .. plate to trp-.
PIG4-5.iiiiiiiii . plate to trp-

Incubate transformation plates at 30°C for 2—3 d until colonies appear
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Make ura-his- and trp- master plates (as appropriate) containing at least two
picked colonies for each transformation
On a ura-his- plate, use a toothpick to make parallel streaks of EGY48 yeast
containing p-202-P(n) and JK103. eight to ten separate colonies can conventently
be streaked on a single plate (see Fig 3).

On a trp- plate, use toothpicks to make parallel streaks of RFY206 containing
a series of JG4-5-fused proteins

It 1s helpful to include the cross combination of p-202 and pJG4-5 on each
plate, as negative control
Replica plate these two sets of streaks onto YPD plates, where cells of different
mating types can mate and form diploids at the intersections of the horizontal and
vertical lines (F1g 3) Note, 1t 1s important to use a separate velvet for each rep-
lica to avoid cross-contamination. Incubate plates overnight at 30°C
Using the YPD plates containing the mated yeast as master plates, replica plate to
a ura-his-trp- glucose plate. Incubate plates overnight to two d at 30°C This will
allow outgrowth of diploid yeast containing all DBD- and AD-fused proteins,
and reporters Note, some researchers omut this step, and proceed directly from
the YPD plate to selective media In our hands, we have found that including this
intermediate step to first select for diploids leads to clearer results
Using the ura-his-trp- plate as a master, replca plate to the four following comba-
nations of plates
a. ura-his-trp- glu XGAL.
b. ura-his-trp- gal/raf XGAL
¢ ura-his-trp-leu- glu
d ura-his-trp-leu- gal/raf
Incubate plates 2—3 d at 30°C
If two proteins interact specifically, then for plates containing galactose/raffi-
nose (1nducing the expression of the AD-fusion) that DBD/AD-fused combina-
tion of proteins will cause enhanced growth on ura-trp-his-leu- medium and will
cause enhanced blue color on plates containing X-gal, relative to background
(defined as the DBD-fusion coexpressed with JG4-5 vector) These same DBD/AD

Fig. 3. (previous page) Mating panel assay 1s 1llustrated In separate transforma-

tions, MATa EGY48 yeast are transformed with a series of p-202 fusions and a LacZ
reporter plasmid, whereas MATa RFY206 are transformed with a series of AD-fusions
Transformants are streaked as parallel lines on a ura-his- (EGY48) or trp- (RFY206)
plate. A replica block 1s used to cross grid the EGY48 and RFY206 plates onto a
YPD plate, where mating occurs After 12 h, cross gridded colonies are optionally
replica plated onto ura-his-trp- glucose to select for diploids In a final replica plating,
colonies are lifted from the ura-his-trp- glucose plate (or the YPD plate) to plates
selective for LacZ and LEU2 expression (see text). Growth specific to galactose leu-
medwum and blue color specific to galactose X-gal medium indicate positive interac-
tions Note, any LexA-fusion with residual ability to activate transcription will also be
positive on glucose media; one example 1s shown,
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combinations will show no enhancement of growth or blue color on plates con-
taining glucose as a sugar source

8 Some AD-fused proteins enhance transcription relatively nonspecifically with a
large number of other proteins (HSP70 1s a good example, as 1s the fragment of
bicoid encoded in RFHMI) These are likely to show a random pattern of interac-
tion with multiple p-202 fused proteins in a mating grid, the significance of which
1s not known

3.3. Performing a Library Screen

This protocol 1s mnitially similar to that for probing specific interactions.
First, LexA 1s fused to the protein of interest, and a series of control experi-
ments are performed to establish whether 1t 18 suitable as 1s, or must be further
modified. These controls will establish whether the bait is made as a stable
protein 1n yeast and 1s capable of entering the nucleus and binding LexA opera-
tor sites, and does not appreciably activate transcription of the LexA-operator-
based reporter genes.

1 Insert the gene encoding the protein of interest (P1) into the polylinker of pEG202
or pJK202 to make an m-frame protein fusion

2. Determine whether the Lex A-fused probe protein activates transcription 1n yeast
Transform EGY48 using the following combinations of plasmids:

p-202-P1 +JK103 plate to ura-his- at 30°C
pSH17-4 +JK103 (positive control) . plate to ura-his-
pRFHM1 +JK103 (negative control) . ....plate to ura-his-

Note: pEG202 1itself is not a good negative control. The peptide encoded by the
uninterrupted polylinker sequences 1s itself capable of very weakly activating
transcription

3 Streak a master plate as described above After 24 h, restreak from the master
plate to a ura-his- X-gal plate, and a ura-his-trp-leu- plate, both containing glu-
cose as a carbon source A good bait protein will be white on X-gal and have
produced no visible colony growth on the leu- medium after 3 d. A bait protein
that causes yeast to turn faintly blue and grow to a small degree on leu- plates
after 3 d should be tested with the less sensitive reporters 1840 and EGY 191
For baits that activate transcription strongly, 1t is frequently possible to generate
a LexA-fusion that contains a truncation of the desired probe protein that does
not activate.

4. For baits that do not activate, a repression assay should be performed as described
above to ensure that the proteins are 1n fact binding operators on the reporters. If
any dimerizing partners for the protein bait are known to exist, it may also be
useful to synthesize them as AD-fusions, to test whether the bait can dimerize
approprately, although this 1s generally not necessary

5. Once a bait has been made and tested, one can proceed to a library screen A
typical interactor hunt requires two, successive large platings of yeast containing
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LexA-fused probes, reporters, and libraries. In the first, yeast are transformed
with library, plated on dropout medium lacking uracil, histidine, and tryptophan,
with glucose as a carbon source, and a frozen homogenized stock made. This
stock 1s subsequently thawed and replated on medium lacking uracil, histidine,
tryptophan, and leucine (the selection), with galactose as carbon source to induce
the library This two-step selection 1s helpful for two reasons First, a number of
mteresting cDNA encoded proteins may be deleterious to the growth of yeast that
bear them, and hence be competed out m an mitial mass plating on selective
medium Second, 1t 1s posstble that yeast bearing particular interacting proteins
may not be able to express sufficient levels of these proteins after a simultaneous
transformation and galactose induction to immediately support growth on media
lacking leucine

3.3.1. Library Transformation

L.

10.

Begin with an appropriate LexAop-LEU2 strain/LexAop-LacZ reporter combi-
nation expressing the Lex A-fused bait Grow up an overnight culture of ~20 mL
1n ura-his- glucose hiquid medium.

In the morning, dilute the overnight culture into 300 mL ura-his-glu liquid media
to approximately 2 x 10 cell/mL (ODjgyy ~0 10) culture Grow until approx 1 x
107 cells/mL (ODgqy ~0 50)

Harvest by spinning at 1000—1500g at room temperature 1n a low speed centri-
fuge. Resuspend 1n 30 mL sterile distilled water, transfer to 50 mL-Falcon tubes

Spin at 1000-1500 g for 5 min, pour off supernatant, and resuspend cell pellet in
155mL TE/ IM LiAcpH 7§

Take 30 1.5-mL-Eppendorfs Into each, aliquot 1 ug of library DNA and 50 pg
high-quality, sheared salmon sperm carrier DNA (average size range 1 57 kb,
see Schiestl and Gietz). Total volume of DNA added should be less than 20 pL,
and preferably less than 10 uL. Add 50 pL of the resuspended yeast solution

If the LexA-fused bait being used causes any background transcription with
either reporter system, take one additional 1 5 mL-Eppendorf Add | ug of pure
JG4-5 library vector and ~5 pg of carrier DNA, and add 50 pL of resuspended
yeast solution

Add 300 pL of sterile TE/L acetate/40% PEG4000 solution to all transforma-
tions, and mix thoroughly by mversion Incubate at 30°C for 30 min

Add DMSO to 10% (~40 pL) per tube Mix by mversion Heat shock 1 42°C
heat block for 10 min

For 28 tubes containing library plasmid, plate complete contents of each tube on
24 x 24 cm ura-his-trp- glucose dropout plate (spread the complete contents of
one tube per plate) This 1s most effectively accomplished by pipeting the con-
tents of the tube onto the plate surface, dropping 510 sterile glass beads on the
plate, and agitating vigorously for 1 minute

For the remaining two tubes containing library plasmid, plate only 360 uL of the
contents (9/10 of total) on a 24 x 24 cm plate, and use 40 pL (1/10 contents), and
do a series of 1.10 dilutions in sterile, distilled water Plate on normal sized ura-
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his-trp- plates, and place at 30°C This will give you some 1dea of the efficiency
of the transformation, and allow you to accurately estimate the number of
transformants obtained Colonies should begin to appear in 23 d, and can be
harvested when average colony size 1s 1-2 mm in diameter

11 For the tube containing JG4-5 library vector, plate ~50 pL of heat shocked trans-
formation to a ura-his-trp- glucose plate This will yield sufficient colonies to
pick controls for library screening (see step 18)

12 To harvest library plates, cool plates to 4°C for a few hours to harden agar. Wear-
ing gloves, use a sterile glass microscope slide to gently scrape yeast off the
plates Alternatively, plate surface can be flooded with 1-1 5 mL of sterile TE,
more glass beads added, and the plate agitated for several min Pool the contents
of the 30 plates into a sterile 50-mL Falcon tube

13. Wash cells twice with 1X sterile TE or distilled water (pellet by spinning down
for about 5 min at ~1000-1500g m a centrifuge) After the second wash, the
pellet volume should be approx 25 mL of cells derived from ~1.5 million
transformants Resuspend by mixing thoroughly with an equal volume of glyc-
erol freezing solution, and freeze in 1-mL alhiquots at —70°C

14. In general, 80-100% of yeast frozen as described above will remain viable for
several months (at least), However, 1n order to accurately interpret the number of
positives obtained 1n a screen as a percentage of total transformants plated, it
is necessary to determine replating efficiency in parallel with plating on
selective media

15 Remove an aliquot of frozen transformed yeast, and dilute 1 10 with his-trp-ura-
CM dropout gal/raff medium (2% galactose, 1% raffinose; raffinose aids 1n
growth without altering induction of the GAL! promoter) Incubate, shaking, at
30°C for 4 h to induce the GAL! promoter on the library

16 Read the ODg of the culture Assume 1 ODgyo ~2 x 107 yeast cells In general,
library screening works best 1f each imitial transformant obtained 1s represented
by 3—10 cells plated on selective medium further, 1t 1s easiest to visually scan for
Leu+ colonties using cells plated at approx 106 colony forming units per 100 mm
plate Thus, 1n a hypothetical example, for a transformation 1n which 3 x 108
colonies had been obtained, you would plate ~2 x 107 cells, corresponding to 1
mL of a culture with an ODgyy = 1 0, with 50 L on each of a total of 20 selective
plates If any dilutions are necessary, they should be made using ura-his-trp-leu-
galactose media, or sterile dH,O

17 In parallel, make serial dilutions of the culture (10'—10—4 1s the most useful
range) using his-trp-ura- CM dropout gal/raff medium, and plate ~20 uL. of each
dilution on his-trp-ura- CM dropout gal/raff plates to determine the number of
colony-forming units per aliquot of transformed yeast.

18 Ifall 1s working well, new colonies will become visible daily over a period from
2-5 d Carefully pick these colonies (noting on what day after plating they
appeared) to a ura-his-trp glucose master plate. If a very large number of posi-
tives appear (>100), mmitially restrict subsequent analysis to those appearing ear-
lier, as these are most likely to be biologically relevant Where relevant, also pick
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20

21

~10 colonies from the transformation plate containing JG4-5 vector only to

this master plate

Restreak or replica from the master plate to the following plates

a ura-his-trp- glu X-gal

b ura-his-trp- gal/raf X-gal.

¢ ura-his-trp-leu- glu

d. ura-his-trp-leu- gal.

For LexA-fused baits that have no background ability to activate transcrip-

tion of reporters, colonies which are blue on gal/raff but not on glu Xgal

plates, and which grow on gal/raff but not glu leu- plates are considered posi-
tive Note, for baits with intrinsic ability to activate transcription, it some-
times happens that equivalent blue color 1s seen with hibrary plasmids on
glucose and galactose X-gal plates This 1s probably because the ADH pro-
moter expressing the LexA-P1 protein works better on glucose med:a, caus-
ing greater levels of LexA-P1 to be expressed To eliminate confusion, 1t 1s
important to compare yeast containing library-encoded plasmids versus JG4-

5 vector for color on X-gal plates and growth on leu- plates If a library plas-

mid causes an enhancement over JG4-5 on galactose but not glucose medium,

1t may be a positive

For positive colonies, 1solate library plasmid DNA from yeast by a rapid mimiprep

protocol such as the following.

a Starting from the ura-his-trp- glucose master plate, pick colonies with the
appropriate phenotype on selective plates into 5 mL of trp- glucose, and grow
up overnight at 30°C Omutting the his-ura- selection 1n this situation encour-
ages loss of nonlibrary plasmids, and facilitates 1solation of the desired
library plasmid

b Pellet 1 mL of the culture in a microfuge at 13,000g for 1 min at room
temperature

c Resuspend pellet in 200 uL. of lysis solution STES, and add ~100 pL of 0 45-
mm diameter sterile glass beads Vortex vigorously for 1 min

d Add 200 pL equilibrated phenol, and vortex vigorously for another mimute

¢ Spin the tube 1 a microfuge at 13,000g for 2 min at room temperature, and
transfer aqueous phase to a new microfuge tube

f. Add 200 pL phenol and 100 pL chloroform, and vortex 30 s. Spin down as
described in E , and transfer aqueous phase to a fresh tube

g Add two volumes 100% ethano! (approx 400 uL), mix by mversion, and chill
at —20°C for 20 min Then spin down in a microfuge at 13,000 g for 15
min at 4°C

h Pour off supernatant Wash pellet with chilled 70% ethanol, and spin again at
13,000g, 2 min at 4°C Pour off ethanol, and dry pellet briefly in speed
vacuum Resuspend in 5-10 plL TE (10 mM Trnis-HCl pH 8 0, 1 mM EDTA)

Use the 1solated DNA to transform by electroporation KC8 bacteria (pyrF,

leuB600, trpC-9830, hisB463, constructed by K. Struhl), and plate on LB plates

containing 50—100 mg/mL ampicillin
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22 The yeast TRP1 gene can successfully complement the bacterial trpC -9830 defi-
ciency, allowing the library plasmid to be easily distinguished from the other two
plasmids contained 1n the yeast. For each original yeast positive, pick ~10 colo-
nies onto bacterial defined minimal bacterial plates (A medmum) supplemented
with uracil, histidine, and leucine but lacking tryptophan' those that grow will
contain the library plasmid. Some investigators omuit the mmtial plating on LB/
Amp media, plating directly onto trp- bacterial plates In our own experience, we
find the two-step procedure helpful, as the less stringent LB-Amp selection maxi-
mizes the likelihood of obtaining transformants

23 Grow up KC8 contaming library plasmid m LB-Amp, and do minipreps by standard
methods This will yield enough DNA for at least five transformations of yeast

24 To elminate false positives including mutations n the mitial EGY yeast that
favor growth on galactose media, library-encoded cDNAs that mteract with the
LexA DNA-binding domain, or library-encoded proteins that are “sticky” and
interact with multiple biologically unrelated fusion domains, 1t 1s necessary to
retransform putative positive interactors mnto yeast containing the original LexA-
P1 and yeast containing LexA-fused to a nonspecific additional protein, and
ascertain that transcriptional activation of the reporters 1s dependent on the
library-encoded protein, and 1s specific to LexA-P1

25 Use plasmuds purified from KC8, as well as a JG4-5 vector control, to transform
the following strains of yeast
a EGY48 containing JK103 and LexA-P1
b EGY48 containing JK103 and LexA-P2 (RFHMI, the control used above for

the repression assay, 1s acceptable)
¢ EGY48 contaiming JK103 and pEG202
Plate transformants to ura-his-trp- medium When colonies have grown up, cre-
ate a ura-his-trp master plate so that for each library plasmid being tested, five to
six independent colonies derived from each of A and B are streaked adjacently

26. Restreak from this master plate to the same series of test plates used 1n the actual
screen that 1s,

a. ura-his-trp- glu X-gal

b ura-his-trp- gal/raf X-gal.
¢ ura-his-trp-leu- glu

d ura-his-trp-leu- gal

27. Yeast containing true “positive” cDNAs should generally be bluer than yeast
containing JG4-5 on gal/raff but not on glu X-Gal plates, and grow on gal/raff
leu- but not glu leu- plates only with the LexA-P1 Those cDNAs that are also
positive with RFHM1 and pEG202 should be discarded Note, RFHM-1 1s a very
rigorous control for spectficity testing, because 1t has previously been demon-
strated to be “sticky”—that 1s, to associate with a number of Iibrary-encoded
proteins that are clearly nonphysiological interactors (R Finley, unpublished
results): thus, 1f a library protem 1s weakly positive with RFHMI but not with
pEG202, 1t may be worthwhile to try more nonspecific baits before giving up on
1t. The three test plasmids outlined represent a minimal test series. If other Lex A-
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baits are available that are related to the bait used 1n the 1nitial library screen,
substantial amounts of information can be gathered by this approach Note, very
occasionally true positives will be strongly blue and grow well on leu- plates
with galactose, but also weakly blue and grow on plates with glucose Although
the GAL1 promoter that expresses the hibrary proten 1s repressed by glucose, a
minimal amount of transcription does occur, which may 1n some cases lead to the
production of sufficient library protein to produce a detectable iteraction

Those ¢cDNAS that meet the criteria for specificity noted above are ready to be
sequenced or otherwise characterized Prior to sequencing, 1t 1s helpful to
retransform from KC8 into another bacterial strain such as DH-5a or XL1-BLUE,
which yields high quality DNA preps from KC8 are generally poor for sequencing

4. Notes

1

In hunts conducted to date, anywhere from none to practically all 1solated plas-
mids passed the final specificity test Note, some library-encoded proteins are
known to be 1solated repeatedly, using a series of unrelated baits, and to demon-
strate at least some specificity At least one of these, heat shock protemn 70, might
be explained by the fact that some LexA-fused baits are not normally folded It1s
mportant to consider whether the protein isolated plausibly has physiological
relevance to its bait

Because the methodology of the screen involves plating multiple cells to ura-his-
trp-leu-gal medium for each primary transformant obtained, multiple reisolates
of true positive cDNAs are frequently obtamned If a large number of specific
positives are obtained, 1t 1s generally a good 1dea to attempt to sort them nto
classes—for example, digesting minipreps of positives with EcoRI, Xhol, and
Haelll will generate a “fingerprint” of sufficient resolution to determine whether
multiple reisolates of a small number of clones, or single 1solates of many differ-
ent clones have been obtamned The former situation 1s a good indication that the
system 1s working well.

To maximize chances of an interactor hunt working well, there are a number of
parameters to be taken into account Bait proteins should be carefully tested
before attempting a screen for low or no intrinsic ability to activate transcription

Baits must be expressed at reasonably high levels, and be able to enter the yeast
nucleus and bind DNA (as confirmed by the repression assay) By extrapolation
from these conditions, proteins that have extensive transmembrane domains or
are normally excluded from the nucleus are not likely to be productively used 1n
a library screen. Proteins that are moderate to strong activators will need to be
truncated to remove activating domains before they can be used. Optimally,
integrity and levels of bait proteins should be confirmed by Western analysis,
using antibody either to Lex A or the fused domain (see ref 1/ for a discussion of
relevant variables for LexA-fused proteins)

It 1s extremely 1mportant to optimize transformation conditions before attempt-
ing a hibrary screen In contrastto £ coli, the maximum efficiency of transforma-
tion for S cerevisige is about 10“~103/ug mmput DNA small scale pilot
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transformations should be performed to ensure this efficiency 1s attained, to avoid
having to use prohibitive quantities of ibrary DNA As for any screen, 1t 1s a
good 1dea to obtain or construct a library from a tissue source 1 which the bait
protein 1s known to be a biologically relevant. Finally, Bendixen et al (/2) have
recently described a mating protocol by which library 1s transformed once
mto a haploid strain of yeast, which can be frozen 1n aliquots and used subse-
quently 1n screens with multiple DBD-fused baits transformed into strains of
the opposite mating type, by sumply mating library against bait. Investigators
intending to do multiple interactions screens may find it worthwhile to investi-
gate this option

5 Inpractice, very few proteins are 1solated that are specific for LexA However, 1t
1s generally informative to retest positive clones on more than one LexA-bait,
Ideally, library-derived clones would be tested against the LexA-fusion used for
their 1solation, several LexA-fusions to proteins that are clearly unrelated to the
original fusion, and if possible, several LexA-fusions that there 1s reason to
believe are related to the mitial protein (for nstance, 1f the imitial probe was
LexA-fos, a good related set would include LexA-jun and LexA-GCN4)

6 Depending on the protemn used as a bait, anywhere from none to Lally hundreds
of interactors will be obtained

7 There are an increasing number of cases on record where for two protems known
by other means (e.g., coommuneprecipitation) to interact, the interaction can only
be detected with one specific component fused to the DBD and the other fused to
the AD. Further, there are some cases where the interaction DBD-P1 x AD-P2
but not DBD-P2 x AD-P1 can be detected using the Lex A-based interaction trap,
whereas the combination DBD-P2 x AD-P1 but not DBD-P1 x AD-P2 can be
detected 1in the GAL4-based two-hybrid system Although there has been much
hypothesis as to why this 1s, 1t remains an unsolved mystery This 1s the reason we
suggest testing mteractions reciprocally, where possible This phenomenon may
also underly some failures to isolate interacting partners for proteins known by
biochemical means to have them

8. When examining interactions using the LEUZ2 and LacZ reporters in parallel, it
will sometimes occur that a combination of proteins will strongly activate one of
the reporters, but only very slightly activate the other There are many possible
explanations for this, mcluding promoter preference, the fact that one reporter 1s
integrated chromosomally and the other plasmid-borne, and so forth In general,
if a ibrary plasmud activates both reporters to very disparate degrees, but specifi-
cally with one bait protein, 1t should not be arbitrarily discarded Conversely, the
fact that different reporters give different rank order of interaction affinity (13)
should lead one to regard numbers from the two-hybrid system and interaction trap as
only very crude quantitation of biochemical affinity between two proteins.

9. The fact that two proteins “interact” 1n the interaction trap 1s not conclusive proof
that they associate directly or strongly 1n their native environment (¢ g , mamma-
lian cells) It should be noted that a number of proteins are conserved extremely
well between higher and lower eukaryotes: Thus, an interaction between a DBD-P1
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10.

11

12

and an AD-P2 might also include as mediating factors yeast proteins P3, P4, and
PS. Skepticism 1s helpful

Although not detailed 1n this chapter, a number of other laboratories have devel-
oped two-hybrid system variants' some references describing these systems (/4—
17) are included below.

A number of additional LexA fusion plasmids have been constructed to permit
use of two-hybrid methods with proteins that cannot be acceptably expressed
from the basic system reagents described 1n this article pGilda, made by David
Shaywitz at MIT, puts the LexA-fusion cassette under control of the GAL1 pro-
moter, and 1s useful for studying proteins toxic to yeast, as the LexA-fusion can
then be induced only at the pont of assaying activation of LacZ o1 LEU2 report-
ers pEGE202], made by Rich Buckholz of Glaxo, allows integration of the LexA-
fusion plasmud, resulting 1n very low expression of the bait protein this 1s useful
for studying interactions that normally occur with very high affinity pNLex,
made by Manuel Sainz of University of Oregon and Ian York of the Dana-Farber
Cancer Center, allows synthesis of a fusion in which P1 1s located amino-termi-
nally to LexA, useful in cases where domains thought to be important for protein
function are located at the N-terminus Further vectors are currently under con-
struction by generous individuals using the system- all have been banked centrally
and are available as described below

Key plasmuds, strains, and a number of cDNA libraries cloned mnto the JG4-5 vector
(including Hel.a cell, Drosophila embryonic, neural, and others ) can be most readily
obtamed by contacting Roger Brent, Wellman 8, Department of Molecular Biology,
Massachusetts General Hosputal, 50 Blossom St , Boston, MA 02114, telephone (617)
726-59235, Fax (617) 726-6893, email Brent@frodo mgh harvard edu Reagents will
also be on sale from Clontech 1n 1996-1997
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Detection of Heterologous G¢-Coupled Receptor
Activity in LLC-PK, Cells Based on Expression
of Urokinase-Type Plasminogen Activator

Luigi Catanzariti and Brian A. Hemmings

1. Introduction

In renal epithelial cells LLC-PK, (1) expression of the urokinase-type plas-
minogen activator (UPA) gene is strongly induced by first messengers that
stimulate intracellular cAMP synthesis (2). The increase of CAMP leads to a
200-fold activation of uPA gene transcription (4). In response to optimal con-
centrations of the peptide hormone calcitonin, i e., for which the cells express
a Gg-coupled receptor (3,9), high levels of uPA protein are synthesized and
secreted. The uPA protein 1s a serine/threonine protease that converts the
zymogen plasminogen into plasmin, a protease with a wide substrate specific-
1ty (6). The uPA activity 1s easily detected colorimetrically in the serum-free
supernatant of induced cells (5,7, 10). Alternatively, 1t can be visualized i sutu
by overlaying colonies of stimulated cells with agar containing both plasmino-
gen and casein (Fig. 1) The degradation of the milk-protein casein by plasmin
leads to the formation of lytic zones that allow the 1dentification of uPA secret-
ing colonies

Recently, we showed that LLC-PK| cells and a derivative mutant (M18) can
be used as an expression system for the study of heterologous G,-coupled
receptors (10). The M18 cell line was derived from LLC-PK, following
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) mutagenesis of wild-type
cells (5). The M18 cells express <3% of wild-type calcitonin and vasopressin
receptor binding activity. Treatment with these peptide hormones does not
activate adenyl cyclase (5). We reasoned that transfected LLC-PK; cells
expressing functional G¢-receptors would display high uPA activity in response
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tion that expression of a cDNA clone encoding the porcine calcitonin receptor
in the mutant cell line restored calcitonin binding and calcitonin-inducible uPA
activity (9). Either cell line, therefore, can be used as a recipient for heterolo-
gous receptors (10).

LLC-PK, cells expressing heterologous G,-receptors provide an in vitro sys-
tem to test for agonist and/or receptor function. The enzymatic quantitation of
uPA activity m the conditioned medium using a simple calorimetric assay repre-
sents a novel way for estimating agonist potencies nonradioactively. Since the
conversion of plasminogen to plasmin by urokinase 1s an autocatalytic event
(in which more plasmin is formed due to the conversion of plasminogen to
plasmin by plasmun itself (8), even small changes 1n the level of uPA-activity
over basal are amplified. This chapter will focus on the usage of LLC-PK,
and M18 cells as recipients for heterologous 3,AR and calcitonin receptors.

2. Materials

Casein, from bovine milk, technical grade (Sigma, St. Lows, MO)
Dulbecco’s Modified Eagle’s Medium (DMEM) GIBCO-BRL, Gaithersburg, MD)
Fetal calf serum (FCS), Flow Laboratories (UK)
Bovine serum albumin (BSA) (fatty-acid-free, fraction V, Sigma, St. Lows, MO.
Triton X-100, Sigma
Porcine urokinase, Sigma
Synthetic peptide S-2251 (p-Val-Leu-L-Lys-NH-NP) (Bachem Feinchemikalien
AQG, Bubendorf, Switzerland)
8 Hygromycin B (Boehringer Mannheim, Mannheim, Germany)
9 Phosphate-buffered saline without Mg?*/Ca?* (PBS™)
10. Bio-Rad Gene Pulser (Hercules, CA)
11 Porcine plasminogen (Sigma).
12 Standard trypsin/EDTA tissue culture solution (0 25% trypsin/l mM EDTA
[GIBCO-BRL])
13 Assay bufferr 90 mM Tris-HCI, pH 8 8, 0 41% Triton-X-100
14 Microtiter plate reader (wavelength 495 nm)
15 Gg-receptor plasmid DNA
16. Low melting agarose (Sigma)
17. (-) Isoproterenol (Sigma)
18 Salmon calcitonin (Sandoz AG, Basel, Switzerland)
19. Hygromycin B resistance plasmid pX343 (7)

3. Method
3.1. Cell Culture
The LLC-PK, and derivative cell lines are cultured in Dulbecco’s Modified

Eagles Medium (DMEM) supplemented with 10% (v/v) fetal calf serum, 0.2
mg/mL streptomycin, and 50 U/mL penicillin, 1n a humidified incubator at

.\IO\SJ‘I-&U)M.—‘
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37°C with a 95% ar/5% CO, atmosphere For electroporation, cells are grown
to a density of 5 x 106 cells/15-cm dish.

3.2. Electroporation and Selection
of Hygromycin B Resistant LLC-PK; Cells

The LLC-PK, cells can be routinely translected by electroporation. How-
ever, 1t is also possible to use standard calcium phosphate transfection tech-
niques 1f an electroporator is not readily available (see Note 1)

1. Plate cells at a density of 1-2 x 10%/15-cm plate i five plates and incubate for 18 h
in DMEM/FCS

2. Toremove adherent cells, wash plates 3X with PBS™, add 5 mL of trypsin/EDTA,
and incubate at 37°C for 5-10 min The cells will round up and detach from the
surface of the plate. At this stage, they can also be removed from the dish by
gently moving up and down the trypsin/EDTA solution using a 5-mL sterile pipet.

3. Pool the suspensions and transfer to a 50-mL Falcon tube

4 Spin cells at 400g (room temperature, aspirate trypsin/EDTA solution, and
wash three times with 1ce-cold PBS™ Resuspend 2 x 107 cells 1n 950 uL of
ice-cold PBS™.

5 Add 20 ug of f,AR DNA (1 pg/uL), and 5 pg of hygromycin B resistance plas-
mid pX343 (1 pg/uL). Mix gently and keep on 1ce for 15 min Mix agamn and
transfer to a previously cooled Gene-pulser cuvet Electroporate the cell/DNA
suspension using a Bio-Rad Gene Pulser (voltage 0 26 V; capacitance: 960 uF)
Keep cells on 1ce for 10 min.

6 Allow cells to recover for 5 min at room temperature, add them to 15 mL. DMEM/
FCS, resuspend gently, and plate the suspension (containing 2 x 107 cells) into a
15-cm dish Incubate for 18 h at 37°C

7 Remove nonviable, floating cells by aspiration, wash 3X with PBS-, add trypsin/
EDTA, and count.

8 Plate cells in selective growth medium containing hygromycin B (1.2 pg/mL}) at
a density of 0 5 x 106 cells/10-cm dish Select for 1-2 wk until appearance of
drug-resistant colonies

After appearance of resistant colonies, it 1s possible to screen the dishes
directly for receptor activity using the agarose overlay assay (see Note 2).

3.3. Agarose Overlay for the Detection of uPA Activity

1 If cells have been transfected with a B,AR-receptor clone, induce transfected
colonies for 18 h with 10 pM of 1soproterenol. Induce a control LLC-PK; (or
M18) plate with 30 nM calcitonin. Induction 1s performed in DMEM containing
0.5% of BSA. Do not use DMEM containing FCS, since 1t will mhibit uPA actrv-
1ty! Use at least one plate containing normal LLC-PK, or M18 colonies as nega-
tive control (no inducer)

2. Heat a 2% agarose/H,0 (w/v) solution until homogenous melting. To keep 1t ina
liquid state, put 1t into a water bath previously set to 40°C.
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3

Mix 920 pL of 2X DMEM with 440 uL of 8% casemn/H,O (w/v) in a 15-mL
Falcon tube and keep tube 1n the water bath at 40°C until usage One tube is
needed for one overlay

Take the 10-cm dish containing hygromycin B resistant colonies, remove super-

natant through aspiration, and wash three times with prewarmed (37°C) PBS~.

Add 730 pL of the agarose solution to one 15-mL Falcon tube containing the

previously mixed caseitn/DMEM solution Add quickly 80 pL of plasminogen

(40 pg/mL) Mix quickly and overlay the colonies rapidly and evenly Allow the

agar to sohdify at room temperature (2—5 min)

Put plates into the mcubator and check after 1 h for appearance of lytic zones

Use a negative/positive control plate to monitor appearance of lytic activity If

you do not see activity, put plates back into the incubator and keep on monitoring

periodically (every 15-30 min).

To remove and expand colonies showing inducible uPA activity from the plate,

the following procedure can be used (no need for cloning cylinders):

a. Take up 10 pL of a trypsin/EDTA solution with a P10 or P20 Gilman
pipet Gently pierce the agar zone indicating uPA activity Gently pipet
10-20 times up and down without releasing the entire volume of the
trypsin/EDTA solution

b Transfer the trypsinized cell suspension to a well (24-well plate) containing
hygromycin B growth medium, check for the presence of cells and allow them
to attach and expand for 1-2 wk. Repeat the procedure immediately 1f no cells
can be detected

3.4. Chromogenic Assay for Agonist-Inducible uPA Activity

This assay can be used to 1dentify agonist-inducible uPA activity in wells

containing transfected LLC-PK, or M18 cells that have been cloned through
limiting dilutions, or expanded following cloning from the agar-overlay. In the
case 1n which cell clones have been previously 1solated using the agar-overlay
technique, the induction of uPA activity can be assessed for a given clone by
comparing induced versus noninduced cells. If limiting dilutions of cells have
been plated mto a 96-well dish directly following transfection, 1t 1s advisable
to determine negative/positive cutoff by measuring uPA activities obtained
from a series of noninduced clones.

L.

2.

Remove growth/selection medium by asprration and wash cells three times with
PBS- Induce cells for 18 h with appropriate agonist m DMEM/BSA medium
To test for uPA activity add on ice to triplicate wells (96-well plate)

a 50 pL ice-cold assay buffer (90 mM Tris-HCI, pH 8 8, 45% Triton-X-100).
b 10 pL supernatant from induced or control (nominduced) cells

¢. 20 pL chromogenic substrate 2 mg/ml (in H,0).

d. 20 pL plasminogen (0.112 mg/mL (in assay buffer).

Take first reading (ODys); then incubate plate at 37°C for 5~10 min and take
second reading.
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Fig. 2. uPA activities of LLC-PK1pX343 and LLC-PK 18 cells plated under limit-
ing dilution conditions Pools of transfected cells were plated under limiting dilution
conditions 1n 96-well plates and grown to confluence Cells were induced for 18 h
with 10—-5M 1soproterenol and uPA activity determined as described

4 Read OD (495 nm) every 5 min for 3045 minces and determine uPA activity
(OD) as a function of time (see Note 3)

6 Analyze cell-lines with agonist-inducible uPA activity for receptor expression
(mRNA, protein) and function (see Note 4).
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4. Notes

1

The following procedure applies to both LLC-PK; and M18 cells The M18 cells,
however, are more sensitive to trypsin For LLC-PK, cells, incubation with
trypsin/EDTA at 37°C can be extended up to 10 min. Incubation for 5 min 1s
normally sufficient to remove M18 cells from the plates

Alternatively, following transfection (step 7), limiting dilutions of cells can be
plated 1n 96-well plates 1n the presence of hygromycin B Wells containing grow-
ing cells are assayed 1-2 wk later for inducible uPA activity using the calorimet-
ric assay (Section 3 4 ).

A typical OD,ys value for a 30 min read of uninduced (negative control cells) 1s
1n the range of 0 05-0 1 Induced cells will give values of >0 | (depending on
cell density and receptor expression levels, see Fig 2).

If cell lines were cloned by limiting dilutions, sterile handling (induction,
trypsinization, and so on) 1s important to assure that primary cultures of putative
postitives are not lost due to bacterial contamination.
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Histochemical and Fluorochrome-Based Detection
of B-Galactosidase

Ruth Sullivan and Cecilia W. Lo

1. Introduction

Bacterial -galactosidase (B-gal the LacZ gene product) has been used
extensively as a reporter gene m a wide variety of systems. It has been espe-
cially useful in transgenic and chimeric mouse studies. In such whole-animal
applications, the experimental goals often include the evaluation of the spatial
and tissue specific patterns of reporter gene expression iz situ. In such
mnstances, the LacZ reporter gene has the advantage over other reporters in that
in situ mstochemical staining for B-gal activity 1s relatively simple and sensi-
tive. Additionally, fluorogenic substrates for B-gal are available that can be
used to identify and isolate living cells expressing the B-gal reporter. Here, we
discuss two protocols for localizing $-gal activity, one for staining fixed speci-
mens, and the other for staining living cells. Each of these techmques has
unique advantages and limitations, but together they offer a wide range of
possibilities for taking advantage of 3-gal as a reporter enzyme 1n a variety
of applications.

1.1. Biochemical Properties of 3-Gal
1 1.1. B-Galactosidase Protein Structure

The sequence, structure, and biochemical properties of the B-galactosidase
enzyme are well characterized (7,2). Recently the three dimensional structure
of E coli B-galactosidase has been solved by X-ray crystallography (3). B-Galac-
tosidase monomers are large (116 kDa) proteins that tetramerize to form the
active site of the enzyme. Amino acids from regions throughout the -gal
monomer are involved i formation and/or stabilization of the active site. The
domain consisting of the N terminal 39 amino acids (aa) (aa 3—41; the o pep-
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tide) of the B-gal protein 1s of particular note because the B-gal polypeptide
lacking this region is mactive. However, upon addition of the o peptide n
trans enzyme activity 1s restored (1.e., a-complementation) (4-6) The exact
sequence of the first 26 amino acid residues of B-gal 1s not essential, however;
these residues may be substituted with other sequences without affecting enzy-
matic activity (5,7).

1.1.2. B-Galactosidase as a Reporter Enzyme in Eukaryotic Systems

Work 1n cultured eukaryotic cells has shown that B-galactosidase has no
detectable deleterious effects on cell viability or growth (8,9), a feature that 1s
essential to any good reporter gene. Furthermore, the enzyme can be stably
expressed 1n eukaryotic cells for many generations 1n the absence of selective
pressure (8). Despite stable B-gal expression, variable levels of -gal activity
have often been observed in clonal cell populations (6,10,11). It has been sug-
gested that the reason for this variability may be related to the metabolic state
of the cells (6). Finally, the bacterial B-gal enzyme 1s readily distinguishable
from endogenous eukaryotic enzyme based on the difference in pH optimum
of these two enzymes' The bacterial -gal enzyme has a pH optimum at about
pH 7—7 4, whereas the endogenous mammahan [-gal 1s a lysosomal enzyme
with a pH optimum at 3—6 (6). Thus, background staining is rarely a problem
when eukaryotic cells are examined for the expression of bacterial 3-gal activ-
ity. We have only observed one instance in which significant background p-gal
activity 1s evident: the intestines of mouse embryos (beyond 14.5 d gestation)
stain strongly for B-gal activity. However, this staining does not interfere with
the evaluation of -gal activity in other tissues.

1.1.8. B-Galactosidase Protein Fusions

Protein fusions can be made to the N terminus of 3-galactosidase, often with-
out disrupting B-gal activity (7,10,12—17). The fact that the first 26 amino acids
of the 3-gal protein can be substituted without affecting enzyme activity facili-
tates the construction of such fusions (7). Thus, the B-gal portion of the fusion
protein can serve as a reporter for 1dentifying cells expressing the fusion pro-
tein, or for tracking the intracellular localization and distribution of the fusion
protein partner (10,12—15) (see Section 3 2.).

1 1.4 Perdurance of B-Gal

In using the B-gal enzyme as a reporter, 1t 1s important to take note of the
fact that, at least in bacteria, 3-gal is an extremely stable protein In fact, 1t has
been utilized to stabilize other proteins for purification in some bacterial
expression systems (2). Furthermore, 1t 1s likely that B-gal may be quuite stable
m eukaryotic systems as well; more stable, for example, than many endog-
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enous gene products (78). By analogy to the bacterial systems, one could imag-
me that the B-gal protein may help stabilize fusion proteins in eukaryotic cells.
Given the perdurance of 3-gal, the LacZ reporter must be used with some caution.

1.2. Applications Using -Gal as a Reporter
1.2.1. Transcription Studies

The activity of potentially important cis acting DNA sequences can be
examined by fusing them to the f-gal coding region and examining (-gal
expression in tissue culture cells and/or transgenic mice (2,9,18-21). Alterna-
tively, homologous recombination strategies have been designed to insert
[-gal coding sequences into the genomic DNA, disrupting the coding region of
the gene of interest and placing -gal under the regulation of the endogenous
promoter and enhancer regions. As a result, not only can the loss of gene func-
tion phenotype be observed (due to disruption of the endogenous coding region
by the B-gal sequences), but also those cells in which the disrupted DNA is
normally expressed can be tracked and 1dentified based on f-gal expresston (22).

1.2.2. Enhancer, Promoter, and Gene Trap Applications

In enhancer, promoter, and gene trap experiments, LacZ reporters that can
be activated by flanking mouse genomic sequences are integrated into the
genome of embryonic stem (ES) cells. The ES cell lines that exhibit interesting
patterns of reporter gene expression either in culture (assessed by allowing cells
to differentiate in culture) or in whole animals (examined by creating chimeras
between ES cells and mouse embryos) are identified and used to generate chi-
meric animals. The transcriptional regulatory activity of the “trapped” DNA
can then be examined by analyzing the expression of the reporter gene, and by
characterizing any mutant phenotypes that arise from the msertion of the
reporter 1nto this region of the genome (/7). Similar experiments have been
performed using transgenic mice in which LacZ transgenes with weak promot-
ers have been used (either intentionally or fortuitously) to probe for regulatory
sequences of developmentally important genes (23,24).

1.2.8. Lineage Analysis

B-gal enzyme has been used as a cell marker in studies examining cell lin-
eage in development. Lineage analyses fall into two main categories. In the
first category, retroviruses containing the f-gal reporter are used to infect the
cells of mterest so that the progeny of these cells can be 1dentified at later
stages. In the second category, aggregation chimeras are generated between
B-gal expressing ES cells or transgenic embryos and LacZ negative embryos in
order to assess the contribution of cells of different genotypes to the develop-
ing embryo (for examples, see refs. 8,11,25-30). The B-gal is a particularly
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useful marker for such lineage studies due to its ready visualization in situ.
However, lineage studies suffer from the possibility that the 3-gal marker gene
could be shut off 1n some instances, making the determination of cell potency
or lineage 1n development a conservative estimate (37,32)

1 2.4. Fusion Proteins

The [B-gal fusion proteins often retain repotter enzyme activity. Additionally,
B-gal fusion proteins may retain the activity of the non -gal fusion partner. In
these cases, the fusion protein can be expressed in cells 1n order to examine
gain of function of the fusion partner (12). The B-gal portion of the fusion, 1f
active, allows easy identification of expressing cells. Alternatively, B-gal fusion
proteins made to polypeptides that normally oligomerize may retain the ability
to associate with the wild type form of the fusion partner protein. In several
nstances, this association has been found to disrupt the wild-type protein func-
tion 1n a dominant negative fashion In such cases, expression of the 3-gal
fusion protein i cells allows the examination of loss of function of the wild-
type fusion partner protein (/0,13—16) The B-gal fusions have been used to
examine the topology of membrane proteins by taking advantage of the fact
that 3-gal 1s only active 1f 1t 1s cytoplasmically localized (2,70,15,16,33) Thus,
1f a B-gal fusion 1s made to an intracellular portion of a membrane protein, the
reporter enzyme will be active, whereas 1f the fusion is made to an extracellu-
lar domain the enzyme will be 1nactive. Finally, (3-gal fusions have been used
to 1dentify peptide sequences important n protein trafficking to various sub-
cellular compartments (2).

2. Materials

1 40 mg/mL X-gal or Red-gal (Research Organics, Cleveland, OH) (US patent no.
5,358,854) (40X stock) Both X-gal and Red-gal are made up i1n DMSO and stored
frozen at —20°C 1n a Light, tight container

2. 0 5 Potassium ferricyanide (100X) made up in PBS and stored at room tempera-
ture 1n a light tight container May be stored frozen at —20°C

3 0 5M Potassium ferrocyamde (100X) made up in PBS and stored at room tem-
perature 1n a light, tight container. May be stored frozen at —20°C

4 1M MgCl, (500X) made up 1n PBS and stored at room temperature May be
stored frozen at —20°C

5 20% SDS (5000X) made up 1 water and stored at room temperature May be
stored frozen at —20°C.

6 20% NP40 (1000X) diluted in PBS and stored at room temperature May be stored
frozen at —20°C

7 PBS: Dulbecco’s phosphate-buffered saline made up without Mg?* or Ca?* 1ons

8 2% Paraformaldehyde made up 1n PBS fresh for each use The solution should be
heated, but not allowed to boil, to allow the paraformaldehyde to dissolve. Be
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sure to correct for any volume lost during heating by adding water. Cool the fix
to room temperature prior to use. For fixing embryos, 0 02% glutaraldehyde may
also be added although we do not find this necessary routinely
9 Eosmn Y stain. mix a solution of 176 3 mL 95% cthanol, 23.7 mL water, 1 mL

glacial acetic acid. Use 150 mL of this solution to dilute 50 mL of commercial
eosin stock for the staining solution

10. FDG' 100 mM stock is made up by dissolving 5 mg FDG 1in 76 ul 11
water.DMSO. The stock is stored at —20°C See Notes 1, 6, 7, and 8 regarding
preparing FDG stocks.

11 FDG staining medium 10 mM HEPES pH 7 2, 4% fetal calf serum, made up in
PBS Can be stored at—20°C

3. Methods

In this chapter we consider methods for histochemically localizing p-gal
activity in situ In situ analysis 1s useful for evaluating the spatial and tissue
specific patterns of B-gal expression. For this purpose, we describe standard
histochemical methods for staining of fixed tissue samples (see Section 3.1 )
(Fig. 1) These techniques are useful n the examination of B-gal expression in
either whole mount specimens or n histological sections. Second, we will de-
scribe procedures for stamning living cells (see Section 3.2 ) (Fig. 2). These
latter methods are useful 1f B-gal positive cells are to be cloned or cultured for
further analysis.

3.1. Histochemical Detection of 3-Gal in Fixed Specimens

In histochemical applications, X-gal (5-bromo-4-chloro-3-1ndolyl-f3-D-
galactopyranoside) 1s the most popular B-gal substrate. When cleaved by -gal,
1t forms a blue precipitate that 1s robust to subsequent sectioning and histologi-
cal examination. The precipitate 1s electron dense and thus the staining can be
examined by electron microscopy (34). Other chromogenic substrates have also
become available and can be used 1n mstances in which different colors are
desirable, For example, the substrate red-gal (6-chloro-3-1ndolyl-B-D-galacto-
pyranoside; Research Organics) forms a red precipitate when cleaved by -gal.
Below 18 a protocol for in situ X-gal staining that is appropriate for most appli-
cations, such as staining of adherent monolayers of tissue culture cells, or stain-
ing whole embryos or organs. This procedure produces strong staining with
minimal background in most tissues with the exception of mouse embryo
intestines, which exhibit considerable endogenous B-gal activity from d 14.5
(see Note 3). The same protocol is used for Red-gal staining by substituting
Red-gal for X-gal In the staining solution, X-gal or Red-gal acts as the indica-
tor of enzyme activity. The products of X-gal cleavage are galactose and
soluble indoxyl molecules. The indoxyl molecules are subsequently converted
through oxidation to mnsoluble indigo to form a blue precipitate Note that
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because the indoxy! molecules are soluble, they are subject to some diffusion,
thereby resulting in a small degree of dispersion of the stain (35). Sodium and
magnesium ions act as activator and cofactor respectively, while the ferro/ferri
cyanide mixture acts as an oxidation catalyst to help localize the stain and
intensify the color of the reaction. They may further help buffer the pH (6).
The reaction 1s carried out in PBS, which provides the Na* 1ons and also helps
buffer the staining solution to 7.0—7.4, the pH optimum for the bacterial enzyme
(well above the pH optimum for the endogenous eukaryotic B-gal enzyme).
This pH allows for optimal staining for bacterial 3-gal and minimal background
(6,35). Care should be exercised in making up PBS stocks as we have noticed
variability in staining associated with particular batches of PBS (see Note 2).

Prior to staining, we typically fix the cells, embryos, or tissues 1n 2%
paraformaldehyde made up in PBS (made fresh each time) at room tempera-
ture. For fixation of embryos, glutaraldehyde can be added to the fix, although
we do not routinely find that this is necessary.

Following X-gal staining, specimens may be paraffin embedded for subse-
quent sectioning. After sectioning, we typically stain the samples with eosin Y
in order to best visualize the tissues while maintaining good resolution of the
X-gal stain.

3.1.1. Fixation

1. Rinse samples in 1X PBS
2. Place samples in 2% paraformaldehyde fixative at room temperature with shak-
ing (care should be exercised when handling paraformaldehyde see Note 1). For

Fig. 1. (opposite page) X-gal and Red-gal staming of fixed specimens: (A) A clonal
population of B-gal expressing NIH3T3 cells was grown as a monolayer and stamed
for B-gal activity using X-gal Variability in the mtensity of X-gal staining may be
related to the metabolic state of the cells (see Section 1.). (B) Limb buds were har-
vested from P-gal expressing transgenic embryos (see embryo in C) and grown in
micromass culture Subsequently the cells were fixed and stained with Red-gal (C)
16.5 day embryos were collected from a transgenic mouse line expressing a p-gal
reporter under the regulation of a connexin 43 (Cx43) gap junction promoter Em-
bryos were fixed and X-gal stained. Notice the blue staining indicating -gal expres-
sion 1n the developing forelimb and whiskers (and thus Cx43 promoter activity in
these areas) (D) Following X-gal staining, the embryo m C was paraffin-embedded,
sectioned, and eosin Y-stained Blue staining revealed B-gal expression in cells of the
developing vibrissae. (E,F) Adult bramn and lung were collected from a transgenic
mouse expressing (-gal under the regulation of the Cx43 promoter. The tissues were
fixed and X-gal stained. Notice the abundant blue staining of the cerebral hemispheres
in E and of the bronchial tree of the lung in F
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Table 1

Staining Solution

Component Volume Final concentration

40 mg/mL X-gal 125 mL 1 mg/mL
or Red-gal

0 SM K ferricyanide 05mL 5 mM

0 5M K ferrocyanide 05mL 5 mM

1M MgCl, 100 uL 2 mM

20%SDS 25 uL 0.01%

10% NP40 100 pL 0 02%

PBS 47,525 mL

Final volume 50 mL

monolayers of tissue culture cells, fix for 15-30 mun. For small (<14.5 d)
embryos, fix 30-45 min, and for larger embryos (>14 5 d), fix for 1 h For proper
fixative penetration 1n these larger embryos, use forceps to open the chest and
abdominal cavities while embryos are 1n the fix After 30 min, change the
embryos to a new dish of fixative to help dilute out blood and other tissue debris
that may mnhibit X-gal staining. Continue fixation for a total of 1 h.

3. Runse samples in PBS three times For larger embryos, allow 20 min for each
rinse (at room temperature with gentle shaking)

4 Following fixation and rinsing, embryo samples should be stained immediately
Tissue culture cells can be stored overnight 1n PBS at 4°C prior to staining

3.1.2. Staining

1. Place samples in staining solution (see Table 1) at room temperature protected
from light with shaking until blue staining 1s visualized This can take from | h to
overnight For overnight staining, be sure the container 1s sealed to prevent evapo-
ration To increase the sensitivity of the assay, the samples can be incubated at
37°C. Care should be exercised when handling solutions contamning DMSO,
sodium ferro cyanide, and sodium ferri cyanide (see Note 1)

2 Afier staining, rinse the samples in PBS. Samples can be stored 1n PBS at 4°C 1f
azide 1s included (azide 1s extremely toxic and should be handled with great care).

3 If samples are to be paraffin embedded, postfix them after the X-gal staining 1n
3 7% formaldehyde (formaldehyde stock diluted 1 10 in PBS) overnight at

Junction mediated transfer of FDG dertved fluorescein from the 3-gal positive cells to
adjacent nontransfected cells. In contrast, in the fusion protein-expressing cells in B,
little or no transfer of fluorescen is observed from the brightly fluorescent (3-gal-
positive cells to their neighbors The latter reflects the fact that gap junctional commu-
nication 1s inhibited by the B-gal/Cx43 fusion protein (70).



238 Sullivan and Lo

room temperature with shaking Following postfixation, rinse samples in PBS,
then place 1n 50% ethanol for 1 h, followed by 70% ethanol Samples can be
stored 1n 70% ethanol at 4°C for prolonged periods prior to dehydration and
paraffin embedding

3.1 3. Embedding

1 Samples have been postfixed in formaldehyde (3 7% formaldehyde in PBS) and
are 1 70% ethanol at this point Make sure they have been in 70% ethanol for at
least 1 h at room temperature We typically use 1-dram glass specimen vials for
embedding If embryo samples are <10 5 d, then they should be agar embedded
(see Note 5)

Invert vial gently several times after each of the following sieps to ensure
good mixing and penetration When changing solutions, remove as much of the
old solution before adding the next solution (see Note 4)

2 Change solution to 95% ethanol for 1 h at room temperature If embryos are

>14 5 d, then leave 1n 95% ethanol overnight

Change to 100% ethanol at room temperature Leave overnight.

Change to fresh 100% ethanol for 1 h at room temperature

5 Under the hood, change to xylene for 1 h at room temperature Repeat this two
more times However, 1f after the first 1 h the blue stain 1s rapidly eluting from
the sample into the solvent, go immediately to step 6

6 Change to 50% xylene/50% paraffin for 1 h at 56°C Repeat this two more times
If embryos are >14 5 d, then leave 11 50.50 xylene-paraffin overnight. For this
step, fill tubes halfway with melted paraffin, then the rest of way with xylene
The paraffin will solidify Place the tubes at 56°C and be sure to invert the tubes
to mix after the paraffin has melted' Keep samples in heating blocks at 56°C, and
never above 62°C.

7 Change to 100% paraffin for 1 h at 56°C

Change to 100% paraffin for overnight at 56°C

9 Change to fresh 100% paraffin at least two more times If embryos are >14 5 d,
then change the 100% paraffin every 2 or 3 h during the day and leave 1n 100%
paraffin for one more overnight

10 Embed- Prior to embedding, prepare paper labels identifying each sample and

recording the orientation it will be embedded n. Fill embedding mold with paraf-
fin Transfer tissue into the molding block using prewarmed forceps or spatula 1f
embryos are <10 5 d Orient tissue, manipulating with the forceps Insert label
mnto molten paraffin Let block cool overnight at room temperature

oW

o]

3.1 4. Sectioning and Eosin Y Staining

1. Paraffin-embedded specimens are sectioned at 10 um and mounted on etha-
nol-cleaned glass slides Slides are air-dried overnight and then baked at 45—
50°C overnight

2 Following mounting, sections are stamned with eosin Y



Detection of -Galactosidase 239

Solution Time
Histoclear 1 min
100% ethanol I min
95% ethanol 1 min
75% ethanol 1 min
diluted eosin Y 15s

tap water 3 min
95% ethanol 1 min
100% ethanol 1 min

First stain one or two slides, mount them using water, and check the shdes
under the microscope to see if the desired staining has been achieved. Adjust the
time of eosin staining to erther increase or decrease staimng ntensity for the
subsequent slides If'the slides are overstained, rinse in 100% ethanol until desired
level of staining 1s achieved. After staining, allow the shides to air-dry for about
10 min prior to mounting

3.2. Detection of 3-Gal Activity in Living Cells

We will consider the fluorescent substrates that can be used to stain living
B-gal expressing cells. FDG (fluorescein di-B-p-galactopyranoside) was the
first of these various fluorescent substrates to be developed, and 1t has proven
useful as a vital stain for the identification of B-gal positive cells for subse-
quent cloning. FDG is a very sensitive 3-gal substrate due to the sensitivity of
fluorescence detection (35, for further information, see catalog of Molecular
Probes, Eugene, OR). The use of FDG to stamn living cells has been important
in various ES cell experiments, particularly in gene or enhancer trap studies
(36). FDG analysis has also been used to examine the cellular identity of LacZ
expressing cells in transgenic mice. Thus, tissues from transgenic mice can be
dissociated into single cell suspensions, FDG stained, and subjected to fluores-
cence activated cell sorting (FACS) analysis allowing -gal positive cells to be
cultured n order to establish their identity (37).

FDG has numerous limitations that make it useful for only certain applica-
tions. The first problem is that FDG requires cell permeabilization for loading.
Permeabilization is most often achieved by hypotonically shocking the cells
(35) or using DMSO (38). However, either procedure may be poorly tolerated
by the cells. The second problem is that fluorescein, the product of FDG cleav-
age by B-gal, has several properties that make FDG assay of -gal activity prob-
lematic. Firstly, at room temperature, fluorescin rapidly leaks out of cells. This
effect can be mimimized by keeping the stained cells at 4°C (39). Secondly,
fluorescein passes freely through gap junctions and thus can transfer between
FDG+ and FDG—cells. Nevertheless, mixed populations of FDG+ and FDG—
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cells have been successfully stained with FDG and subjected to fluorescence-
activated cell sorting (FACS) allowing FDG+ cells to be selected and grown up
(36,39-41).

We have used FDG to stain monolayers of cells. In cells that are well coupled
by gap junctions we found that the fluorescein product rapidly spread from the
B-gal-positive cell to 1ts neighbors through gap junctions. This property
was 1n fact quite useful in rapidly assessing gap junctional communication
in these cells. However, the method was difficult to standardize for quantita-
tive studies and thus 1s not practical for the quantitative analysis of gap junc-
tional communication.

Some of the drawbacks of FDG have been overcome by the development of
modified FDG substrates For example, the fatty acyl modified FDG’s
(Imagene green (C;, FDG), Molecular Probes) (US patent 5,208,148) do not
require cell permeabilization for loading and the product of B-gal cleavage 1s a
fluorescent lipophilic product that 1s efficiently retained within cells (probably
due to incorporation of the fatty acyl tail within the cellular membranes).
Imagene green (C;; FDG) has been used for whole-mount staining of zebra
fish embryos for 3-gal activity (42) as well as for staining of mammalian tissue
culture cells for FACS analysis (40,43). Indeed, C,, FDG has been suggested
to be a more sensitive B-gal substrate for use in mammalian cells (40), perhaps
due to 1ts easy loading and increased retention of the reaction product within
cells Various acyl chain lengths are available and the product 1s also available
with a red instead of a FITC fluorophore (Imagene red, Molecular Probes) (US
patent 5,242,805) Other FDG analogs have been developed in which the fluo-
rescein portion has been modified with a chloro-methyl group so that 1t can
react with cellular glutathione, thereby also allowing the product of B-gal cleav-
age to be efficiently retained within cells (DetectaGene [chloro-methlyl-
fluorescemn di-B-p-galactopyranoside], Molecular Probes) (US patent
5,362,628). DetectaGene 1s also available with a blue product, 4-chloromethyl-
7-hydroxycoumarin. However, DetectaGene, like FDG, still requires mem-
brane permabilization for cell loading. Dichloro derivatives of FDG are also
available and are phototoxic to cells. Thus, potentially they may also be useful
in photoablation studies. Finally, carboxyfluorescein derivatives of FDG are
available that result in the release of carboxyfluorescein nstead of fluorescein.
Carboxyfluorescein is better retained within the cells than fluorescein, although
1t can still pass through gap junctions. However, the carboxyfluorescein
derivatives again require cell permeabilization for substrate loading. We out-
line a protocol for loading adherent cells in culture with FDG 1n Section 3.2.1.
This procedure 1s useful for staining and subsequently cloning cells expressing
the 3-gal reporter gene
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3.2.1. FD@G Staining Procedure

1

w

O 00 1O\

Wash 10-cm plate of adherent cells with PBS. If stained cells are to be subsequently
cultured, all solutions should be kept sterile and sterile technique should be used
Add 150 ul. FDG staining medium/10-cm dish,

Add 150 pL FDG/H,0 (2 uL 100 mM FDG stock diluted m 100 L sterile water)
Let sit 2 min at room temperature The hypotonic shock loads cells with FDG
during this mcubation period. It 1s helpful to agitate the solution on the plate
somewhat (See Note 10 regarding alternate loading procedures 1f cells do not
tolerate this hypotonic loading procedure )

Remove staining solution, rinse plate with ice-cold PBS (see Note 9).

Add 2-mL ice-cold staiming medium

Put dish on ice covered with foil

Observe under fluorescent microscope (see Note 11)

FDG-positive cells can be observed and, if they are present in 1solated colonzes,
can be marked for subsequent cloning (see Note 15 regarding potential back-
ground staining 1n older cell cultures). The staining procedure can be modified
for more quantitative applications (see Note 13) and/or for FACS analysis (Note
12) 1f desired

4. Notes

1

2

Care should be exercised when handling paraformaldehyde, DMSO, potassium
ferro and ferricyanide, and azide

One problem we have noticed 1n X-gal staining is the accumulation of crystals in
the staining solution. The presence of these crystals can greatly decrease the
amount of staining obtained. As the presence of these crystals seems to be asso-
ciated with particular batches of PBS, always make up the PBS n chromic acid
clean bottles and adjust pH as needed

Mouse embryo intestines have considerable B-gal activity from day 14.5
Although this staiing makes analysis of B-gal expression 1n the intestines daffi-
cult, 1t does not interfere with analysis of expression n other tissues

When changing solutions during embedding, be sure to drain all of the old solu-
tion from the vial before adding the next solution

When embedding, 1f embryo samples are <10 5 d gestation, then they should be
agar-embedded to facilitate handling during paraffin embedding Do the agar
embedding while the samples are still in 50% ethanol or allow the samples to
equilibrate 1 50% ethanol for at least 1 h prior to agar embedding Use 0.75%
low melting point agarose to minimize possible heat damage to embryo Equili-
brate melted agarose to 37°C in water bath. Place embryo in a Petri dish and
remove any excess liquid with a pipet and/or paper towel Place a drop of agarose
over the embryo using a Pasteur pipet. Let cool. Cut out a block around embryo
using a scalpel and place the block in 70% ethanol This can be stored at—20°C or
at 4°C until ready for embedding
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FDG is dissolved in a 1.1 mixture of DMSO:H,0 at a concentration of 160 mM
or 200 mM (dissolve 5 mg of FDG in 76 pL of DMSO-H,0 for a 100 mAM solu-
tion). The DMSO:water and FDG should be kept on 1ce as there 1s a strong exo-
thermic reaction when DMSO and water are mixed. The limit of solubility of
FDG 1s near 200 mM, so care must be taken to ensure that the powder goes com-
pletely into solution If necessary, the solution can be placed at 37°C briefly to
ensure that all of the FDG 1s dissolved

We have noticed loss of activity of the FDG stock solution over time at —20°C
This can be minimized by avoiding multiple freeze-thaw cycles The manufac-
turer recommends storage of the stock solution under Drierite

FDG stocks can be contaminated with minor quantities of fluorescent mono-
galactoside and/or fluorescein, both of which will contribute to background fluo-
rescence FDG from Molecular Probes is quality controlled so that this 1s rarely a
problem However, if 1t 1s desirable to remove all background fluorescence, the
stock can be photobleached by holding the Eppendorf containing the 2 mM work-
ing FDG solution directly in the path of the FACS 488 nm argon laser for 1 min
or more. Move the tube slowly to avoid melting the plastic and hold the tube such
that the laser strikes the solution at the meniscus to ensure optimal spread of the
light throughout the solution Laser goggles must be worn during this procedure.
After photobleaching, the solution can be freeze/thawed without rebleaching (35).
We have included the step of rinsing FDG stained cells with ice-cold PBS, with-
out which we found excessive background fluorescence that complicated visual-
1zation of FDG positive cells

Some cells and embryos, for example preimplantation embryos, do not tolerate
the hypotonic shock used in the above protocol to load the FDG nto the cells
Alternative procedures using DMSO to load the FDG nto the cells may be help-
ful 1n such cases (38).

Note that the short wave light source from the mercury light can be quute toxic to
cells. It is often helpful to use cut off filters to elimmate light of short wavelength
A symilar staining procedure as outlined above can be used to stain cells for FACS
analysis. We refer you to the following references for more specific details of
FACS applications’ 36,39—41.

Some authors have used a competitive inhibitor of p-gal (phenylethyl B-p
thiogalactoside) to stop the FDG reaction 1n conjunction with chloroquine, an
inhibitor of mammalian (but not bacterial) B-gal, to mhibit endogenous f-gal
activity These modifications increase the accuracy of the FDG assay so that 1t
can be used 1n quantitative applications (74).

This FDG staining method can also be used to identify preimplantation embryos
which express B-gal However, the embryos do not withstand the hypotonic shock
and die subsequently to the staining (see Note 10). Older embryos do not load
well at all and there seems to be endogenous B-gal activity in damaged embry-
onic tissues that results in excessive and sometimes misleading background stamning
When using the fluorescent substrates with tissue culture cells, there is some-
times background fluorescence that becomes more pronounced in older confluent
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cultures (35). In our experience, background fluorescence was dim and could
easily be distinguished from true staining However, this problem may be cell-
type specific.

5. Conclusions

In summary, bacterial B-gal has proven to be a very useful reporter gene
numerous applications. /n situ staining for 8-gal enzyme activity in fixed speci-
mens is straightforward and has the advantage of being both reasonably sensi-
tive and specific. The more recently developed vital fluorescent stains for B-gal
activity are less widely useful at the present time both because of the limita-
tions of the various stains and because of their high cost. However, the vital
stains are quite useful in applications 1n which B-galactosidase-positive cells
are to be cloned and/or characterized in culture As these fluorescent dyes are
modified and new dyes are developed, their utility will increase.
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Combined, Sequential /n Situ Hybridization
and Immunohistochemistry
on the Same Tissue Section

Kenneth J. Shepleyand Rocky S. Tuan

1. Introduction

The spatio-temporal study of gene expression 1n tissues 1s typically accom-
plished by using one of the following techniques: iz situ hybridization (ISH),
that localizes mRNA transcripts in particular cell populations using a labeled
nucleic acid probe; and immunohistochemistry (IMH), that detects protein gene
products via labeled primary or secondary antibodies. Often, ISH and IMH
are performed separately on adjacent serial sections, allowing comparison of
the cellular staining pattern for mRNA, and the presence or absence of the
corresponding protein product. Combining these two procedures, by perform-
ing them on the same tissue section provides immediate, direct visualization of
the expression pattern of a particular gene, avoiding the need to visually inter-
pret and compare two separate sets of data

Designing a simultaneous ISH/IMH methodology involves many alterna-
tives. These include using cryopreserved or paraffin-embedded sections, DNA
or riboprobes, fluorescent, radioactive, or colorimetric detection systems, and
performing ISH or IMH first. Cryosections are generally regarded as having
poor tissue and cellular morphology compared to formalin-fixed, paraffin-
embedded sections Riboprobes work at least as well as DNA probes, often
with higher sensitivity, but may require subcloning of the sequence of interest
into an appropriate vector. Fluorescent and radioactive tags do not permit
simultaneous viewing of tissue morphology and signal Additionally, radio-
active detection is sometimes less desirable because of the need for autoradio-
graphic processing and ecological concerns of radioactive disposal. Previously
published procedures of combined ISH and IMH have described the perfor-

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
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mance of ISH first (/—7), or IMH first (§—14), using various combinations of
all of the above protocols.

The main drawback of performing IMH first is the risk of mRNA degrada-
tion (5), and steps to block ribonuclease activity are thus required. The primary
risk 1n doing ISH first 1s the loss of antigemcity (74). Procedures based on
formalin-fixed, paraffin-embedded specimens, that promise better morphol-
ogy than cryosections, for example, require proteinase digestion to remove
terfering protemns and their crosslinking formed during fixation to allow the
hybridization probe access to target mRNA (2,3). Such a step significantly
increases the risk of antigen degradation and loss of morphology.

Recently, new noncrosslinking fixatives have become available, including
Histochoice (Amresco, Solon, OH) and Optiprope (Oncor, Gaithersburg, MD),
that retain excellent morphology. These fixatives obviate the need for a proteinase
digestion step for ISH, thereby lending themselves well to combined ISH and IMH
on the same tissue section. This chapter describes a protocol based on paraffin-
embedded specimens fixed in Histochoice, that mnvolves a first step of ISH
using nick-translated biotinylated DNA probes and streptavidin alkaline phos-
phatase NBT/BCIP detection (purple color). This 1s followed by IMH as
detected with the AEC horseradish peroxidase system (red color). The water-
msoluble ISH reaction product retains full signal strength throughout the IMH
steps, and there 1s no loss of IMH signal due to proteinase digestion,

The procedure described here is applicable to various specimen types, with sen-
sitivity comparable to separate ISH and IMH protocols performed on different serial
sections (15—19). To illustrate the technique, human sun-damaged skin was probed
with a 3.2-kbp, full-length, biotinylated human elastin probe (¢cHDE1) (20), and
commercially available monoclonal anti-elastin antibodies (Sigma, St. Louis, MO).
As a control, an adjacent senal section was probed with biotinylated pBluescript
IT (Stratagene, La Jolla, CA) and generic antimouse IgG antibodies.

2. Materials
2.1. Embedding and Sectioning

Histochoice (Amresco).

50% Ethanol (EtOH)

70% EtOH

95% EtOH.

100% EtOH dehydrated, 200 proof (Pharmacia LKB, Piscataway, NJ).
Amyl acetate (Polysciences, Warrington, PA)

Paraplast X-tra (Fisher, Pittsburgh, PA).

Peel-Away molds (Polysciences, VWR)

Reichert-Jung 2050 Supercut Microtome

Superfrost Plus slides (Fisher).

SV NALE WL~
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Nick Translation (see Notes 1 and 2)

Autoclaved, deionized, double distilled water (ddH,0)

IMTrs-HCL,pH 7§

1M MgCl,

dATP, dTTP, dCTP, dGTP, 20 mM Dilute 100 mM stock dNTPs, Ultrapure
dNTP Set, 2'-deoxynucleoside-5'-triphosphate (Pharmacia, Uppsala, Sweden) 1-5
mOIMTnspH7S

Bovine serum albumin, fraction V (BSA) (Sigma) 10% 1n ddH,0
B-Mercaptoethanol (Sigma)

B-Mercaptoethanol working dilution: 4 uL f-Mercaptoethanol plus 67 pL ddH,O
Cloned DNA and DNA for quality control assessment Double-stranded plasmid
DNA containing various inserts

Biotin-14-dATP (Gibco-BRL, Gaithersburgh, VA)

dATP-3H (ICN, High Wycombe, UK)

DNA Polymerase I (Promega, Madison, WI).

DNase, RQ1 RNase-free (Promega).

DNase working dilution 2 ul. DNase plus 16 pyL ddH,0

0 5M Ethylene diamine tetraacetate tetrasodium salt (EDTA), pH 7 5
Centricon-30 Microconcentrators (Amicon, Danvers, MA)

0 IM EDTA.

Ecolume liquid scintillation fluid (ICN).

In Situ DNA-mRNA Hybridization (see Notes 1 and 2)

ddH,0

1M KOH

100% EtOH

Shde dipping chambers, 25 shde, 140-mL capacity (Tissue Tek, Baxter, Muskegon, MI)
Histo-Clear (National Diagnostics, Atlanta, GA)

Xylene (Fisher)

95% EtOH.

75% EtOH

50% EtOH

2X SSC' 0.3N NaCl, 30 mM sodwum citrate, pH 7.0.

0.2N HCL

Deionized formamide (DI-formamide) (Fisher, see Note 3)

Mixed-bed ion exchange resin, AG 501-X8 (Bio-Rad)

95% DI-formamide/0 1X SSC

0 1X SSC.

0.IM EDTA

10X SSCP' 1 2N¥ NaCl, 0 15M sodium citrate, 0 19M sodrum phosphate, pH 6.0
Dextran sulfate (Fisher) 50% 1n ddH,O

DNA probes* 125 uL/slide assembly, 100 ng nick translated, biotinylated DNA
probe (approx 20 pL nick translation product from above) in 1 2X SSCP contain-
ing 7% dextran sulfate and 24% formamude.
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20 Sigmacote (Sigma).

21. Probe-On shdes (Fisher).

22 Carter’s rubber cement

23  Humud chamber (Medical Packaging Corporation, Camarillo, CA).

24 12 5% DI-formamide/2X SSC

25. 1X Phosphate-buffered saline (PBS)

26 10% Triton X-100 in dd H,O

27 Blocking buffer PBS containing 1.0% Triton X-100.

28. DETEK I-alk signal generating complex (ENZO Biochem, Syosset, NY)

29 Bovine serum albumin, fraction V (BSA) (Sigma) 10% in ddH,O.

30. Streptavidin-alkaline phosphatase (SAP) solution' DETEK (1.100) 1n 1X PBS,
S mM EDTA, 0 5% Triton X-100, and 0 1% BSA

31. 1M Potassium phosphate, pH 6.5

32 4MNaClL

33. Washing buffer: 10 mM potassium phosphate, 0 5M NaCl, 1.0 mM EDTA, pH
75,0 5% Triton X-100, 0 1% BSA

34. 1M Trnis-HCI, pH 8 8.

35. 1M MgCl,

36 Substrate buffer. 42 mM Tris-HCI, pH 8.8, 0.1M NaCl, 0.1M MgCl,

37 Dimethylformamide (DMF, Sigma)

38 5-Bromo-4-chloro-3-indolyl phosphate p-toluidine salt (BCIP) (Sigma).

39 Nitro blue tetrazohum (NBT) grade III (Sigma).

40. Substrate solution' 0.8 mM BCIP and 4 5 mM NBT in substrate buffer (see Note 4).

2.4. Immunohistochemistry

PBS

Primary antibodies (selected by mvestigator)

Zymed Histostain SP Kit (Zymed Laboratories, San Francisco, CA)
Mouse IgG (Sigma).

Crystal/Mount (Biomeda, Foster City, CA).

Cytoseal 100 (Stephens Scientific, Riverdale, NJ).

3. Methods

3.1. Sample Fixation and Dehydration, Embedding,
and Sectioning

Place samples in Histochoice fixative for 2—4 h, 5°C (see Note 5).
Transfer to 50% EtOH for 1 h, 5°C (see Note 6).

Transfer to 70% EtOH for 1 h, —20°C

Transfer to 95% EtOH for 1 h, -20°C

Transfer to 95% EtOH for 1 h, —20°C.

Transfer to 100% EtOH for 1 h, -20°C

Store specimens 1n 100% EtOH, room temperature (see Note 7).
Transfer specimens to 100% amyl acetate for 1 h, room temperature.

PN R W
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Transfer to 100% amyl acetate for 1 h, 56°C (see Note 8).

Transfer to 50% amyl acetate/50% Paraplast X-tra for 1 h, 56°C

Transfer to 50% amyl acetate/50% Paraplast X-tra for 1 h, 56°C.

Transfer to 100% Paraplast X-tra for 1 h, 56°C.

Transfer to 100% Paraplast X-tra overmght, 56°C

Transfer to 100% Paraplast X-tra for 1-2 h, 56°C

Position specimen n Peel-Away mold and allow to solidify overnight Samples
may be sectioned the following day

Cut senal sections at 10 um thickness (see Note 9)

Mount the sections by flotation in water at 42°C onto glass Superfrost Plus slides
(see Note 10).

Bake mounted sections to dryness at 45°C for 1-2 d

Store slides at room temperature for combined ISH/IMH.

3.2. Preparation of Biotinylated DNA Probes by Nick Translation

1
2

LA W

~

Thaw reagents and hold on ice (see Note 11)

Sample and quality control (QC) DNA reaction mixtures (see Note 12) To a
sterile 1.5-mL Eppendorf tube held on ice, add-

40 puL 1M Tris-HCl, pH 7 5

20yl 1M MgCl,

20yl 20 mM dCTP

20l 20 mM dGTP

20 uL 20 mM dATP Add to QC sample only.

20yl 20mM dTTP

10 uL  10% BSA.

10yl B-Mercaptoethanol working dilution

Sample or QC DNA. volume to give 10 pg total (see Note 13).

25 0 uL. dATP-Biotin-14, omit 1n QC sample (see Note 14)

2.0 L 3H-dATP, (see Note 14)

3.5 uL DNA Polymerase I

30 uL DNase working dilution.

Sterile ddHZO to bring total volume to 100 pL.

Vortex pulse spin, and cool on ice. Avoid warming to room temperature.
Transfer to 16°C water bath, and incubate for 2 h

Terminate the reaction with 5 pl. 0.5M EDTA, vortex and hold on 1ce

Purify product; Carefully transfer the reaction mixture to a Centricon-30
Microconcentrator; add 900 uL 0.1M EDTA; spin at 5000g. Final concentrated
volume 1s usually 35-50 pL

Measure final volume of retentate and transfer to a 1 5-mL Eppendorf tube
Take aliquots for scintillation counting: 3 uL from the top retentate (labeled prod-
uct) and 5 pL from the bottom filtrate (unincorporated label) Dilute each with 5
mL Ecolume (ICN) scintillation cocktail and count

Calculate percent incorporation: Multiply the top and bottom counts by their
respective dilution factors. Add the dilution corrected top and bottom counts to

B8 ~® e« -~ 5@ w0 oo ow
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der1ve total counts Divide the corrected top counts by the total counts and mult-
ply by 100 to obtain percent incorporation (see Note 15).

10 Dilute labeled product with 1 5 mL 0 1M EDTA for use m ISH This yields a
final probe of 200500 bp in length, at a concentration of approx 5-7 ng/uL

3.3. In Situ DNA-mRNA Hybridization (see Notes 11,16, and 17)
3.3.1. Day 1

1 Deparaffinize and rehydrate specimens Histo-Clear, 20 min, xylene, 20 min,
100% EtOH, 20 min, 95% EtOH, 1 min, 70% EtOH, 1 min, 50% EtOH, 1 mm,
2X SSC, 1 min

Deprotemnize and denature 0 2N HCL, 20 min

ddH,0 wash 3X (brief dips only)

Dehydrate 70% EtOH, 2 min, 95% EtOH, 2 mm

Prehybridization: 95% formamide, 0 1X SSC, 15 mun at 70°C

0 1X SSC, 1ce-cold 2 muin

ddH,0. 2 min

Dehydrate 70% EtOH, 2 min; 95% EtOH 1 min, 100% EtOH, 1 min

Prepare DNA probes (see Note 18)

Denature probes by heating at 65°C for 5 min and immediately cool on ice
Hybridize Apply 120 UL DNA probe per slide, add a stliconized covership (see
Note 19), seal with rubber cement using a 5-cc disposable plastic syringe; place
1n humid slide chamber (containing ddH,0) for 36 h at 37°C

3.3.2. Day 3

1 Very carefully disassemble slide assembly under ddH,O

2 Perform stringency washes to remove nonspecifically bound probe 12 5%
DI-formamide/2X SSC 3X 3 mun at 39°C, 2X SSC, 3 x 2 mun at 39°C The
remaining hybridization detection steps are carried out at room temperature
Blocking buffer 2 x 4 min

1X PBS 5 min

SAP solution* add 125 uL per shde Add siliconized coverslips or Probe-On shides
without rubber cement, avoid air bubbles Incubate for 1 h at room temperature in
a humid slide chamber containing ddH,0O

6 Remove coverslips

7 Washing buffer: 5 x 5 min.

8

9

— —
w — O O 0NN B W

(% N

Substrate buffer. 2 x 2 min
Substrate solution: Incubate at room temperature for up to 48 h, or less to obtain
good signal to noise ratio

10. Stop development by rinsing in 1X PBS

11 Hold in 1X PBS for immunostaining

3.4. Inmunohistochemistry

1 React with primary antibodzes, 30 min (see Note 20)
2 PBS nnses, 3 x 2 mn
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3

4

Visualize immunolabeling by means of the Histostain-SP kit (Zymed Laborato-
ries), which employs biotinylated secondary antibodies, a horseradish peroxi-
dase-streptavidin conjugate and AEC substrate using the manufacturer’s protocol
Mount slides with Crystal/Mount (Biomeda) and coverslip with Cytoseal 100

3.5. Microscopic Observation

Mounted specimens are best observed using either bright-field or Normarski
differential interference contrast optics and photographed 1n color with appro-
priate correction filters (e.g , Kodak Wratten 80B filter). An example of the
combined ISH/IMH gene expression protocol 1s shown in Fig. 1.

4. Notes

1.

O O 00

11.

12

13

14

The following solutions are to be made fresh each run: p-mercaptoethanl work-
ing solution, DNase working dilution, 95% DI-formamide/0.1X SSC, DNA probe
muxtures, 12 5% DI-formamide/2X SSC, blocking buffer, SAP solution, wash-
ing buffer, substrate buffer, and substrate solution

All reagents are prepared 1n accordance with protocols in refs 21 and 22 where
applicable, and are molecular biology grade

To make DI-formamide, mix 50 mL reagent grade formamide and 5 g of mixed-bed
1on exchange resin Stir for 30 min at room temperature Filter twice though Whatman
#1 filter paper using a Buchner funnel Dispense into aliquots, and store at —20°C
Weigh out 47 mg NBT, suspend 1n 0 43 mL DMF, and add 0 19 mL ddH,0 to
fully dissolve Weigh out 23 mg BCIP and dissolve in 2 3 mL DMF Add both to
140 mL substrate buffer Protect from light.

Dehydration performed at 5°C to —20°C vs room temperature prevented shrink-
age and deformation of the specimens

For harder tissue specimens, for example human skin, 1sopropanol may be sub-
stituted for EtOH to reduce the hardening effects of alcohol.

Specimens are stable for up to 2 yr in 100% EtOH

For harder specimens, times may be reduced by half to minimize hardening.
For Histochoice fixed samples add 2 um to normal sectioning thickness
Superfrost Plus slides are electrostatically charged to adhere sections directly
without having to use an adhesive

Gloves should be worn throughout to avoid itroduction of RNase from contact
All pipet tips, Eppendorf tubes, and so on, must be autoclaved prior to use.

To momitor performance of the enzymes, a clone that has been successfully nick
translated previously should be run again as a quality control sample The quality
control sample 1s prepared by replacing the biotin label with unlabeled dATP
Routinely, 10 pg of total DNA 1s processed at a time As little as 0 5 pg may be
labeled by scaling down the reaction volume

Labeled nucleotide triphosphates. The choice of which nucleotides carry the tritium
and biotin labels is not crucial. In the system described here, dATP carries both labels
The other NTPs are present in excess and are not rate-limiting. The biotinylated
dNTP 1s held close to the minimum concentration needed for 100% replacement 1n
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15

16

17

18

19

20

order to conserve the biotin label A minimum concentration of 50 pM must be present
1n the incubation mixture for 10 ug DNA The final nucleotide concentrations are.
3H-dATP, 0 8 uM, biotin-14-dATP, 100 pM, dCTP, dGTP, and dUTP, 400 uM each
Using this procedure, typical values for percent incorporation range from 15-25%
All glassware and plasticware are cleaned by washing with soap and water, fol-
lowed by nnses with 1M KOH, 100% EtOH and autoclaved, deiomized distilled
H,0 (ddH,0).

Up to 25 slides can be processed together using the slide chamber system from
Miles, Elkhart, IN

Negative controls include brotinylated plasmids without inserts, and 0 1AM EDTA
n place of biotinylated plasmid

Probe-On shides silicomzed with Sigmacote may be used as coverslips to create a
chamber, protecting sections mounted on standard slides

Negative controls for IMH include the omission of primary antibodies, appropri-
ate premmmune sera for polyclonal antibodies, or nonimmune mouse 1gG for
monoclonal primary antibodies
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Whole Mount /n Situ Hybridization
to Embryos and Embryonic Tissues

Ronald A. Conilon

1. Introduction

In whole mount in situ hybridization, the distribution of RNA transcripts
is visualized 1n the intact embryo. This allows for the rapid realization of
transcript distribution throughout the embryo without the need for recon-
struction from sections. In addition, embryos probed for different tran-
scripts (or for the same transcript under different experimental conditions)
can be readily compared. The procedure 1s limited to stages where the
embryos are large enough to be conveniently processed, but not so large as
to prevent penetration of the reagents (embryonic d 6—10 1n the mouse).
The following procedure for mouse embryos (/) 1s derived from whole
mount xn situ hybridization procedures for the embryos of other species
(2,3). This procedure also can be applied to 1solated embryonic organs and
tissues (4).

2. Materials
2.1. Materials and Reagents Prepared Ahead of Time

1. An apparatus, such as a nutator (Adams), for gently rocking or rotating the
embryos throughout the procedure.

2 PBS autoclaved with 0 1% v/v diethylpyrocarbonate (10X PBS stock, per liter:
80 g NaCl, 2 gKCl, 11 5 g Na,HPO,, 2 g KH,PO,)

3. PBT (PBS with 0.1% v/v Tween-20) autoclaved with 0.1% v/v diethyl-
pyrocarbonate.

4. Methanol.

30% Hydrogen peroxide

6. 2 mL Plastic screw cap tubes.

wn
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Protemnase K

Glutaraldehyde, electron microscopy grade.

Sodium borohydride

Digoxigenin-labeled RNA probe, synthesized according to instructions of the
digoxigenin-UTP supplier (Boehringer Mannheim, Mannheim, Germany) Store
at —20°C 1n hybridization buffer

Wash 1 0 3M NaCl, 10 mM Pipes pH 6 8, 1 mM EDTA, 1% SDS

Wash 1 5' 50 mM NaCl, 10 mM Pipes pH 6 8, | mM EDTA, 0 1% SDS

RNase buffer: 0 SM NaCl, 10 mM Pipes pH 7 2, 0 1% Tween-20, autoclaved
Wash 4° 500 mM NaCl, 10 mM Pipes pH 6 8, 1 mM EDTA, 0 1% Tween-20,
autoclaved

TBST. 137 mM NaCl, 25 mM Tns-HCI pH 7 6, 3 mM KCI, 0 1% Tween-20,
autoclaved

Levamisole (Sigma, St. Lows, MO)

Embryo powder (Homogenize gestational d 13 embryos n a minimum of PBS
on ice Add 4 vol of cold acetone and mix vigorously Keep on ice for 30 min
with occasional mixing Collect the precipitate by centrifugation at 10,000g
for 10 min at 4°C Remove and discard the supernatant Resuspend the pellet
with cold acetone and mix vigorously. Keep on 1ce for 10 min Spin at 10,000g
for 10 mun at 4°C. Decant the supernatant and transfer the pellet to a clean piece
of filter paper, spread the precipitate, and allow to air dry Store in an air-tight
container at 4°C).

Antidigoxigenin antibody, alkaline phosphatase-conjugated (Boehringer Mannheim).
Store at 4°C.

Normal goat serum Store at 4°C

BCIP 50 mg/mL 5-bromo-4-chloro-3-indolyl phosphate, toluidine salt in 100%
N,N-dimethylformanmude, stored at —20°C 1n the dark

NBT 75 mg/mL nitroblue tetrazolium salt in 70% N,N-dimethylformamide,
stored at —20°C 1n the dark.

PBTE- PBT plus 1 mM EDTA, autoclaved.

50% Glycerol/50% PBTE.

80% Glycerol/20% PBTE

Sodium azide.

Reagents Prepared Fresh on Day of Use
1. Day 1

20% Paraformaldehyde. (Heat 17 mL of water on a hot plate with stirring. Add 1
drop of 10N NaOH, then 4 g of electron microscopy-grade paraformaldehyde
and stir until dissolved Make up to 20 mL and filter.)

Fixative (4% paraformaldehyde in PBS made from 20% paraformaldehyde, 10X
PBS, and diethylpyrocarbonate-treated water).

Hybridization buffer (50% formamide, 0 75M NaCl, 10 mAM Pipes pH 6 8, | mM
EDTA, 100 pg/mL tRNA, 0 05% heparin, 0 1% BSA, 1% SDS)
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222 Day?

1. Wash 2 50% formamide, 300 mM NaCl, 10 mM Pipes pH 6.8, | mM EDTA,
1% SDS.

2 Wash 3: 50% formamide, 150 mM NaCl, 10 mM Pipes pH 6 8, 1 mM EDTA,
0 1% Tween-20

2.2.8. Day 3

NTMT: 100 mM NaCl, 100 mM Tris-HC1 pH 9.5, 50 mM MgCl,, 0.1%
Tween-20.

3. Method

Gentle agitation of the embryos through every step of the procedure (except
steps 8 and 21) is critical for success. The instruction “rinse” is used to indicate
that the solution should be gently added to the embryos, briefly and gently
mixed, the tube set upright in a rack until the embryos settle and then the over-
lying solution carefully removed. The instruction “wash” 1s used to indicate
the same, except that gentle mixing is performed for the indicated time and at
the indicated temperature.

3.1. Embryo Preparation and Storage

1 Dissect gestational day 6—10 embryos free from extraembryonic tissues
in cold PBS. A small puncture hole must be made 1n the anterior neural tube
of day 9 and 10 embryos to prevent trapping of reagents inside the closed
neural tube.

2 Fix for 2 hat4°C in 10 mL of fresh cold fixative.

3. Ruinse three times with cold PBT Change directly into 100% methanol, mvert the
tube several times to mux Store at -20°C, or proceed to step 4

4. Treat with a 5 1 mixture of 100% methanol and 30% hydrogen peroxide for
2-3 h at room temperature. Rinse three times 1n methanol. Store at -20°C

3.2. Hybridization
3.2.1. Day 1

5 Rehydrate through a methanol/PBT series (75, 50, and 25% v/v), 20 min per
change at room temperature. Rinse through three changes of PBT.

6 Transfer the embryos to a 2 mL plastic screw-cap tube. Treat with 20 pg/mL
protemnase K 1 PBT for 3 min at room temperature. Rinse 2X with PBT

7 Fix the embryos in fresh 0.2% glutaraldehyde/4% paraformaldehyde in PBS at
room temperature for 20 min.

8. Rinse through three changes of PBT Treat with freshly prepared 0 1% sodium
borohydride 1n PBT for 20 min n upright, uncapped tubes. Do not cap the
tubes—hydrogen gas is produced. Rinse three times with PBT

9. Rinse twice with hybridization buffer. Prehybridize for at least 1 h at 63°C
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10 Replace hybridization buffer and add the digoxigenin-labeled RNA probe to
0 5-2 pg/ml., Hybridize overnight at 63°C

3.2.2. Day 2

11 Rinse once with Wash 1. Wash twice with Wash 1 for 30 min each at 63°C

12. Wash twice with Wash 1 5 for 30 min each at 50°C.

13 Rinse once with RNase buffer Treat with 100 pg/mL RNase A and 100 U/mL
RNase T1 in RNase buffer for 60 min at 37°C. Rinse once with RNase buffer

14. Wash with Wash 2 for 30 min at 50°C

15 Wash with Wash 3 for 30 min at 50°C (At this time, nactivate the goat serum at
68°C for 30 min, and 1nactivate the embryo powder by heating a few milligrams
of powder in 1 mL of TBST to 68°C for 30 min.)

16 Rinse twice with Wash 4, then heat the embryos in wash 4 at 68°C for 20 min

17 Incubate for at least 1 h at room temperature in TBST containing 0 5 mg/mL
freshly added levamisole and 10% v/v heat-inactivated goat serum (At this time,
preabsorb the antibody by diluting to 1/5000 mn cold TBST containing 0.5 mg/mL
levamisole, 1% v/v heat-mactivated goat serum and the heat-inactivated embryo
powder Rock the tube for 30 min at 4°C Centrifuge the mixture at 10,000g for
10 mm at 4°C. The preabsorbed antitbody 1s in the supernatant.)

18 Incubate with the preabsorbed antibody overnight at 4°C

3.2.3. Day 3

19. Rinse three times with TBST contaming freshly added 0.5 mg/mL levamisole,
then wash five or six times, 1 h each, at room temperature in the same buffer

20 Wash twice for 20 min each at room temperature with NTMT containing freshly
added 0.5 mg/mL levamisole.

21 Incubate with color reagents (4 5 uL/mL NBT, 3.5 uL/mL BCIP and 0 5 mg/mL
levamisole in NTMT). For most messages the color reaction needs to continue
overnight at room temperature. Do not agitate the embryos during the overnight
cubation. Protect from light.

22 Stop the color reaction with three rinses with PBTE Clear the embryos by pass-
ing the embryos mto 1:1 glycerol/PBTE for one hour, then into 4°1 glycerol/
PBTE with 0.02% sodium azide Store at 4°C

4. Notes

1. Detailed descriptions of early mouse embryo morphology, and procedures for
embryo dissection are contained in ref. 5.

2. Because fibers and particles of dirt tend to accumulate and stick to the embryos,
cleanliness throughout the procedure 1s important Make sure solutions do not
carry particulates or precipitates If they do, remake or filter the solutions.

3. For optimal preservation of tissue structure and the target RNA, the embryos
should be fixed as soon as possible after dissection. Work quickly, keep the
embryos cold, and do not work with more embryos than can be quickly processed.
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5.
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11.

12.

13

14.

Fixed embryos can be stored in 100% methanol at —20°C for several months.
The steps prior to hybridization are sensitive to contaminating RNases.
Treat the PBS and PBT solutions with diethylpyrocarbonate to destroy
RNases. Dedicate unopened bottles of paraformaldehyde, methanol, 30%
hydrogen peroxide, proteinase K, glutaraldehyde, and sodium borohy-
dride to RNA work and mark them clearly as such Handle these reagents
with appropriate precautions to prevent contamination with RNase (wear
gloves, use disposable plasticware to handle, etc.). All plasticware and vessels
used 1n the procedure prior to hybridization should also be free of RNase
contamination

The proper amount of protease digestion 1s critical for success. Too little
digestion leads to poor penetration of reagents, causing low signal and
high background, whereas too much digestion leads to loss of the target RNA
and of tissue ntegrity manifested as low signal and fragmented embryos If
you have extra embryos, 1t 1s useful to test different protease conditions to
determine the appropriate incubation period or protease concentration for
your circumstances.

The treatment with sodium borohydride lowers background by reducing unreacted
aldehydes to alcohols

Measure the amount of digoxigenin-labeled RNA that was made by spotting some
of the labeling reaction on a piece of membrane along with digoxigenin-DNA
standards and detecting with the antibody If the yield was not as high as expected
(usually at least 1-20 pg of labeled RNA per reaction) 1t 1s unlikely that this
probe will work 1n the procedure

The embryos become transparent in the solutions containing formamide Thus,
greater care must be taken, especially with early embryos, so as not to lose or
damage them

Levamisole and the heat treatment of reagents and embryos at 68°C are used to
inhibit endogenous alkaline phosphatases.

After stopping the staining reaction in step 22, the color of the signal may be
mtensified by dehydrating, then rehydrating the embryos, through a methanol
sertes (30, 50, 70, and 100%). This converts the sometimes purplish reaction
product to a deep blue that is more easily captured on color film The embryos
are quite permeable at this point, so the embryos can be taken through the solu-
tions quickly

After completion of the procedure, the embryos may be stored mdefinitely mn the
glycerol plus azide solution at 4°C 1n a sealed container

Photograph the whole mount embryos on a high quality stereo microscope, or on
a compound microscope with low power objectives For the best results, use a
chamber or depression slide with a coverslip

High background can result from msufficient protease digestion, failure to punc-
ture the closed anterior neural tube, or poor probe preparation. Lack of signal can
result from excessive protease digestion, contamination with RNase, loss of tis-
sue 1ntegrity before fixation, or poor probe preparation.
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Whole-Mount In Situ Hybridization
for Developing Chick Embryos
Using Digoxygenin-Labeled RNA Probes

Christopher W. Hsu and Rocky S. Tuan

1. Introduction

The design of recombinant gene constructs has proven to be a powerful tech-
nique 1n the field of developmental biology, and has allowed the investigator to
analyze the regulation of expression and the function of specific genes during
embryonic development. By mapping and correlating the spatiotemporal pro-
file of gene expression in the developing embryo with events of morphogen-
es1s and growth, useful information may be gathered on the functional role of
spectific genes.

In s1tu hybridization refers to the detection of specific gene transcripts at the
site of their expression on the basis of hybridization of labeled DNA or RNA
probes (1,2) In particular, the method of whole-mount iz situ hybridization,
that detects gene expression 1n mtact embryos or 1solated organs and tissues,
has recently received a great deal of attention (3—5) This method allows the
three-dimensional visualization of gene expression, and the integrated view
permts the ready assessment of relative level of gene expression among differ-
ent organ/tissue systems within the same embryo, as well as between different
embryos. This chapter outlines the protocol developed for chicken embryos
(6-9), and should be applicable to similar size embryos of other species.

2. Materials

1. Buffers:
a PBS-T- Phosphate-buffered saline (PBS), pH 7 4, contaming 0 3% Triton
X-100 (Fisher, Pittsburgh, PA), composition per liter, 8 g NaCl, 0 2 g KCl,
115 g Na,HPO,, and 0 2 g KH,PO,.
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b. TBS-T' Trs-buffered saline (TBS), pH 7 4, containing 0 3% Tween-20
(polyoxyethylene sorbitan monolaurate; Sigma, St Louss, MO), TBS compo-
sition simular to PBS, except phosphates substituted with 20 mM Tris-HCI

2 Paraformaldehyde fixative: 4% paraformaldehyde m 1X PBS. Add 4 g of
paraformaldehyde (e g , Fisher purified grade) to 80 mL of distilled water Add
20 pL of a 10M NaOH solution (helps paraformaldehyde to dissolve). Stir and
heat to 60°C until totally dissolved Add 10 mL 10X PBS Bring final volume to
100 mL with distilled water Use only freshly prepared fixative Storage at 4°C
should be no longer than 1 d

3 Dehydration: PBS-T and methanol series of composittons at 75-25, 50.50, 25 75
and 0100, respectively

4 Permeabilization solution: 150 mM NaCl, 1% Nonidet P-40 (Sigma, N-3516),
0 5% deoxycholate (deoxycholic acid, sodium salt, Sigma, D-6750), 0.1% sodium
dodecyl sulfate (SDS; e.g., Ultrapure grade, Gibco-BRL, Gaithersburg, MD), 1
mM ethylene diamine tetraacetic acid (EDTA), 50 mM Tris-HCI, pH 8 0

5 Digestion solution Proteinase K (Boehringer-Mannheim, Mannheim, Germany)
at a concentration of 1050 pug/mL of PBS-T Make fresh from 100X frozen stock

6 Hybridization solution. 50% formamide (deionized biotechnology grade, e g,
Fisher), 5X SSC (1X SSC 0 15M NaCl, 15 mM sodium citrate), pH 4.5, contam-
ing 1% SDS, 50 pg/mL yeast tRNA (biotechnology grade), and 50 ug/mL hep-
arin, sodium salt (Grade II from porcine intestinal mucosa, Sigma)

7 Wash solution, same as hybridization buffer, but without tRNA and heparin.

8 Chick embryo powder (10) Remove day 4 chick embryos from egg and drop nto
a ceramic mortar chilled with hquid nitrogen. Allow the embryos to freeze by
adding hquid nmitrogen, then grind with pestle into a fine powder Let liquid nitro-
gen evaporate and lyophilize the embryo powder and store desiccated at —20°C

9 Hydrogen peroxide (30%, e g, Fisher Certified A C S. Grade) Store 1n refrig-
erator. Make up fresh 6% hydrogen peroxide in PBS-T.

10. Glutaraldehyde (8% or 25% electron microscopy grade, e.g., Ladd, Burlington,
VT) Store stock 1n refrigerator. Prepare fresh 0 2% glutaraldehyde 1n 4%
paraformaldehyde in PBS-T

11. Ribonuclease A (RNase A) (molecular biology grade, e.g., Promega, Madison,
WI; New England BioLabs, Beverly, MA)

12. Digoxigemmn-labeled RNA probe for gene of mterest per each specific application,
prepared according to standard protocols (e g., Genius Kit, Boehringer-Mannheim)

13 Alkahine phosphatase conjugated antidigoxigenin antibodies (Fab fragment,
Boehringer-Mannheim).

14. Alkaline phosphatase reaction buffer 100 mM Tris-HCL, pH 9.5, 100 mM NaCl,
50 mM MgCl,

15. Endogenous alkaline phosphatase mhibitor: levamisol (Sigma)

16. Alkaline phosphatase substrate 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP) (Boehringer-Mannheim), and 4-nitroblue tetrazolium chloride (NBT)
(Boehringer-Mannheim). Stock concentrations (in reaction buffer): BCIP, 50
mg/mL, NBT, 100 mg/mL
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3. Methods

1.

Embryo fixation, dehydration, and preparation Harvest chicken embryos of
appropriate ages from incubated eggs as follows. Crack open egg and drop con-
tent into a large Petr1 dish. Pick up embryos by laying a piece of filter paper
(Whatman 3MM) ring, with the mner dimension tnmmed to fit around the
embryo, on top of the embryo Trim the extraembryonic membranes along the
outer edge of the filter paper ring, and lift the embryo from the underlymg yolk
Fix the embryos on filter disks overnight at room temperature in paraformalde-
hyde fixative (see Note 1). Dehydrate embryos as follows 10 min each n
increasing methanol series (PBS-T.methanol 75:25, 50 50, 25 50, respectively),
finally 1n 100% methanol (change 100% methanol at least twice) (see Note 2)

Trim embryos in methanol, leaving about | mm of extraembryonic membrane
around the embryo Be sure to remove the vitelline membrane from the surface of
the embryo (see Notes 3 and 4) Rehydrate embryo by transfernng 1t into PBS-T/
methanol series (25 50, 50:50, and 75:25, 10 min each) and finally into 100%
PBS-T. Bleach embryo 1n 6% hydrogen peroxide in PBS-T for 40 muin (see Note 5).
Wash three times in PBS-T
Permeabilization/digestion of embryo’ This step is necessary to optimize access
of labeled prove to all tissues and cells of the embryo

For younger, pre-limb bud stage embryos, a detergent-based permeabilization
solution is used: incubate embryo in permeabilization solution twice (30 min each) at
room temperature. For older, post-limb bud stage embryos, digest for 5-10 min at
room temperature with digestion solution containing Protemnase K (see Note 6).

After permeabilization/digestion, wash the embryo three times 1n PBS-T
Refix the embryo n the 0.2% glutaraldehyde/4% paraformaldeyde fixative for
25 min (see Note 7). Wash three times in PBS-T
Hybridization steps For prehybridization equilibration, rinse the embryo twice
in hybridization buffer, then incubate for 45 min at 68°C Replace buffer with
hybridization buffer containing approximately 1 pg/mL of digoxygenin-labeled
RNA probe and hybridize overmight at 68°C (see Notes 8 and 9)

At the end of hybridization, sequentially wash embryo: two times with wash
solution at 70°C, once in 1 1 mixture of wash solution and TE containing
0 5M NaCl; and once 1n TE containing 0 SM NaCl After washing, excess
unhybridized probe 1s removed by digestion with RNase A (50 pg/mL) in above
solution for 30 min. Wash once in TE with 0 5M NaCl. Add 1 mL of 50%
formamide, 2X SSC and let sit for 10 min (see Note 10), followed by incubation
m fresh 50% formamide, 2X SSC for 60 min at 63°C Perform final wash of
embryos in TBS-T (three times, 5 min each)

Detection and development of hybridization signal. Incubate embryos overnight
at room temperature with alkaline phosphatase-conjugated antidigoxigenin anti-
body adsorbed with embryo powder (see Note 11) Wash embryos with TBS-T
(three times of 5 min each, and two times of 30 min each, see Note 12) Equih-
brate embryos in alkaline phosphatase reaction buffer containing 2 mAf levamisol
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for 30 min (see Note 13) Add new reaction buffer containing BCIP (38 pL of
stock per 10 mL of buffer, final concentration = 190 pug/mL) and NBT (50 pL of
stock per 10 mL of buffer, final concentration = 500 ug/mL), and allow reaction
to proceed 1n the dark. Inspect specimens using a stereo microscope at regular
intervals after 15 min of reaction time to assess the progress of the reaction Stop
the reaction by washing the embryos in PBS (4 times, 5 mun each) Clear the
embryos by equilibration in 40% glycerol in PBS for | h, and store 1n 80% glyc-
erol in PBS

5 Examination and observation of hybridization For young, pre-limb bud stage
embryos, the specimens may be mounted on a glass shde in 80% glycerol and
coverslipped For low power examination, use a stereo microscope with incident
lumination For higher magmfication, observe the embryos using an upright,
analytical microscope with either bright-field or Nomarsk: differential interfer-
ence optics (see Fig 1A for whole-mount detection of Pax-/ gene expression in
chick embryo, refs 8,9) For older embryos, place embryos in the bottom of the
well fully submerged 1n 80% glycerol and observe using a stereoscope Hybrid-
1zation signal appears as distinct purple deposits

The whole-mount hybridized embryos may also be histologically processed

for sectioning and further analysis of the cellular site of gene expression For
this purpose, first embed the embryos in agarose as follows for ease of han-
dling. Melt low melt agarose (1% 1n PBS) at 45°C, and then place 0 5 mL 1n
each well of a 24-well plate kept at 37°C Place PBS-rinsed embryos, one per
well, into the agarose (use an applicator to gently configure the embryos 1n
the desired configuration) Allow the agarose to harden at room temperature
for 15 min or more Remove agarose plug from well and cut out embryos 1n
minimal size agarose chunks Process the agarose-embryo composites as for
regular tissue specimens for histology with some minor modifications (see
Note 14). Embed 1n paraffin and section at 8—10 pm sections, mount sections,
and examine by standard microscopy (see Fig 1B for localization of Pax-/
gene expression)

4. Notes

1 Paraformaldehyde should be made fresh daily. Because whole-mount in sifu
hybridization requires the preservation of the whole, intact embryo without sup-
port, a crosslinking fixative 1s generally necessary Other noncrosslinking fixa-
tives, such as Histochoice (Amresco, Solon, OH), which perform well with tissue
sections supported on a glass shde, usually do not provide sufficient tissue hard-
ening for the whole-mount specimens Do not use Histochoice, or your embryos
will fall apart during hybridization

2 Methanol appears to perform better than ethanol, yielding embryos that are less
brittle. The embryos may be stored 1n the —20°C freezer for up to one month
without compromising the hybridization signal Parafilm seal the storage Petr
dish and be sure that the methanol does not evaporate completely during storage,
replenish 1f necessary
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4  After the embryos are trimmed, sort them according to age and/or experimental
treatment and place 1n the wells of a 24-well culture dish (approx 3—4 embryos
per well works well for pre-limb bud stage embryos, 1-2 embryos/well for older
stages) All washes and rises are | mL 1 volume unless stated otherwise, and
should be done gently, 1 e., slow and careful introduction and removal of solu-
tions without harsh mechanical disturbance to the embryos 1n the well

5 The hydrogen peroxide bleaching step removes contaminating blood-derived
coloration that interferes with visualizing the hybridization signal. Generally, pre-
limb bud stage embryos do not require bleaching

6 The exact concentration of Proteinase K 1n the digestion solution needs to be
established empirically. Under-digestion yields poor signal, whereas over-diges-
tion results 1n disintegration of the specumen. Start with 10 pg/mL of Proteinase
K and digestion time of 5 min

7 The refixation step 1s cructal for the maintenance of morphology, particularly if
the embryo is to be subsequently histologically sectioned after the in s1tu hybnd-
1zation procedure. Glutaraldehyde is volatile and highly toxic; perform this step
in the fume hood

8 Antisense RNA probe 1s labeled with digoxygenin using standard protocols, such
as those provided 1n the Genius Kit of Boehringer-Mannherm Biochemicals.
Restriction linearize the msert-containing plasmid and use the appropriate RNA
polymerase to synthesize the antisense RNA probe. For control, use labeled sense
strand RNA Probe size 1s generally not of great concern, except in the case of
older embryos where permeability and/or background retention may become
problematic. Mild alkaline hydrolysis may be used to reduce the size of the probe
if necessary

9 For all hybridization incubation steps, using the 24-well plate set-up, Parafilm
seal the plate, place the plate inside a covered, small plastic box containing wet
paper towels to maintain moisture, and float the box 1nside a water bath set to the
appropriate temperature Other similar set-ups may also be used as long as suffi-
cient humidity 1s maintained to prevent evaporation of the hybridization solution

10 Thus short equilibration step allows the embryo to reach the same density of the
formamide solution to mimimize “floating.”

11 The adsorption step reduces nonspecific binding of antibodies to the embryo.
Prepare 1 mg/mL chick embryo powder in TBS-T, vortex briefly, and centrifuge
for 2 min to remove the debris Discard pellet, and add antidigoxygenin antibod-
1es to supernatant for adsorption purpose The antibodies-embryo powder extract
muxture 1s used for localization of hybridization signal

12 Phosphate buffers are inhubitory to alkaline phosphatase activity A Tris-buffered
saline 1s therefore used here for alkaline phosphatase enzyme histochemustry.

13 Endogenous alkaline phosphatase activity should be inhibited with levamisol to
reduce background noise This 1s particularly important for chicken embryos,
since the extraembryonic yolk sac membrane exhibits high alkaline phosphatase
activity (11). In general, background staining appears as diffuse, brownish
deposits or coloration.
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14,

Standard histological processing protocol may be used (72,13) However, use
xylene instead of amyl acetate as an organic impregnating solvent, since amyl
acetate tends to dissolve some of the alkaline phosphatase reaction product. In
general, expose the specimen, both whole as well as 1n sections, to mimmal time
n the organic solvents to mimimize loss of signal. Alternatively, the embryos
may be processed as follows for cryosectioning (Note* The histology 1s generally
less well mantained 1n the cryosectioned specimen) Equilibrate embryos with
10-20% sucrose and freeze-embed in Tissue-Tek O C T. Compound (Miles,
Eikhart, IN) Section embryos with a cryostat microtome at 1015 um thickness,
mount 1n PBS-glycerol or other aqueous mounting agents and observe by means
of Nomarski differential interference contrast microscopy.
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Methods for Double Detection of Gene Expression

Combined In Situ Hybridization
and Immunocytochemistry or Histochemistry

Ronald A. Conlon

1. Introduction

The distribution of two different molecules can be analyzed within the same
embryo using the procedures described below. The protocol for combined
whole mount 1z situ hybridization and immunocytochemistry allows for simulta-
neous detection of mMRNA and protein. The protocol for combined whole mount i
situ hybridization and B-galactosidase staining allows for simultaneous detection
of mRNA and transgene-directed B-galactosidase expression. Simultaneous
detection allows for the most direct comparison of expression patterns. These
procedures are dertved from protocols used i Drosophila (1) and mice (2,3).

2. Materials
The required materials include those listed in Chapter 20 for whole mount in
situ hybridization, plus the following reagents.

2.1. Combined Protein and RNA Detection
1. Primary antibody against the protein of interest.
2. An appropriate secondary antibody conjugated to horseradish peroxidase.
3. Blocking reagent for nucleic acid hybridization (Boehringer-Mannheim).
4. DAB (30 mg/mL 3, 3'-diaminobenzidine tetrahydrochloride in 10 mM/ Tris-HCI,
pH 7.6: Stored at —20°C in the dark in single use aliquots). Handle with extreme
caution: DAB 1s carcinogenic

2.2. Combined p-Galactosidase and RNA Detection

1. 100 mM EGTA pH 7 3 treated with 0.1% diethylpyrocarbonate and autoclaved
2. 1M MgCl, treated with 0.1% diethylpyrocarbonate and autoclaved

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
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3 Fixative G Prepare fresh 0 2% glutaraldehyde, 2 mM MgCl,, 6 mM EGTA pH
7 3 1n PBS

4. Wash G: PBT containing 2 mM MgCl,, treated with 0.1% v/v diethylpyro-
carbonate and autoclaved

5 X-gal. 25 mg/mL 5-bromo-4-chloro-3-indolyl B-p-galactopyranoside in N,N-
dimethylformamide stored at —20°C

6 Potassium ferricyanide (K;Fe[CN]¢)

7. Potassium ferrocyanide (K4;Fe[CN]s 3H,0)

3. Methods
3.1. Combined Protein and RNA Detection

Follow the protocol for whole mount in situ hybridization in Chapter 20 to
step 14 in Section 3.2.2., then substitute the following for step 15 and all subse-
quent steps. Note that the antidigoxigenin and secondary antibodies are
preabsorbed against the embryo powder, whereas the primary antibody against
the protein of interest 1s not.

3.1.1. Day 2

15 Wash with Wash 3 for 30 min at 50°C. (At this time, 1nactivate the embryo pow-
der by heating a few milligrams of powder in 1 ml of TBST to 68°C for 30 min
Prepare a 1% w/v solution of blocking reagent [Boehringer Mannheim] in TBST
The reagent must be stirred and heated for some time to make a milky solution
Once 1n solution, cool to 4°C )

16. Rinse twice with Wash 4, then heat 1n wash 4 at 68°C for 20 min

17 Incubate for at least 1 h at room temperature in TBST containing 0 5 mg/mL
freshly added levamisole and 1% blocking reagent (At this time, preabsorb the
antidigoxigemn antibody by diluting to 1/5000 m cold TBST containing 0 5 mg/mL
levamisole, 1% blocking reagent, and the heat-inactivated embryo powder Rock
the tube for 30 mun at 4°C Centrifuge the mixture at 10,000g for 10 mm at 4°C.
Remove the supernatant contammng the preabsorbed antidigoxigenin antibody, and
add the primary antibody aganst the protein of interest to the appropriate dilution )

18 Incubate the embryos with the antibodies overmight at 4°C,

31.2. Day 3

19 Runse three times with TBST containing freshly added 0.5 mg/mL levamisole,
then wash five or six times, 1 h each, at room temperature 1n the same buffer
(Once again, inactivate some embryo powder and prepare a 1% solution of block-
ing reagent in TBST)

20. Incubate for at least 1 h at room temperature in TBST containing 0.5 mg/mL
freshly added levamisole and 1% blocking reagent (At this time, preabsorb
the secondary antibody by diluting to the appropriate concentration 1n cold
TBST contaming 0 § mg/mL levamisole, 1% blocking reagent and the heat-
mactivated embryo powder Rock the tube for 30 min at 4°C Centrifuge the
mixture at 10,000g for 10 min at 4°C The preabsorbed secondary antibody is 1n
the supernatant )
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21. Incubate with the secondary antibody overnight at 4°C.

22 Rinse three times with TBST containing freshly added 0.5 mg/mL levamisole,
then wash five or six times, 1 h each, at room temperature n the same buffer.

23 Incubate for 20 min in the dark with TBST containing freshly added 0 5 mg/mL
levamisole and 0.3 mg/mL DAB

24. Develop the peroxidase reaction by adding hydrogen peroxide to 0.03%. The
reaction typically generates signal for the first 10 or 15 mun, and then background
staining begins to become evident. Stop the reaction by rinsing with TBST con-
taming 0.5 mg/mL levamisole

25. Wash twice for 20 min each at room temperature with NTMT containing freshly
added 0.5 mg/mL levamisole.

26. Incubate with the alkaline phosphatase color reagents (4.5 uL/mL NBT, 3 5
uL/mL BCIP and 0 5 mg/mL levamusole in NTMT) For most messages the color
reaction needs to continue overmight at room temperature. Do not agitate the
embryos during the overnight color reaction. Protect from light

27 Stop the color reaction with three rinses with PBTE Clear the embryos by pass-
ing the embryos wnto 1:1 glycerol/PBTE for 1 h, then nto 4'1 glycerol/PBTE
with 0 02% sodium azide The peroxidase reaction product fades with exposure
to light Store at 4°C in the dark

3.2. Combined p-Galactosidase and RNA Detection

The procedure for B-galactosidase staining decreases the sensitivity of the
in situ hybridization procedure somewhat, so this combined procedure works
best for prevalent target mRNAs.

3.2.1. Embryo Preparation, B-Galactosidase Staining and Storage

1 Dissect gestational day 6-10 embryos free from extraembryonic tissues mn cold
PBS. A small puncture hole must be made 1n the anterior neural tube of day 9 and
10 embryos.

2. Fix in 10 mL of fresh cold Fixative G for 10 min on 1ce

Rinse three times with wash G. Wash with Wash G for 60 min at 4°C.

4, Transfer to a 2-mL plastic screw-cap tube. Incubate in freshly made staining so-
lution (1 mg/mL X-gal, 2 mg/mL potassium ferrocyanide, 1 6 mg/mL potassium
ferricyanide in Wash G) at 37°C until desired staining intensity 1s achieved. The
mmcubation period can vary from minutes to hours depending on the level of
expression of B-galactosidase Use the minimum 1ncubation period possible.

5. Runse twice with PBT Fix for 2 h at 4°C in fresh fixative (4% paraformaldehyde
in PBS, Chapter 20)

6 Rinse three times with cold PBT Change directly into 100% methanol, invert the
tube several times to mix. Store at —20°C, or proceed to step 7

7. Treat with a 5:1 mixture of 100% methanol and 30% hydrogen peroxide for 23
h at room temperature. Rinse three times 1n methanol Store at —20°C

8 The detection of RNA by i situ hybridization may be resumed at step 5 of Sec-
tion 3.2.1 of Chapter 20

W
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4. Notes

L.

The peroxidase reaction products may be intensified by addition of metal salts to
the reaction. If this is desired, make a 0.3% w/v stock solution of NiCl, or CoCl,

Add to the DAB staining solution for a final concentration of 0 03%, filter, and
use immediately.

The accumulated background from two combined procedures may obscure sig-
nal somewhat. Better visualization may be possible with a stronger clearing agent,
for example 12 benzyl alcohol/benzyl benzoate (BABB) In glass or polypropy-
lene tubes, dehydrate the embryos quickly through an alcohol series to 100%
ethanol, Transfer to 1.1 100% ethanol/BABB until the embryos sink, then into
BABB. The BABB dissolves polystyrene, so the embryos must be observed in
glass dishes. The BABB also slowly dissolves the colored reaction products of
alkaline phosphatase and B-galactosidase, so the embryos cannot be kept in this
clearing agent for very long. Reverse the solvent series to return the embryos to
an aqueous storage solution

The combined procedures give their best results when the probed expression
patterns are largely nonoverlapping, since 1t 1s difficult to distinguish double-
labeled cells
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In Situ PCR
Current Protocol

Omar Bagasra, Muhammad Mukhtar,
Farida Shaheen, and Roger J. Pomerantz

1. Introduction

Since we first reported our findings regarding the in situ amplification of
HIV-1 gag gene 1n a HIV-1 infected cell line in 1990 (1), there has been an
explosion of research 1n the area of in situ PCR. There are over 200 publications
describing various forms of in situ gene amplifications (selected bibliography
refs. /—105), identifying various infectious agents (/1—17,20,23,32,44,47—
78,81-88,96), tumor marker genes (23,78—-79,92), cytokines, growth fac-
tors and their receptors (37,39,40,65,77), and other genetic elements of
interest, in peer reviewed journals (78,23,84,94) The polymerase chain
reaction (PCR) method for amplification of defined gene sequences has
proved to be a valuable tool not only for basic researchers but also for clini-
cal scientists (2,4,5,20,23,79-82). Using even a minute amount of DNA or
RNA and choosing a thermostable enzyme from a large variety of sources,
one can amplify the amount of the gene of interest, which can be analyzed
and/or sequenced Thus, genes or portions of gene sequences present only n a
small sample of cells or small fraction of mixed cellular populations can be
examined. However, one of the major drawbacks of standard PCR tech-
nique is that the procedure does not allow the association of amplified sig-
nals of a specific gene segment with the histological cell type(s). For
example, 1t would be advantageous to determine what types of cells in the
peripheral blood circulation carry HIV-1 provirus at various stages of HIV-1
infection (2—6,62,78) and what percent of HIV-1-infected cells actually are
expressing viral RNA (2-16,35,42). Similar approaches have been used to
detect the presence of other gene sequences in tissue materials and pathologi-
cal specimens (/-105).

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ

275



276 Bagasra et al.

The ability to identify individual cells, expressing or carrying specific genes
of interest 1n a tissue section, under the microscope, provides a great advantage
in determining various aspects of normal, as opposed to pathological, condi-
tions. For example, this technique could be used in determination of tumor
burden, before and after chemotherapy, in lymphomas or leukemias, 1n which
specific aberrant gene translocations are associated with certain types of
malignancy (23,44,79,80). In the case of HIV-1 mfection or other viral infec-
tions, one can determine the effects of therapy or putative antiviral vaccination
by evaluating the number of cells still infected with viral agent, postvaccina-
tion. Similarly, one can potentially determine the preneoplastic lesions by
examining p53 mutations associated with certain tumors, oncogenes, or other
aberrant gene sequences which are known to be associated with certain types
of tumors (2,23,44,79,80). In the area of diagnostic pathology determination of
origin of metastatic tumors are a perplexing problem. By utilizing the proper
primers for genes which are expressed by certain histological cell types, one
can potentially determine the origin of metastatic tumors by performing reverse
transcriptase-initiated iz situ PCR (80).

QOur laboratories are using # situ PCR (ISPCR) techniques since 1988 and
we have developed a simple, sensitive ISPCR which has proved reproducible
i multiple double-blinded studies (1—/6,40,52,53,79—82,86,96). One can use
this method for amplification of both DNA or RNA gene sequences. By use of
multiple labeled probes, one can detect various signals 1n a single cell. In add:-
tion, under special circumstances, one can perform immunohistochemistry,
RNA and DNA amplification at a single cell level (the so-called “triple-labeling”).

To date, we have successfully amplified and detected HIV-1, SIV, HPV,
HBV, CMV, EBV, HHV-6, HSV, LGV, p53 and its mutations, mRNA for
surfactant Protein A , estrogen receptors, and inducable nitrous oxide synthesis
(INOS)- gene sequences associated with multiple sclerosis, by DNA and/or
RNA (RT-ISPCR), in various tissues, including: PBMCs, lymph nodes, spleen,
brain, skin, breast, lungs, cytological specimens, tumors, cultured cells, and numer-
ous other formalin-fixed, paraffin-embedded tissues. In this chapter, we have pro-
vided a detailed account of the ISPCR procedure, which can be used for routine
research investigations. In addition, we have also provided a detailed procedure for
special applications of ISPCR. For example, 1ts use in cytogenetics, to localize a
single gene 1n the chromosomal bands; 1ts use in dual and triple labeling of cells,
where more than one signal can be detected at the single cell level; and 1ts use 1n
combination with EM, immunohistochemistry, and in other special situations (15).

2. Materials

1. Shdes' Heavy, teflon-coated glass slides with three 10-, 12-, or 14-mm diameter
wells for cell suspensions, or single oval wells for tissue sections, are available
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from Cel-line Associates of New Field, NJ, or Erie Scientific of Portsmouth, NH.

These specific slide designs are particularly useful, for the teflon coating serves

to form distinct wells, each of which serves as a small reaction “chamber” when the

coverslip 1s attached Furthermore, the teflon coating helps to keep the nail polish

from entering the reaction chamber, and multiple wells allow for both a positive

and negative control on the same shde.

Coplin jars and glass staining dishes Suitable vessels for washing, fixing, and

staining 420 glass shdes simultaneously are available from several vendors,

mncluding Fisher Scientific, Pittsburgh, PA, and VWR Scientific (Bridgeport, NJ)

2% Paraformaldehyde-

a. Take 12 g paraformaldehyde (Merck, Darmstadt, Germany, ultra pure Art
No 4005) and add to 600 mL 1X PBS

b Heat at 65°C for 10 min

¢ When the solution starts to clear, add 4 drops 10N NaOH and stir

d Adjust to neutral pH and cool to room temperature

e. Filter through Nalgene 0 45-p filtration unit

10X PBS stock solution pH 7 2-7 4- Dissolve 20 5 g NaH,PO, H,O and 1799 g

Na,HPO, 7H,0 (or 95 5 g Na, HPO,) in about 4 L of double-distilled water

Adjust to the required pH (7 2-7 4). Add 701.3 g NaCl and make up to a total

volume of 8§ L

1X PBS: Dilute the stock 10 X PBS at 1 10 ratio (1 e, 100 mL 10X PBS and 900

mL of water for 1 L) Final concentration of buffer should be O 01M phosphate

and 0.15M NaCl

0 3% Hydrogen peroxide (H,0,) in PBS Dilute stock 30% hydrogen peroxide

(H,0,) at a 1100 ratio 1n 1X PBS for a final concentration of 0 3% H,0;

Proteinase K. Dissolve powder from Sigma 1n water to obtain 1 mg/mL con-

centration Aliquot and store at —20°C Working solution; Dilute 1 mL of

stock (1 mg/mL) mto 150 mL of 1X PBS

20X SSC Dassolve 175.3 g of NaCl and 88.2 g of sodium citrate in 800 mL of

water Adjust the pH to 7 0 with a few drops of 10N solution of NaOH Adjust the

volume to 1 L with water Sterilize by autoclaving

2X SSC Dilute 20X SSC. 100 mL of 20X SSC and 900 mL of water

Solutions for amplifying chromosomal bands:

a. RPMIMedium 1640 Per 100 mL, supplement with 15 mL fetal bovine serum,
1.5M HEPES buffer (IM), 0.1 mL gentamycin (0 1 mL heparin 1s optional)

b. Velban' Reconstitute vial with 10 mL sterile H,O From this solution, dilute
0 1 mL nto 50 mL distilled H,O. Store 1n refrigerator.

¢. EGTA hypotonic solution; Dissolve 0 2 g EGTA powder, 3.0 g KCL, 4.8 g
HEPES buffer into 1000 mL of distilled H,O. Adjust pH to 74 Store n
refrigerator, prior to use prewarm to 37°C

d PHA-C (phytohemagglutmin)' Reconstitute with 5 mL sterile H,O. Aliquot mto
five 1-mL insulin syringes. Freeze four for later use, leave one 1n refrigerator

Streptavidin peroxidase Dissolve powder from Sigma in PBS to make a stock of

1 mg/mL Just before use, dilute stock solution 1n sterile PBS at a 1:30 ratio
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Color solution: Dissolve one AEC (3-amino-9-ethyl-carbazole from Sigma) tab-
let 1n 2.5 mL of N N Dimethyl formamide Store at 4°C in the dark.

Working solution.
a 50 mM Acetate buffer, pH (5.0), 5 mL
b AEC solution; 250 uL.
¢ 30% H,0,; 25 uL

Make fresh before each use, keeping solution in the dark.
50 mM Acetate buffer pH 5 0© Add 74 mL of 0.2N acetic acid (11 55 mL glacial
acid/L) and 176 mL of 0 2M sodium acetate (27 2 g sodium acetate trihydrate in
1 L)to 1 L of deiomized water and mix
In situ hybridization buffer (for 5 mL). Formamide, 2 5 mL; salmon sperm DNA
(ssDNA) (10 mg/mL), 500 pL; 20X SSC, 500 uL; 50X Denhardt’s solution, 1 mL,
10% SDS, 50 uL; water, 450 uL

Note: Heat denature ssDNA at 94°C for 10 mn before adding to the solution
Preparation of glass slides' Before one can perform n situ reactions by this pro-
tocol, the proper sort of glass shde with teflon appliqué must be obtained (vari-
ous sources are described in Section 3.). Then, the glass surface must be treated
with the proper sort of silicon compound. Both of these factors are very impor-
tant, and the following are the reasons why

First, one should always use glass slides that are partially covered by a teflon
coating. Not only does the glass withstand the stress of repeated heat-denatur-
ation, but 1t also presents the right chemical surface—silicon oxide—that 1s
needed for proper silanization

Furthermore, slides with special teflon coatings that form individual wells are
useful because vapor-tight reaction chambers can be formed on the surface of the
slides when cover slips are adhered with coatings of nail polish around the
periphery These reaction chambers are necessary because within them, proper
tonicity and 1on concentrations can be mamntained 1n aqueous solutions during
thermal cycling—conditions that are vital for proper DNA amplification. The
teflon coating serves a dual purpose 1n this regard First, the teflon helps keep the
two glass surfaces slightly separated, allowing for reaction chambers about 20
um 1 height to form between the slides and cover ships. Secondly, the teflon
border helps keep the nail pohsh from entering the reaction chambers when the
polish 1s being applied This 1s important, for any leakage of nail polish nto a
reaction chamber can compromise the results in that chamber Even if one 1s
using an advanced thermal cycler with humidification, use of the teflon-coated
shides is still recommended, as the hydrophobicity of the teflon combined with
the pressure applied by a coverslip helps spread small volumes of reaction cock-
tail over the entire sample region, without forcing much fluid out the periphery
In order to prepare glass slides properly, follow this procedure:
a. Prepare the following 2% AES solution just prior to use: 3-aminopropyl-

triethoxysilane (AES: Sigma A-3648), 5 mL; and acetone, 250 mL.
b Put solution into a Coplin jar or glass staining dish and dip glass slides in 2% AES for

60 s (see Section 3. for sources of both Coplin jars and the proper glass slides)
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¢. Dip slides five times mto a different vessel filled with 1000 mL of distilled water
Repeat step 3 three or four times, changing the water each time.

e Air dry in laminar-flow hood from a few hours to overnight, then store slides
in sealed container at room temperature. Try to use slides within 15 d of
silamzation; 250 mL of AES solution 1s sufficient to treat 200 glass shides

16 Preparation of tissue:

a. Paraffin-fixed tissue* Routinely-fixed paraffin tissue sections can be ampl-
fied quite successfully This permuts the evaluation of mdividual cells mn the
tissue for the presence of a specific RNA or DNA sequence For this purpose,
tissue sections are placed on specially-designed slides that have single wells—
which are described further i Section 2 , step 15. In our laboratory, we rou-
tinely use placental tissues, CNS tissues, cardiac tissues, and so on, which
are sliced to a 3—5 pm thickness. Other laboratories prefer to use sections up
to 10 um thickness, but 1n our experience, amplification 1s often less suc-
cessful with the thicker sections, and multiple cell layers can often lead to
difficult interpretation due to superposition of cells. However, if one 1s using
tissues that contain particularly large cells—such as ovarian follicles—then
thicker sections may be appropriate.

t Place tissue section upon the glass surface of the shde.
11 Incubate the slides 1n an oven at 60-80°C (depending on type of paraffin
used to embed the tissue) for 1 h, to melt the paraffin,

iii.  Dip the shides in EM grade xylene solution for 5 min, then 1n EM grade
100% ethanol for 5 mm (EM grade reagents are benzene-free) Repeat these
washes two or three times, in order to rid the tissue of paraformaldehyde
completely.

1v  Dry the slides 1n an oven at 80°C for 1 h

b. Cell suspensions' To use peripheral blood leukocytes, first 1solate cells on a
Ficoll-Hypaque density gradient Tissue-culture cells or other single-cell sus-
pensions can also be used. Prepare all cell suspensions with the following
procedure

i, Wash cells with 1X PBS twice.
ii Resuspend cells m PBS at 2 x 10 cells/mL

1. Add 10 pL of cell suspension to each well of the slide using a P, micropipet.

tv. Air dry slide 1n a laminar-flow hood.

c. Frozen sections It is possible to use frozen sections for i situ amplification,
however, the morphology of the tissue following the amplification process 1s
generally not as good as with paraffin sections. It seems that the cryogenic
freezing of the tissue, combined with the lack of paraffin substrate during
slicing, compromises the integrity of the tissue Usually, thicker shices must
be made, and the tissue “chatters” in the microtome As any clinical patholo-
gist will relate, definitive diagnoses are made from paraffin sections, and this
rule-of-thumb seems to extend to the amplification procedure as well,

It 1s very important to use tissues that were frozen 1n liquid nitrogen or
were placed on dry ice immediately after they were harvested before autolysis
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began to take place, If tissues were frozen slowly by placing them 1n ~70°C,
then eventually 1ce crystals will form nside the tissues creating a gap which
will distort the morphology.

To use frozen sections, use as thin a stice as possible (down to 3—6 um),
apply to slide, dehydrate for 10 min 1n 100% methanol (exception to
methanol 1s when surface antigens are lipoprotemn and will denature in
methanol, then use 2% paraformaldehyde or other reagent), and air dry in
a laminar-flow hood. Then, proceed with heat treatment described (see
Section 3.1.1)

3. Methods: /In Situ Amplification—DNA and RNA Targets
3.1. Basic Preparation, All Protocols

For all sample types, the following steps comprise the basic preparatory
work which must be done before any amplification-hybridization procedure.

3.1.1. Heat Treatment

Place the shdes with adhered tissue on a heat block at 105°C for 5-30 s, to
stabilize the cells or tissue on the glass surface of the shide.

This step 1s absolutely critical, and one may need to experiment with differ-
ent periods in order to optimize the heat treatment for specific tissues. Our
laboratory routinely uses 90 s for DNA target sequences, and 5-10 s for RNA
sequences The shorter incubation 1s recommended for RNA targets, because
certain mRNAs may be unstable at high temperature.

3.1.2. Fixation and Washes

1 Place the slides n a solution of 4% paraformaldehyde in PBS (pH 7 4) for 4 h at
room temperature. Use of the recommended Coplin jars or staining dishes facihi-
tates these steps.

2. Wash the slides once with 3X PBS for 10 min, agitating periodically with an up
and down motion

3  Wash the shdes with 1X PBS for 10 mn, agrtating periodically with an up and
down motion Repeat once with fresh 1X PBS

4. At this pomt, slides with adhered tissue can be stored at —80°C untyl use. Before
storage, dehydrate with 100% ethanol

If brotinylated probes or peroxidase-based color development are to be used,
the samples should further be treated with a 0.3% solution of hydrogen perox-
ide in PBS, n order to mactivate any endogenous peroxidase activity Once
again, incubate the shides overmght—either at 37°C or at room temperature
Then, wash the slides once with PBS.

If other probes are to be used, proceed directly to the following proteinase K
digestion, which 1s perhaps the most critical step n the protocol
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3.1.3. Proteinase K Treatment (The most rate limiting step)

1 Treat samples with 6 pg/ml. protemase K in PBS for 5-60 min at room tempera-
ture or at 55°C To make a proper solution, dilute 1 0 mL of proteinase K at
(1 mg/mL) 1 150 mL of 1X PBS

2 After 5 mm, look at the cells under the microscope at 400X If the majority of the
cells of interest exhibit uniform, small, round “salt-and-pepper” dots on the cyto-
plasmic membrane, then stop the treatment immediately with step 3 Otherwise,
continue treatment for another S min and re-examine

3. After proper digestion, heat slides on a block at 95°C for 2 min to inactive the
proteinase K

4. Rinse slides in 1X PBS for 10s

5 Rinse shdes 1n distilled water for 10 s

6 Aiardry

3.2. Comments on Optimizing Digestion

The time and temperature of incubation should be optimized carefully for
each cell lmne or tissue-section type Too little digestion, and the cytoplasmic
and nuclear membranes will not be sufficiently permeable to primers and
enzyme, and amplification will be inconsistent. Too much digestion, and the
membranes will either deteriorate during repeated denaturation or worse, sig-
nals will leak out. In the first case cells will not contain the signal—high back-
ground will result. In the last case, many cells will show pericytoplasmic
staining, representing the leaked signals going into the cells not containing the
signals. Attention to detail here can often mean the difference between success
and failure, and this procedure should be practiced rigorously with extra sec-
tions before continuing on to the amplification steps.

In our laboratory, proper digestion parameters vary considerably with tissue
type. Typically, lymphocytes will require 5~10 min at 25°C or room tempera-
ture, CNS tissue will require 12—-18 min at room temperature, and paraffin-
fixed tissue will require 15-30 mun at room temperature. However, these periods
can vary widely and the appearance of the “peppery dots” 1s the important factor.

The critical importance of these dots should not be underestimated, since
an extra 2—3 min of treatment after the appearance of dots will result 1n
leakage of signals.

An alternate to observation of “dots” method 1s to select a constant time and
treat slhides in varying amount of proteinase K. For example treat slides for 15
min 1 1-6 pg/mL of proteinase K.

3.3. RT Variation: In Situ RNA Amplification

One has two choices 1n order to detect an RNA signal The first and more
elegant method is to simply use primer pairs that flank the junctions of spliced
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Fig. 1. Most eukaryotic genes are split into segments, as there are numerous introns
in the DNA that are excised during the synthesis of mRNA 1n the nucleus This char-
acteristic can be exploited in the design of primers 1n order to amplify mRNA signals
without interference from the DNA Simply design primers so that their sequences
flank spliced regions where two exons are fused, such that the homologous annealing
sites exist only in mRNA, not in DNA., This allows the elimination of 2 DNase treat-
ment during slide preparation, as well as simultaneous amplification of both RNA and
DNA signals

sequences of mMRNA, as these particular sequences will be found only in mRNA
(see Fig. 1). Thus, by using these RNA-specific primers, one can skip the fol-
lowing DNase step and proceed directly to reverse transcription

The second approach 1s to treat the cells or tissue with a DNase solution
subsequent to the proteinase K digestion. Ths step destroys all of the endogenous
DNA in the cells so that only RNA survives to provide signals for amplification.

Note: All reagents for RT in situ amplification should be prepared with
RNase-free water (i.e., DEPC-treated water). In addition, the silanized glass
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slides and all glassware should be RNase-free, which we ensure by baking the
glassware overnight in an oven before use 1n the RT-amplification procedure.

3.3.1. DNase Treatment

Prepare a RNase-free, DNase solution: 40 mM Tris-HCI, pH 7.4, 6 mM
MgCl,, 2 mM CaCl,, 1 U/uL final volume of DNase. (Use RNase-free DNase,
such as 10 U/uL RQ1 DNase, cat. no. 776785 from Boehringer.)

1 Add 10 pL of solution to each well

2. Incubate the slides overnight at 37°C 1n a humidified chamber. If one 1s using
liver tissue, this incubation should be extended an additional 18-24 h.

3. After incubation, rinse the slides with a similar solution that was prepared with-
out the DNase enzyme.

4. Wash the slides 2X with DEPC-treated water.

Note: Some cells are particularly rich 1 ribonuclease, 1n this circumstance,
add the following ribonuclease mhibitor to the DNase solution: 1000 U/mL
placental ribonuclease mhibitor (e.g., RNasin) plus 1 mM DTT.

3.3.2. Reverse Transcriptase Reaction

Next, one wishes to make DNA copies of the targeted RNA sequence so that
the signal can be amplified. The following are typical cocktails for the reverse-
transciptase reaction.

1. Ifusing AMVRT or MMLVRT enzyme
10X Reaction buffer (see below), 2.0 uL.
10 mM dATP; 2.0 uL
10 mM dCTP; 2.0 pL.
10 mM dGTP, 2.0 uL
10 mM dTTP; 2.0 L
RNasin at 40 U/uL (Promega)*; 0 5 pL.
20 yM downstream primer; 1.0 uL.
AMVRT 20 U/pL; 0 5 pL
1. DEPC-water, 8.0 uL
(10X Reaction buffer: 100 mM Tris-HCI, pH 8.3, 500 mM KCl, 15 mM MgCl, )
2 If using Superscript II enzyme from BRL:
5X Reaction buffer (as supplied with enzyme), 4 0 pL.
10 mM dATP; 2 0 uL.
10 mM dCTP; 2.0 uL.
10 mM dGTP; 2 0 uL.
10 mM dTTP; 2.0 L
RNasin at 40 U/pL (Promega)*; 0.5 uL.
20 uM downstream primer; 1.0 uL
Superscript II, 200 U/uL, 0.5 uL.

FR o0 o o
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1 01MdATT, 12l
1. DEPC-water, 4.8 uL.

a Add 10 pL of cocktail to each well Carefully place the covership on top of the
shde
Incubate at 42°C or 37°C for 1 h 1in a humidified atmosphere

¢ Incubate shides at 92°C for 2 min

d Remove covershp and wash twice with distilled water Proceed with the am-
plification procedure, which s the same for both DNA- and RNA-based pro-
tocols

*RNAsin inhibits ribosomal RNases—use for optimal yields.

3.4. Comments on RT Enzymes

Avian myoblastosis virus reverse transcriptase (AMVRT) and Moloney
murine leukemia virus reverse transcriptase (MMLVRT) give comparable
results in our laboratory. Other RT enzymes will probably work also. How-
ever, it is important to read the manufacturer’s descriptions of the RT enzyme
and to make certain that the proper buffer 1s used

An alternative RT enzyme that lacks RNase activity 1s available. Called “Su-
perscript I1,” 1t is available from BRL Lifesciences (Gaithersburg, MD), and 1t
1s suitable for reverse transcription of long mRNAs. It 1s also suitable for rou-
tine RT amplification, and 1n our laboratory 1t has proven to be more efficient
than the two enzymes described above.

3.4.1. Comments on Primers and Target Sequences

In our laboratory, we simply use antisense downstream primers for our
gene-of-interest, as we already know the sequence of most genes we study.
However, one can alternatively use oligo (dT) primers to first convert all
mRNA populations mto cDNA, and then perform the ix sit amplification for a
specific cDNA. This technique may be useful when one is performing amplifi-
cation of several different gene transcripts at the same time 1n a single cell. For
example, if one 1s attempting to detect various cytokine expressions, one can
use an oligo (dT) primer to reverse transcribe all of the mRNA copies 1n a cell
or tissue section. Then, one can amplify more than one type of cytokine and
detect the various types with different probes which develop into different col-
ors (see Section392)

In all RT reactions, 1t is advantageous to reverse-transcribe only relatively
small fragments of mRNA (<1500 bp). Larger fragments may not completely
reverse-transcribe due to the presence of secondary structures. Furthermore,
the RT enzymes—AMVRT and MMLVRT, at least—are not very efficient in
transcribing large mRNA fragments. However, this size restriction does not
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apply to amplification reactions that are exclusively DNA, for the polymerase
enzyme copies nucleotides better. In n situ DNA reactions, we routinely
amplify genes up to 300 bp.

The following are several additional points one should keep in mind:

The length for both sense and antisense primers should be 1422 bp.

At the 3' ends, primers should contain a GC-type base pairs (e.g., GG, CC, GC, or

CQG) to facilitate complementary strand formation

3. The preferred GC content of the primers is from 45-55%

4. Try to design primers so they do not form intra- or interstrand base pairs Further-
more, the 3'-ends should not be complementary to each other, or they will form
primer dimers.

5. One can design an RT-primer so that i1t does not contain secondary structures

[N

3.4.2. Comments on Annealing Temperatures

Annealing temperatures for reverse transcription and for DNA amplifica-
tion can be chosen according to the following formula

T,, of the primers = 81 5°C + 16.6 (Log M) + 0.41 (G + C%) - 500/n

In this equation, n = length of primers, and M = molarity of the salt in the
buffer, usually 0 047M for DNA reactions and 0.070M for RT reactions
(see below).

[fusing AMVRT, the value will be lower according to the following formula:

T,, of the primers = 62.3°C + 0 41 (G + C%) - 500/n

Usually, primer annealing 1s optimal at 2°C above 1its T,,. However, this
formula provides only an approximate temperature for annealing, since base-
stacking, near-neighbor effect, and buffering capacity may play a significant
role for a particular primer.

Optimization of the annealing temperature should be carried out first with
solution-based reactions. It is important to know the optimal temperature before
attempting to conduct iz situ amplification, as in situ reactions are simply not
as robust a solution-based ones. We hypothesize that this 1s due to the fact that
primers do not have easy access to DNA templates inside cells and tissues, as
numerous membranes, folds, and other small structures can keep primers from
binding homologous sites as readily as they do 1n solution-based reactions.

There are two additional ways to determine the real annealing temperatures:

1. To utilize a recently developed thermocycler designed for determination of actual
annealing temperature called Robocycler from Stratagene (La Jolla, CA).
2 Another method 1s to utilize so called Touchdown PCR (22)

The logic of determining the correct annealing temperature for IS-PCR is
presented below. During amplification, spurious products often appear in addi-
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tion to those desired Therefore, even if the cells do not contain DNA homolo-
gous to the primer sequences, many artifactual bands may appear. Many proto-
cols have appeared in the literature to overcome false priming, including
HOT-Start (63,67,75), use of DMSO, formamide, and ant1-7ag antibodies (75;
1.e., Clonetech’s TagStart). An important thing to remember 1s that false prim-
ing will occur 1f melting temperature (7,,) between primer and template 1s not
accurate. Therefore, temperature above the T,, will yield no products, and
temperature too far below the T,, often will give unwanted products due to
false priming. Therefore determination of optimal annealing temperature 1s
extremely important.

Recently, M. J. Research (Watertown, MA) has devised a thermocycler with
the capacity to perform both in situ gene amplification 1n slides and in solution
(tubes) simultaneously, in the same block. That kind of thermocyclers can be
very useful in determining the optimal amplification of a gene of interest

3.5. Amplification Protocol, All Types

Prepare an amplification cocktail containing the following: 1.25 pM of each
primer, 200 pM (each) ANTP, 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 2.5 mM
MgCl,, 0.001% gelatin, and 0.1 U/uL Taq polymerase. The following 1s a con-
venient recipe that we use in our laboratory to amplify HIV-1 gag gene.

25 uM Forward primer (1.e , SK 38 for HIV-1), 5.0 uL
25 uM Reverse primer (1.e , SK 39 for HIV-1); 5 0 uL
10 mM each ANTP; 2.5 ul.

1 OM Tris-HCI pH 8.3, 1.0 pL

1.0M KCl, 5.0 pL.

100 mM MgCl,; 2 5 ul

0 01% Gelatin; 10.0 pL.

Taq pol (Amplhi-Tag 5 U/pL)*, 2.0 uL.

H,0; 67.0 uL

\OOO\].O‘\MJAMI\)H

*Note: Other thermostable polymerase enzymes have also been used quite
successfully.

1. Layer 8 uL of amplification solution onto each well with a Py, micropipet so that
the whole surface of the well 1s covered with the solution. If using a single-well
shide for a tissue section, add 12-20 pL of the solution to the well Be careful—do
not touch the surface of the slide with the tip of the pipet

2. Add a glass coverslip (20 x 60 mm) and carefully seal the edge of the coverslip to
the slide with clear nail polish or varmish If using tissue sections, use a second
slide instead of a cover slip (see Section 3.6.).

3. Place slides on a heat block at 92°C for 90 s.

4. Place slides 1n a thermocycling instrument
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5. Run 30 cycles of the following amplification protocol. 94°C, 30 s; 45°C, 1 min;
and 72°C, 1 min These times/temperatures will likely require optimization for
the specific thermocycler being used. Furthermore, the annealing temperature
should be optimized, as described earlier These particular incubation parameters
work well with SK38 and SK39 primers for the HIV-1 gag sequence, when
amplified in an MJ Research PTC-100-60 or PTC-100-16MS thermal cycler

6 After the thermal cycling 1s complete, dip slides in 100% EtOH for at least 5 mun,
in order to dissolve the nail polish. Pry off the covershp using a razor or other
fine blade—the coverslip generally pops off quite easily Scratch off any remain-
ing nail polish on the outer edges of the slide so that fresh coverships will lay
evenly in the subsequent hybridization/detection steps

7 Place slides on a heat block at 92°C for 1 min—this treatment helps immobilize
the intracellular signals

8. Wash slides with 2X SSC (see Section 2., step 9) at room temperature for 5 min,

The amplification protocol 1s now complete and one can proceed to the
labeling/hybridization procedures.

3.6. Comments on Attaching Coverslip/Top Slide

Be certain to carefully paint the polish around the entire periphery of the
cover slip or the edges of the dual slide, as the polish must completely seal
the coverslip-slide assembly n order to form a small reaction chamber that can
contain the water vapor during thermal cycling. For effective sealing, do not
use colored polish or any other nail polish which 1s especially runny—our labo-
ratory prefers to use “Wet & Wild Clear” nail polish. Proper sealing 1s very
mmportant, for this keeps reaction concentrations consistent through the ther-
mal cycling procedure, and concentrations are critical to proper amplification.
However, be certain to apply the nail polish very carefully so that none of the
polish gets into the actual chamber where the cells or tissues reside. If any nail
polish does enter the chamber, discard that slide since the results will be ques-
tionable. Please bear in mind that the painting of nail polish 1s truly a learned
skill; therefore, it is strongly recommended that researchers practice this pro-
cedure several times with mock slides before attempting an experiment.

In the case of tissue sections, it is best to use another identical blank slide for
the cover instead of a coverslip. Apply the amplification cocktail to the appro-
priate well of the blank slide, place an inverted tissue-containing slide atop the
blank slide, and seal the edges as described. Invert the shide once again so that
the tissue-containing slide is on the bottom. This technique can be modified to
accommodate a hot start (see Section 3.6.1.).

3.6.1. Comments on Hot Start Technique

There is much debate as to whether a hot start helps to improve the specific-
1ty and sensitivity of amplification reactions. In our laboratory, we find the hot
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start adds no advantage in this regard,; rather, it adds only technical difficulty to
the practice of the in situ technique. However, recently, a variation of the “hot
start” has been reported (42,75). In this procedure, one simply uses anti-7ag
antibody 1n the PCR cocktail (containing Taq), which keeps the Taq enzyme
n the cocktail “blocked” until the first cycle of 92°C in which anti-Tag
antibody gets denatured and restores the full Tag activity. This modification
essentially serves the same function as the hot start procedure, but without 1ts
difficulties (75)

3.6.2. Comments on Thermal Cyclers

Various technologies of thermocycler will work in this application; how-
ever, some nstruments work much better than others In our laboratory, we use
two types: a standard, block-type thermocycler that normally holds 60 0.5-mL
tubes but which can be adapted with aluminum fou1l, paper towels, and a weight
to hold 46 slides. We also use dedicated thermocyclers that are specifically
designed to hold 12 or 16 shdes. We understand that other labs have used
stirred-air, oven-type thermocyclers quite successfully; however, we have also
heard that there are sometimes problems with the cracking of glass shides dur-
ing cycling. Thermocyclers dedicated to glass slides are now available from
several vendors, including Barnstead Thermolyne of Towa, Coy Corporation of
Minnesota, Hybaid of England, and MJ Research of Massachusetts. Our labo-
ratory has used an MJ Research PTC-100-12MS and a PTC-100-16MS quite
successfully. Recently, this company has combined the slide and tubes 1nto a
single block, allowing the simultaneous confirmation of 1n situ amplhification
in a tube. Furthermore, there are newer designs of thermalcyclers which incor-
porate humidification chambers. However, we do not yet have sufficient expe-
rience with this technology to verify whether they can eliminate the need for
sealing the shides with nail polish during thermal cycling. Nonetheless, the
humidified mstruments are especially useful in the reverse transcription and
hybridization steps, 1n which otherwise a humidified incubator is needed

We suggest that you follow the manufacturer’s mstructions on the use of
your own thermocycler, bearing in mind the following points-

1 Glass does not easily make good thermal contact with the surface on which it
rests. Therefore, a weight to press down the slides and/or a thin layer of mineral
oil to fill in the interstices will help thermal conduction. If using mineral o1,
make certain that the o1l 1s well smeared over the glass surface so that the slide 1s
not merely floating on air bubbles beneath it.

2 The top surfaces of slides lose heat quite rapidly through radiation and convec-
tion, therefore, use a thermocycler to envelope the slide 1n an enclosed chamber
(as 1n some dedicated instruments), or insulate the tops of the slides in some
manner Insulation 1s particularly critical when using a weight on top of the slides,
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for the weight can serve as an unwanted heat sink 1f 1t 1s 1n direct contact with
the shides.

3 Good thermal uniformity 1s imperative for good results—poor uniformity or
irregular thermal change can result in cracked shdes, uneven amplification, or
completely failed reactions If adapting a thermocycler that normally holds plas-
tic tubes, use a layer of aluminum fo1l to spread out the heat

3.7. One-Step RT-Amplification

If one uses RT enzymes to manufacture cDNA that is subsequently ampli-
fied by 7aq or Vent polymerase, one must use two different buffer sys-
tems—one solution for the reverse transcription and another for the DNA
amplification However, one can use a single, recombinant enzyme—
rTth— which can do both jobs at once. The typical cocktail for this single-
step reaction is the following.

1 100 uM Forward primer, 0 5 pL
100 pd Reverse primer, 0.5 uL
3 mM Nucleotide mix (ANTP); 6 0 uL.
10 mM MnCl,; 2.0 uL
25 mM MgCl,, 10 0 pL
10X Transcription buffer (below); 2.0 pL.
10X Chelating buffer (below), 8.0 uL.
1.7 mg/mL BSA, 10 0 L.
2.5 U/mL rTth enzyme, 2.0 pL
DEPC-treated water, 59 0 pL.

10X transcription buffer: 100 mM Tris-HCI pH 8 3, 900 mM KCl1. 10X
chelating buffer: 100 mM Tris-HCI pH 8.3, 1M KCl, 7.5 mM EGTA, 0.5%
Tween™ 20, 50% (v/v) glycerol.

This reaction requires a slightly variant thermal cycling profile Our labora-
tory uses the following amplification protocol: 70°C, 15 min; 92°C, 3 min;
70°C, 15 min; 92°C, 3 min; and 70°C, 15 min.

Then, 29 cycles of the following profile: 93°C, 1 min, 53°C, 1 min; and
72°C, 1 min

3.8. Direct Incorporation of Nonradioactive Labeled Nucleotides

Several nonradioactive labeled nucleotides are available from various
sources (1.e., dCTP-Biotin, digoxin II-dUTP, etc.). These nucleotides can be
used to directly label amplification products, and then, the proper secondary
agents and chromogens can be used to detect the directly-labeled iz sitw amphi-
fication products (see Section 2., steps 1 and 12). However, 1n our opinion—as
well as 1 the opinions of several other laboratory groups—the greatest speci-
ficity is only achieved by conducting amplification followed by subsequent in
sutu hybridization (1—16,20,42,44,45,48,57,97,103). In the direct labeling pro-
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tocols, nonspecific incorporation can be significant, and even 1f this incorpora-
tion 1s munor, 1t still leads to false-positive signals similar to nonspecific bands
mn gel electrophorésis following solutton-based DNA- or RT-amplification.
Therefore, we strongly discourage the direct incorporation of labeled nucle-
otides as part of an in situ amplification protocol.

The only exception to this recommendation is when one 1s screening a large
number of primer pairs for optimization of a specific assay Then, direct incor-
poration may be useful. To perform such screenings, add to the amplification
cocktail detailed earlier the following' 4.3 pM labeled nucleotide—either 14-
biotin dCTP or 14-biotin dATP or 11-digoxigenin dUTP—along with cold
nucleotide to achieve a 0.14 mM final concentration. Also, 1f one has worked
out the perfect annealing system, either using Robocycler or equivalent sys-
tem, then one can use direct incorporation without fear of nonspecific labeling,
which we have discussed elsewhere 1n detail (8).

3.9. Special Application of In Situ Amplification
3.9.1. In Situ Amplification and Immunohistochemistry

Immunohistochemustry and iz situ amplification can be performed simulta-
neously n a single cell. For this purpose, we first fix cells or frozen sections of
tissue, which are already placed on shides, with 100% methanol for 10 min.
Then, slides are washed in PBS. After that, labeling of surface antigen(s) can
be carried out by standard immunohistochemistry method (1.e., FITC-conju-
gated antibody 1s incubated for 1 h at 37°C, washed, and then cells or tissue
section are fixed in 4% paraformaldehyde for 2 h). In various pathology
laboratories, many specific surface antigens have been tabulated which can
withstand 10% formalin and other routine histopathology procedures and will
still bind specific MAbs. If one 1s using any of these immunohistochemistry
panels, then one can routinely use prepared paraffin sections for the detection
of cellular antigens. Then, the tissue 1s prepared for in situ amplification, as
described earlier.

Following the development of the color of the amplified product in the
posthybridization step, one can view the cells or tissue under UV/visible light
1 an alternate fashion, to detect two signals 1n a single cell.

3 9.2. Multiple Signals, Multiple Labels in Individual Cells

DNA, mRNA, and protein can all be detected simultaneously in individual
cells. As described in the above section, one can label proteins by FITC-
labeled antibodies. Then, one can perform both RNA and DNA in situ amphifi-
cation 1n the cells. If one is using primers for spliced mRNA and 1f these primers
are not going to bind any sequences in DNA, then both DNA and RT amplifi-
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cation can be carried out simultaneously, of course one still needs to perform
RT-step but this time without pre-DNAse treatment. In Fig. 1, we have 1llus-
trated how we design such primers Subsequently, products can be labeled with
different kinds of probes, resulting in different colors of signal. For example,
proteins can have a FITC-labeled probe, mRNA can show a Rhodamine signal
(Rhodamine-conjugated probe, 20 colors are available), and DNA can be
labeled with a biotin-peroxidase probe. Each will show a different signal within
an individual cell.

3.9.3. In Situ Amplification on Chromosomal Bands

Our laboratory has successfully amplified an HIV-1 sequence on chromo-
somal bands prepared from SUP-T1 infected cell lines. We have modified the
chromosomal banding procedure so that it can be use for fu in situ gene ampli-
fication. The basic principles are the following: carry out chromosomal band-
ing on the specially-designed slides, cover the naked chromosomes with cell
ghost membranes so that the signal will remain localized, use fewer cycles of
amplification (10—12) so the signal will not leak out, and eliminate the heat
fixation step . Currently, we are using this technique for peripheral blood
mononuclear cells from HIV-1 infected individuals. The following is a
detailed procedure

3.10. Precautions

Sterile technique must be practiced at all imes in this procedure. This is
necessary in handling cell cultures, both to protect the investigator and to avoid
mtroducing microbial contamination of the cell culture system Such contami-
nation is often the cause of test failure.

The human peripheral blood used 1n this procedure may be infectious or
hazardous to the investigator. Proper handling, decontamination, and disposal
of waste material must be emphasized.

3.10.1 Initial Set-Up

1. Using two culture tubes filled with 5 mL of RPMI media (see Section 2.10.), add
0 5 mL of well-mixed whole blood Rinse pipet three or four times to expel all of
the whole blood 1nto the culture tube (Use three culture tubes for blood from
newborms )

2 With a I-mL syringe, slowly add 0 1 mL phytohemagglutinin (PHA-C, see Sec-
tion 2., step 10) Gently vortex or invert to ensure complete mixing.

3 Place cultures n a tray with a slight slope upwards towards cap (about an 18°
angle). Loosen cap to allow CO, penetration

4 Incubate 66 h at 37°C with 4.5% CO, and 90% humidity (as 1n a water-jack-
eted incubator).
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3.10.2. Arresting Cells at Mitotic Metaphase

l

2
3

After 66 h of incubation, remove from incubator and gently resuspend to insure a
homogenous mixture

Add 0 1 mL of working velban (see Section 2 , step 10) to each tube

Mix each culture by gently swirling Return to CO, incubator for 45 min. At this
same time, place hypotonic solution sufficient for all cultures in the 37°C mcuba-
tor to prewarm

3.10.3. Harvesting

b —
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After 45 min 1n velban, centrifuge the culture tubes for 10 min at 800g

Aspirate and discard the supernatant leaving 0 25-0 50 mL of liquid on top of the
packed cells

Resuspend cells by mixing on a vortex at the lowest setting

Slowly add 5-10 mL of prewarmed hypotonic to each tube while vortexing
Gently 1nvert tubes and place 1n a 37°C water bath for 45-50 min

Centrifuge for 15 min at 800g

Asprrate and save supernatant, leaving 0 25-0.50 mL of Liquid on packed cells.
Resuspend cells 1n remaining supernatant by gently mixing on vortex mixer at
the lowest setting

Using a Pasteur pipet with a rubber bulb while continuing to vortex, add the
fixative solution (see Section 2, step 3) very slowly to bring the total volume to
10 mL 1n each tube

Allow to stand at room temperature for a mimimum of 25 min

Repeat steps 69, for a total of three changes of fixative

After the third fixation, spin at 800g, aspirate supernatant leaving 0 10-0 20 mL
on layer of fixed white blood cells

Add 0 10-1 0 mL of fresh fixative to suspension; the amount depends on the
density of cell button

3.10.4. Slide Preparation

1

Resuspend button by bubbling with a fresh Pasteur pipet Be careful not to draw
any liquid into wide portion of ptpet—this would make recovery of the mitoses
very difficult.

Prepare single-well silanized slides, as described earlier Dip slides in DEPC dis-
tilled water. Freeze for 1/2 h before use

Place wet, prechilled slide onto bench while dropping 3—5 drops of specimen 4—
5 ft (this may take practice) directly onto the slide Allow slides to air dry.

Add 2-3 drops of supernatant saved 1n step 7 which contains the red-blood-cell
ghost membranes Allow to air dry once again

Cure slides on a hot plate at 59-60°C for 3048 h.

Heat fix at 105°C for 5-10 s, then fix in 2% PFA for 1-2 h Next, treat with
protemase K (6 pg/mL) for 3—5 min Inactivate the proteinase K by placing shides
on 95°C heat block for 2 min Wash in DEPC H,02 Aur dry
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8 Perform in situ amplification as described above with one modification—use only
15—-18 cycles mnstead of 30 cycles

3.11. In Situ Hybridization

Prepare a solution containing' 20 pg/mL of the appropriate probe, 50%
deionmzed formamide, 2X SSC buffer, 10X Denhardts solution, 0.1%
sonicated salmon sperm DNA, and 0.1% SDS. The following 1s a conve-
nient recipe

Probe (*3P-labeled, biotinylated, or digoxigenin), 2 L,
Deionized formamude, 50 pl,

20X SSC*, 10 pL,

50X Denhardts solution, 20 pL,

10 mg/mlL ssDNA*, 10 pL;

10% SDS, 1 pL, and

H,0, 7 uL

I~ ¥ N N

*Note: See Section 2., step 8 for preparation of 20X SSC buffer, the
salmon sperm should be denatured at 94°C for 10 min before 1t 1s added to the
hybridization buffer

Note: 2% BSA can be added 1if one is observing nonspecific binding. For
this purpose, one can add 10 uL of 20% BSA solution and reduce the amount
of water.

1 Add 10 pL of hybridization mixture to each well and add coverslips
2 Heat shides on a block at 95°C for 5§ min
3. Incubate slides at 48°C for 2—4 h in a humidified atmosphere

Note: The optimal hybridization temperature 1s a function of the Tm (melt-
ing temperature) of the probe. This must be calculated for each probe, as
described previously. However, the hybridization temperatures used should
not be too high. If that circumstance occurs, then the formula for the hybridiza-
tion solution should be modified and instead of 50% formamide, 40%
formamide should be substituted.

3.11.1. Posthybridization Procedure for 33P Probe

1 Wash shides 1in 2X SSC for 5 min

2 Dip shdes m 3X nuclear tract emulsion (Kodak NBT-2, diluted | 1 with water),
Note Steps 3—5 should be carried out n the dark

3. Slides are air dried, then mcubated for 310 d 1n light proof box with a drying
agent

4. Shdes are developed for 3 min 1n Kodak D-19 developer, then rinsed 1 H,O.

Slhdes fixed for 3 min in Kodak Unifax

6. Slides are counterstamned with May Grunewald Giemsa

wn
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3.11.2. Posthybridization for Peroxidase-Based Color Development

1. Wash shides in 1X PBS twice for 5 min each time.

2 Add 10 pL of streptavidin-peroxidase complex (100 ug/mL in PBS pH 7 2) Gen-

tly apply the coverslips

Incubate shides at 37°C for 1 h

Remove coverslip, wash slides with 1X PBS twice for 5 min each time

5 Add to each well 100 pL of 3'-amino-9-ethylene carbazole 1n the presence of
0 03% hydrogen peroxide 1 50 mM acetate buffer (pH 5 0)

6 Incubate shides at 37°C for 10 min to develop the color—this step should be
carried out 1n the dark After this period, observe slides under a microscope If
color 1s not strong, develop for another 10 min,

7 Runse slides with tap water and allow to dry.

8 Add 1 drop of 50% glycerol in PBS and apply the coverslips

9 Analyze with optical microscope—positive cells will be stained a brownish red.

3.11.3. Posthybridization
for Alkaline-Phosphatase-Based Color Development

1 After hybridization, remove coverslip, wash the slides with two soakings in 2X
SSC at room temperature for 15 min

2 Cover each well with 100 uL of blocking solution (see below), place the shides
flat 1n a humid chamber at room temperature for 15 min

3 Prepare a working conjugate solution by mixing 10 pL of streptavidin-alkaline
phosphatase conjugate (40 ug/mL stock) with 90 uL of conjugate dilution buffer,
for each well

4 Remove the blocking solution from each slide by touching absorbent paper to the
edge of the shide

5 Cover each well with 100 uL of working conjugate solution and incubate 1n the
humid chamber at room temperature for fifteen min, Do not allow the tissue to
dry after adding the conjugate

6 Wash slides by soaking 1 buffer A for 15 min at room temperature two times

7 Wash slides once 1n alkaline substrate buffer at room temperature for 5 min.

8 Prewarm 50 mL of alkaline-substrate buffer to 37°C m a Coplin jar Just before
adding the slides, add 200 pl. NBT and 166 pL of BCIP Mix well

9. Incubate slides in the NBT/BCIP solution at 37°C until the desired level of signal
1s achieved (usuvally from 10 mmn to 2 h). Check the color development periodi-
cally by removing a slide from the NBT/BCIP solution Be careful not to allow
the tissue to dry

10 Stop the color development by rinsing the slides in several changes of deionized

water. The tissue may now be counterstained

Blocking solution: 50 mg/mL BSA (protein) in 100 mM Tris-HCI (pH 7.8),
150 mM NaCl, and 0.2 mg/mL sodrum azide.

Conjugate dilution buffer: 100 mM Tris-HCI, 150 mM MgCl,, 10 mg/mL
bovine serum albumin, and 0.2 mg/mL sodium azide.

H W
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Buffer A: 100 mM Tris-HCI (pH 7.5), 150 mA NaCl

Alkaline substrate buffer: 100 mM Tris-HCI (pH 9.5), 150 mM NaCl and 50
mM MgCl,.

NBT (Nitro-blue-tetrazolium): 75 mg/mL NBT in 70% (v/v) dimethly-
formamide.

BCIP (4-bromo-5-chloro-3-indolylphosphate): 50 mg/mL mn 100% dimethyl-
formamide.

3.11.4. Counterstaining and Mounting

1 If you are using red indicator color (like AEC) then use Gill’s hematoxalin
(Sigma) and 1f using alkaline phasphotase as indicator color then use nuclear fast
red stain as counter stain (stain for 5 min at room temperature).

2 Rinse 1n several exchanges of tap water

3 Dehydrate the sections through graded ethanol series (50, 70, 90, 100% v/v for
1 min each).

4 Air dry at room temperature

5 For permanent mounting, a water-based medium such as CrystalMount™ or
GelMount™ or an organic solvent-based medium such as Permount (Fisher Sci-
entific) can be used

6 Apply one drop of mounting medium per 22-mm coverslip

7 The shdes may be viewed immediately, 1f you are careful not to disrupt the cover-
slip. The mounting medium will dry after sitting overnight at room temperature

4. Validation and Controls

The validity of in situ amplification-hybridization should be examined in
every run. Attention here is especially necessary in laboratortes first using the
technique, because occasional technical pitfalls lie on the path to mastery. In
an experienced laboratory, it 1s still necessary to continuously validate the pro-
cedure and to confirm the efficiency of amplification. To do this, we routinely
run two or three sets of experiments in multi-welled slides simultaneously, for
we must not only validate amplification, but we must also confirm the subse-
quent hybridization/detection steps as well

In our lab, we frequently work with HIV. A common validation proce-
dure we will conduct is to mix HIV-1 infected cells plus HIV-1 uninfected
cells in a known proportion (1.e., 1:10, 1:100, etc.), then we confirm that
the results are appropriately proportionate. To examine the efficiency of
amplification, we use a cell line which carries a single copy or two copies
of cloned HIV-1 virus, then look to see that proper amplification and hybrid-
1zation has occurred.

In all amplification procedures, we use one slide as a control for nonspecific
binding of the probe Here we hybridize the amplified cells with an unrelated
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probe. We also use HLA-DQa probes and primers with human peripheral blood
mononuclear cells (PBMC) as positive controls, to check various parameters
of our system.

In case one is using tissue sections, a cell suspension lacking the gene of
mterest can be used as a control. These cells can be added on top of the tissue
section and then retrieved after the amplification procedure. The cell suspen-
sion can then be analyzed with the specific probe to see 1f the signal from the
tissue leaked out and entered the cells floating above

We suggest that researchers carefully design and employ appropriate posi-
tive and negative controls for their specific experiments In the case of RT-n
situ amplification, one can use beta-actin, HLA-DQa, and other endogenous-
abundant RNAs as the positive markers. Of course, one should always have a
RT-negative control for RT in situ amplification, as well as DNAse and non-
DNAse controls. Controls without 7ag polymerase plus primers and without
primers should always be included.
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Expression and Detection
of Green Fluorescent Protein (GFP)

Steven R. Kain and Paul Kitts

1. Introduction

Light is produced from several bioluminescent species through the action of
green fluorescent protemns (GFPs) (reviewed inref 1) One such GFP from the
jellyfish Aequorea victoria fluoresces following the transfer of energy from
the Ca?*-activated photoprotein aequorin (2,3). This energy transfer mecha-
nism is radiationless, and proceeds via the interaction of these two proteins n
photogenic cells located at the base of the jellyfish. Expression of GFP in vivo
does not alter the spectral properties of the protein (4). Full-length GFP appears
to be required for fluorescence, however the chromophore responsible for hight
absorption is located within a hexapeptide at positions 6469 (5). This region
of GFP contains a Ser®-dehydro Tyr®-Gly®%” cyclic tripeptide which functions
as the minimal chromophore.

The cloning and sequencing of the GFP gene from 4 victoria (2,6) has per-
mutted expression of this protein 1n heterologous systems. The GFP expressed
in both prokaryotic and eukaryotic cells yields green fluorescence when excited
by blue or UV light. The GFP fluorescence does not require additional gene
products or other factors, and occurs in an apparent species-independent fash-
10n. Studies over the past 1-2 yr have demonstrated the utility of GFP as an in
vivo reporter of gene expression in a wide variety of experimental settings (for
previous reviews, see refs. 7-9). As examples, this reporter system has been
used to address experimental questions such as neuronal development in nema-
todes (4), protein trafficking (10,11), nuclear transport (72), bacterial and viral
infectivity (13,14), and selection of transgenic organisms (75—/7). In many
cases, GFP is not expressed alone, but rather used to tag other proteins by
expression of N- and/or C-terminal GFP chimeras. Such fuston proteins have

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ
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Table 1
Proteins Expressed as Fusions to GFP
GFP Host cell
Protein terminus or organism Localization Refs.
YopE cytotoxin N Yersiia 39
Histone H2B N Yeast Nucleus 12,41
Tubulin N/C Yeast Microtubules 9
Nuf2 N Yeast Spindle-pole body 73
Mitochondrial matrix ? Yeast Mitochondria 74
targeting signal
Nucleoplasmin C Yeast Nucleus 33
p93disl N Fission yeast Spindle-pole body 42
and microtubules
Exu N/C Drosophila Qocytes 25
ObTMV movement ? Tobacco 60
protein
MAP4 N Mammalian cells  Microtubules 48
Mitochondrial targeting N Mammalian cells Mitochondna 75
signal
Cyclins N/C Mammahan cells  Nucleus, micro- 11
tubules or vesicles
Chromogranin B N HeLa cells Secreted 10
HIV pl17 protem N HelLa cells Nucleus 76
NMDARI1 N HEK293 cells Membrane 47
CENP-B ? Human cells Nucleus 77

been shown to maintain the fluorescence properties of native GFP, as well as
the biological activity and subcellular localization patterns of the fusion part-
ner (see Table 1).

1.1. Properties of GFP and GFP Variants
1.1.1. The GFP Chromophore

The GFP chromophore consists of a cyclic tripeptide derived from Ser-Tyr-
Gly 1n the primary protein sequence (J) and 1s only fluorescent when embed-
ded within the complete GFP protein. There have been no reports of a truncated
GFP (other than a few amuno acids from the C-terminus) that 1s still fluores-
cent. It may be possible that the whole protein 1s required to catalyze the for-
mation of the chromophore and to provide the proper environment for the
chromophore to fluoresce. Nascent GFP is not fluorescent, since chromophore
formation occurs posttranslationally. The chromophore is formed by a
cyclization reaction and an oxidation step that requires molecular oxygen
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Tyr Gly Val
wt GFP (GFP-C1): Phe® Ser Tyr Gly Val Gln®
Phe  Tyr Gly Vol Gln®

Fig. 1. The mutations that create the GFP-S65T and RSGFP mutants are shown
next to wt GFP sequence. RSGFP was onginally described as RSGFP4 (21)

(18,19). These steps are either autocatalytic or use factors that are ubiquitous,
since fluorescent GFP can be formed in a broad range of organisms. Chro-
mophore formation may be the rate-limiting step in generating the fluores-
cent protein, especially if oxygen is limiting (18,19). The wt GFP absorbs
UV and blue light with a maximum peak of absorbance at 395 nm and a
minor peak at 470 nm and emits green light maximally at 509 nm, with a
shoulder at 540 nm (20).

1.1.2. GFP Variants

Several vanants of Adequorea GFP have been described that have altered
fluorescence excitation and/or emission spectra. In many cases, the altered
spectral properties provide advantages over the wild-type GFP for certain
applications. Using a combinatorial mutagenic strategy, a variant of GFP
referred to as RSGFP4 was isolated that has a single fluorescence excitation
maximum at 490 nm, yet retains an emission maximum similar to wild-type
GFP at 505 nm (21,22). A mutant with similar spectral properties was con-
structed by mutagenesis of Ser® in the GFP chromophore to Thr® (23). The
fluorescence intensity from each of these GFP mutants 1s 4—6 times greater
than wild-type (wt) GFP when excited with light of 450-500 nm owing to the
greater amplitude of the excitation peaks. In addition, GFP-S65T acquires fluo-
rescence about four times faster than wt GFP (23). Therefore, this variant
should be useful for the analysis of rapid gene induction. (Data on the rate of
formation of an active fluorophore are not yet available for RSGFP.) The spe-
cific mutations are shown n Fig. 1 The red-shifted excitation spectra of these
mutants allow them to be used in combmation with wt GFP in double-labeling
experiments (2/,22). Although the peak positions in the emission spectra of all
three proteins are virtually identical, double-labeling can be performed by
selective excitation of wt and red-shifted GFP (14,22). Additional variants of
GFP 1nclude a Tyr% to His% mutant that produces a blue fluorescent signal
(19), and a mutant with a single peak of excitation at 395 nm (79,24).
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1.1.3. Acquisition and Stability of GFP Fluorescence
11 3.1 PHOTOBLEACHING

The GFP fluorescence is very stable in a fluorometer (Ward, W. W., per-
sonal communication). Even under the higher intensity illumination of a fluo-
rescence microscope, GFP is more resistant to photobleaching than 1s
fluorescein (25). The fluorescence of wt GFP, GFP-S65T, and RSGFP 1s quite
stable when illuminated with 450490 nm lLight (the major excitation peak for
GFP-S65T and RSGFP, but the minor peak for wt GFP). Some photobleaching
occurs when wt GFP 1s illuminated near 1ts major excitation peak with 340—
390 nm or 395440 nm light (4). The rate of photobleaching 1s less with lower
energy lamps such as QTH or mercury lamps. High-energy xenon lamps should
be avoided, as these may cause rapid photodestruction of the GFP chro-
mophore. The rate of photobleaching varies with the organism being studied;
GFP fluorescence is quuite stable in Drosophila (25) and zebrafish. In C
elegans, 10 mM NaN; accelerates photobleaching (4).

11 3.2 STaBiLITY To OXIDATION/REDUCTION

The GFP needs to be 1in an oxidized state to fluoresce; strong reducing
agents, such as 5 mM Na,S,0, or 2 mM FeSO,, convert GFP into a non-
fluorescent form, but fluorescence is fully recovered after exposure to atmo-
spheric oxygen (26). Weaker reducing agents, such as 2% B-mercaptoethanol,
10 mM dithiothreitol (DTT), 10 mM reduced glutathione, or 10 mM L-cys-
teine, do not affect the fluorescence of GFP (26). GFP fluorescence is not
affected by moderate oxidizing agents (Ward, personal communication).

11 3.3 StABILITY TO CHEMICAL REAGENTS

The GFP fluorescence is retained in mild denaturants, such as 1% SDS or
8M urea, after fixation with glutaraldehyde or formaldehyde, but fully dena-
tured GFP is not fluorescent. The GFP 1s very sensitive to some nail polishes
used to seal coverslips (4,25); therefore, use molten agarose or rubber cement
to seal coverslips on microscope slides. Fluorescence 1s also quenched by the
nematode anesthetic phenoxypropanol (4). The GFP fluorescence 1s irrevers-
ibly destroyed by 1% H,0, and sulthydryl reagents such as 1 mM DTNB (5,5'-
dithio-bis-[2-nitrobenzoic acid]) (26). Fluorescence survives pH 7—12, but
intensity decreases at pH 5.5-7 0 (27). Many organic solvents can be used at
moderate concentrations without abolishing fluorescence; however, the absorp-
tion maximum may shift (28).

GFP dimerizes via hydrophobic interactions at protein concentrations above
5-10 mg/mL and high salt concentrations with a fourfold reduction in the
absorption at 470 nm (Ward, personal communication). Dimer formation is not
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required for fluorescence, and monomeric GFP is the form of the reporter ex-
pressed in most model systems.

1.1.3.4. ProTEIN STABILITY: IN VITRO

GFP is exceptionally resistant to heat (T,, = 70°C), alkaline pH, detergents,
chaotropic salts, organic solvents, and most common proteases, except pronase
(27-30). Some GFP fluorescence can be observed when nanogram amounts of
protein are resolved on native or 1% SDS polyacrylamide gels (2).

Fluorescence 1s lost if GFP 1s denatured by high temperature, extremes of
pH, or guanidinium chloride but can be partially recovered if the protein 1s
allowed to renature (27,31). A thiol compound may be necessary to renature
the protein into the fluorescent form (32).

1.1 3.5 ProTeIN STABILITY: IN ViVO

The GFP appears to be stable when expressed in various organisms. How-
ever, no measurement of the half-life of GFP has been reported

1.1.3.6. TempeRATURE SeENsITIvITY oF GFP CHROMOPHORE FORMATION

Although fluorescent GFP 1s highly thermostable (30), it appears that the
formation of the GFP chromophore is temperature sensitive. In yeast, GFP
fluorescence was strongest when the cells were grown at 15°C, decreasing to
about 25% of this value as the incubation temperature was raised to 37°C (33).
However, GFP and GFP-fusions synthesized m S. cerevisiae, at 23°C retain
fluorescence despite a later shift to 35°C (33). It has also been noted that E.
coli expressing GFP show stronger fluorescence when grown at 24°C or 30°C
as compared to 37°C (/9; Ward, personal communication), Mammalian cells
expressing GFP have also been seen to exhibit stronger fluorescence when
grown at 33°C as compared to 37°C (11).

1.1.4. Sensitivity
1.1.4.1. FLUuoRESCENCE Microscory

The GFP, like fluorescein, has a quantum yzeld of about 80% (30), although
the extinction coefficient for GFP is much lower. Wild-type Aequorea GFP
excited with fluorescein filter sets is approx 10-fold less intense than the same
number of molecules of free fluorescein. Nevertheless, 1n fluorescence micros-
copy, GFP fusion proteins have been found to give greater sensitivity and reso-
lution than staining with fluorescently labeled antibody (25). The GFP fusions
have the advantages of being more resistant to photobleaching and of avoiding
background caused by nonspecific binding of the primary and secondary anti-
bodies to targets other than the antigen (25). Although binding of multiple
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antibody molecules to a single target offers a potential amplification not avail-
able for GFP, this 1s offset because neither labeling of the antibody nor binding
of the antibody to the target 1s 100% efficient. For some applications, the sensitiv-
ity of GFP may be limited by autofluorescence or limited penetration of light.

1.1.4.2. As A QUANTITATIVE REPORTER

The signal from GFP does not have any enzymatic amplification; hence, the
sensitivity of GFP will probably be lower than that for reporter proteins that
are enzymes, such as B-galactosidase, SEAP, and firefly luciferase. Experi-
ments are currently 1n progress to determine the mimimal amount of GFP that is
detectable by fluorescence in transfected mammalian cells and E' coli. Punified
GFP can be quantified in a fluorometer-based assay in the low nanogram range.

2. Materials
2.1. Reagents for Detection
2.1.1. Fluorescence-Activated Cell Sorting (FACS) Analysis

1. 1X Trypsin/EDTA.
2 PBS/0.5 pg/mL propidium iodide (PI).

2.1.2. Fluorescence Microscopy

1 95% Ethanol

2 PBS(pH74)

3 PBS/4% paraformaldehyde (pH 7 4-7 6). Add 4 g of paraformaldehyde to 100
mL of PBS Heat to dissolve Store at 4°C

4 Rubber cement or molten agarose

2.1.3. SDS PAGE

1. Sample buffer (pH 6 8): 62.5 mM Tns (0 76 g), 2% SDS (w/v) (2.0 g), 10%
glycerol (v/v) (10 mL), and 0.1% bromophenol blue (w/v) (01 g) Add Tris,
SDS, and glycerol to 75 mL ddH,O Adjust pH to 6 8 with dilute HCI. Add the
bromophenol blue, and adjust to a final volume of 100 mL with ddH,O Store
buffer at room temperature,

2 1.0M Duithiothreitol Add 1.54 g of dithiothreitol to 8 mL of ddH,0 and mix
gently until dissolved Adjust final volume to 10 mL with ddH,O. Aliquot into
microcentrifuge tubes and freeze at —20°C

2.2. Equipment Required for Detection

1. Fluorescence-Activated Cell Sorting (FACS) Machine

2 Microscope.

3 Filters: Chroma Technology Corporation has developed several filter sets
designed for use with GFP; they claim the High Q FITC filter set (#41001) pro-
duces the best signal-to-noise ratio for visual work, and the High Q GFP set
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(#41014) produces the strongest absolute signal, but with some background. We
have also used a Zeiss filter set with a 450490 nm band-pass excitation filter,
510 nm dichromic reflector and 520-750 nm long-pass emission fiiter, and the
Chroma filter set 31001. Other filter sets may give better performance, and 1t 1s
necessary to match the filter set to the application (see Notes 1 and 2)

2.3. Recombinant GFP (rGFP)

Recombinant green fluorescent protein, a 27-kDa monomer with 238 amino
acids purified from transformed E col: 1s available commercially (Clontech,
Palo Alto, CA). The excitation and fluorescence emission spectra for the
recombinant protein 1s identical to GFP punified from Aequorea victoria (4).
The purified protein retains 1ts fluorescence capability under many harsh con-
ditions and is suitable as a control reagent for GFP expression studies, or for
microinjection as a marker or tracer.

2.4. GFP-Specific Antibodies

A GFP-specific monoclonal and polyclonal antibody 1s also commercially
available (Clontech). Each antibody recognizes rGFP, GFP purified from
Aequorea victoria, and recombinant wt GFP, GFP-S65T, and RSGFP. The
polyclonal antibody 1s from antiserum raised in rabbits against rtGFP 1solated
from transformed E. coli, and then purified by a Protein A column. The MAD 1s
produced from a mouse hybridoma cell line via conventional methods. These
antibodies can by used for Western blots and immunoprecipitations, or for in
situ detection of GFP and GFP chimeras.

3. Methods
3.1. Expression of GFP

3.1.1. Suitable Host Organisms and Cells
Fluorescence has been observed from GFP expressed in the following hosts:

3.1.1 1. MicroBES

1. Anabacna (34)

Ductyostelium (35)

Escherichia colr (2,4,36-38).

Yersinia (39).

Saccharomyces cerevisiae (9,12,33,40,41)
6. Schizosaccharomyces pombe (42)

SNbh v

3.1 1.2. INVERTEBRATES

1. Caenorhabdits elegans (4,43,44).
2. Drosophila melanogaster (17,25,45,46)
3. Leech (personal communication).
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3 1.1.3. VERTEBRATES

293 cells (transformed primary embryonal kidney, human) (47)

BHK cells (hamster) (48)

CHO-K1 cells (ovary, Chinese hamster) (14,22,37,48)

COS-7 cells (kidney, SV40 transformed, African green monkey) (71,48)
Ferret neurons (49)

GH3 cells (pituitary tumor, rat) (50).

HeLa cells (epitheloid carcinoma, cervix, human) (10,11)

JEG cells (placenta, human) (51).

NIH/3T3 cells (embryo, contact-inhibited, NIH Swiss mouse) (17,48)

10 Myeloma cells (personal communication)

11 PC-12 cells (adrenal pheochromocytoma, rat) (personal communication).
12 Pt K1 cells (kidney, kangaroo rat) (48)

13. Mice (16)

14. Xenopus (52,53).

15. Zebrafish (15,54)

31 1.4 PLANTS

1 Arabidopsis thaliana (thale cress) (stable) (55)

2. Citrus siensis (L ) Osbeck cv. Hamlin (an embryogenic sweet-orange cell line,
H39) (56).

Zea mays (maize) (57,58)

Nicotiana benthamiana (tobacco) (13)

Nicotiana clevelandu (tobacco) (13).

Hordeum vulgar (barley) (59)

Glycine max (soybean) (50)

Tobacco (57,59,60)

e I Y T N

GFP has been expressed 1n a diverse range of organisms, but GFP may not
be an appropriate reporter for some applications (see Notes 3—7).

3.1.2 Expression of GFP Fusion Proteins

GFP has been expressed as a fusion to many different proteins. In many
cases, chimeric genes encoding either N- or C-terminal fusions to GFP retain
the normal biological activity of the heterologous partner, as well as maintain-
ing fluorescent properties similar to native GFP (9,12,25,47). Table | indicates
the variety of proteins expressed as fusions to GFP. The use of GFP 1n this
capacity provides a fluorescent tag on the protein, which allows for in vivo
localization of the fusion protein. The use of GFP fusions can provide enhanced
sensitivity and resolution in comparison to standard antibody staining tech-
niques (23), and the GFP tag eliminates the need for fixation, cell permeabilization,
and antibody incubation steps normally required when using antibodies tagged
with chemical fluorophores. Lastly, use of the GFP tag permuts kinetic studies
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of protein localization and trafficking due to the resistance of the GFP chro-
mophore to photobleaching (72,25).

3.1.3. GFP Expression in Mammalian Cells

Appropriate vectors may be transfected into mammalian cells by a variety
of techniques. These methods include calcium phosphate (6/), DEAE-dextran
(62), various liposome-based transfection procedures (62), and electro-
poration (62). The efficiency of the transfection procedure 1s primarily
dependent on the host cell line being transfected. Different cell lines may
vary by several orders of magnitude in their ability to take up and express
exogenous DNA. Moreover, a method that works well for one host cell line
may be inferior for another. Therefore, when working with a cell line for
the first time, 1t is advisable to compare the efficiencies of several transfec-
tion protocols. This can best be accomplished using vectors, such as those
shown in F1g. 2, which have the CMV immediate early promoter for high-level
expression in most cell lines. A promoterless vector (such as pGFP-1 available
from Clontech) may be used to determine the background autofluorescence in
the host cell line

After a method of transfection is chosen, 1t must be optimized for param-
eters such as cell density, the amount and purity of DNA, media conditions,
transfection time, and the posttransfection interval required for GFP detection,
Once optimized, these parameters should be kept constant m order to obtain
reproducible results.

The GFP expression may be detected by fluorescence microscopy, fluores-
cence-activated cell sorting (FACS) analysis, or fluorometer assays 24-72 h
posttransfection, depending on the host cell line used There 1s one published
report of a stable mammalian cell line expressing GFP (48). For visuahzing
GFP-expressing cells by fluorescence microscopy, grow the cells on a sterile
glass coverslip placed in a 60-mm culture plate. Alternatively, an inverted fluo-
rescence microscope may be used for direct observation of fluorescing cells in
the culture plate.

3.1.4. GFP Expression in Plants

Using a variety of methods, GFP has been expressed 1n several plant species
(see Table 2) The GFP allows plant scientists to study transformed cells and
tissues in vivo, without sacrificing vital cultures. The GFP coding sequences
contain a region recognized 1n Arabidopsis as a cryptic plant intron (between
bases 400 and 483). The intron is effictently spliced out in Arabidopsis result-
ing in a nonfunctional proten (55). Functional GFP has been transiently
expressed in several other plant species, indicating that the cryptic intron may
not be recognized or 1s recognized less efficiently 1n other plant species. A
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Table 2

Use of GFP in Plants

Species (culture) Method Refs

Arabidopsis thaliana Agrobacterium (stable) 55
(thale cress roots)

Citrus sinensis (L ) Osbeck cv Hamlin Electroporation 56

(embryogenic suspension
culture sweet-orange cells H89)

Zea mays 57,58
(maize protoplast suspension culture)

Nicotiana benthamiana PVX infection 13
(tobacco plant leaves)

Nicotiana clevelandu PVX mfection 13
(tobacco plant leaves)

Hordeum vulgar Particle bombardment 59
(barley)

Glycine max Particle bombardment 50
(soybean suspension culture)

Tobacco Various 57,5960

rescent signal from wt GFP that 1s several-fold less than would be obtained
with filter sets that excite at 395 nm. However, use of the major peak at 395 nm
for excitation of the wt GFP 1s not advisable owing to rapid photobleaching of
the fluorescent signal. For excitation of the wt GFP, we recommend the 470
nm peak to mmmimize photobleaching. In contrast, the major excitation peak of
both GFP-S65T and RSGFP encompasses the excitation wavelength of these
commonly used filter sets, so the resulting signal is much brighter. Simailarty,
the argon 10n laser used in most FACS machines emits at 488 nm, so excitation
of both GFP protein variants is much more efficient than excitation of wt GFP.
In practical terms, this means the detection limits in both microscopy and FACS
should be considerably lower with either GFP-S65T or RSGFP. Also, living
cells and animals tolerate longer wavelength light better due to the lower ener-
gies; therefore, the fluorescent signal obtained with illumination of GFP-S65T
and RSGFP at ~490 nm is more stable and less toxic than the fluorescence
obtained with wt GFP excited at 395 nm (See also Notes 1,2, 8,9, and 10-12.)

3.2.1. Fluorescence-Activated Cell Sorting (FACS)

Several investigators have sorted GFP expressing cells by flow cytometry
(38,63,64). In particular, good results have been obtained in FACS analysis
with plant protoplasts, yeast, E. coli, and mammalian cells infected with bacte-
ria expressing GFP.
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1. Carefully remove the covershp from the plate with forceps (Pay close attention
to which side of the coverslip contains the cells.)
2. Mount the coverslip onto a glass microscope slide.
a Place a tiny drop of PBS on the slide, and allow the coverslip to slowly con-
tact the solution and lie down on the slide
b. Carefully aspirate the excess solution around the edge of the coverslip using a
Pasteur pipet connected to a vacuum pump
¢ Attach coverslip to the microscope slides with either molten agarose or rub-
ber cement. Note: Do not use nail polish, as this reagent has been shown to
eliminate GFP fluorescence
d. Allow to dry for 30 min,
3. Immediately examine slides by fluorescence microscopy, or store up to 2-3
wk at —20°C

For fixed cells:

1 After cells have been washed with PBS, add 2 0 mL of freshly made PBS/4%
paraformaldehyde directly on coverslip

2 Incubate cells 1n solution at room temperature for 30 min

3 Wash cells twice with PBS.

4 Follow steps 1-3 for unfixed cells

3.3. GFP Controls
3.3.1. Recombinant GFP (rGFP)

Purified GFP can be used as a standard for SDS polyacrylamide (62,65—67)
or two-dimensional polyacrylamide (68) gel electrophoresis, 1soelectric
focusing (69), Western analysis (62,65,66,70,71), fluorescence microscopy,
and micromjection into cells and tissues. When used as a standard for West-
ern blotting applications 1n conjunction with a GFP antibody, the GFP
protein can be used to differentiate problems with detection of GFP fluo-
rescence from expression of GFP protein. Note: Generally, GFP will not
fluoresce on a Western blot Some GFP fluorescence may be observed when
the protern is resolved on an SDS-polyacrylamide gel if nanogram quantities
of GFP are present.

3.3.1.1. SampLe PRePARATION FOR ONE DIMENSIONAL SDS
PoLYACRYLAMIDE GEL ELEGTROPHORESIS

The following procedure is based on the discontinuous polyacrylamide gel
system described by Laemmli (67). If an alternate electrophoresis system 1s
employed, the sample preparation should be modified accordingly.

If GFP is added to a total cell/tissue lysate or other crude sample, the amount
of total protein loaded per lane must be optimized for the particular application.
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1. On a minigel apparatus, 2575 ug/lane of lysate protein 1s typically needed for
satisfactory separation (1.e., discrete banding throughout the molecular weight
range) of a protein mixture derived from a whole cell or tissue homogenate.

2 For use of GFP as an internal standard in electrophoresis experiments, load 500
ng of GFP/lane for gels stained with Coomassie blue staining.

3 For Western blotting applications, load 40400 pg of GFP/lane for a strong posi-
tive signal using either the GFP polyclonal or monoclonal antibody m conjunc-
tion with a chemiluminescent detection system (66).

a. Allow GFP protein to thaw at room temperature. Mix gently until solutton 1s
clear, and then place tube on 1ce.

b Dilute the protein solution to the desired final concentration using sample
bufter or other suitable buffer for your application Dilutions are best per-
formed mn 1.5-mL microcentrifuge tubes

¢. For apphications requiring the reduction of disulfide bonds (e.g., SDS poly-
acrylamide reducing gels), add 1 0M/ dithothreitol to achieve a final concen-
tration of 50 mM (this 1s a 20-fold dilution of the 1 0M stock solution).

d Boil the diluted sample for 5 min by placing the tube in a boiling H,O bath or
100°C heat block

¢ Load samples on the gel The final sample volume should be approx 50% of
the available space in the well (10-20 uL for a minigel).

3 3.1.2. RecomsINanT GFP as A CONTRoL FOR FLUORESCENCE MiCROSCOPY

rGFP can also be used as a control on microscope shdes used in fluores-
cence microscopy. The purified protein may be used to optimize lamp and
filter set conditions for detection of GFP fluorescence, or as a qualitative means
to correlate GFP fluorescence with the amount of protein in transfected cells.
1 Unfixed samples: Use this method for live cell fluorescence or other cases where
a fixation step 1s not desired.
a. Perform 1 10 serial dilutions of the 1 0 mg/mL rGFP stock solution with 10
mM Tris-HCl (pH 8 0) to yield concentrations of 0.1 mg/ml. and 0 01 mg/mL.
Note: These dilutions should suffice as a positive control, The 1.0 mg/mL
solution will give a very bright fluorescent signal by microscopy
b. Using a micropipet, spot -2 uL of diluted protein onto the microscope slide.
¢ Allow the protein to air-dry for a few seconds, and mark the position of the
spot on the other side of the slhide to aid in focusing.
d. Add a coverslip over the spot using a 90% glycero! solution in 100 mM Tris-
HCI (pH 7.5)
e Fluorescence from the spot is best viewed at low magnifications, using either
a 10X or 20X objective.
2 Fixed samples: In some cases it may be necessary to fix the rGFP protein to the
microscope shide prior to microscopy. This can be done by dipping the section of
the microscope slide, from above, containing the air-dried protein spot into 100%
methanol for 1 min. Allow the shide to dry completely and place a covership over
the sample, as above.
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3.3.2. GFP Antibody

The GFP polyclonal and monoclonal antibodies can be used to confirm GFP

protein expression by Western blots and to correlate levels of GFP protein
expression with fluorescence intensity (detected with microscopy or flow
cytometry). In addition to detection of GFP and its variants on Western blots,
the GFP antibodies can be used 1 1mmunoprecipitation procedures to detect
GFP-fusion proteins and in situ detection of GFP.

4. Notes

1.

Some samples may have a significant background autofluorescence (e g., worm
guts /4]) A bandpass emussion filter may limit the autofluorescence so that 1t
appears the same color as GFP; using a long-pass emsston filter may allow the
color of the GFP and autofluorescence to be distinguished. Use of DAPI filters
may also allow autofluorescence to be distinguished (77,46)

Most autofluorescence in mammalian cells 1s due to flavin coenzymes (FAD and
FMN) that have absorption/emission = 450/515 nm. These values are very
similar to those for GFP, so autofluorescence may obscure the GFP signal
The use of DAPI filters may make this autofluorescence appear blue, whereas
the GFP signal remains green In addition, some growth media can cause
autofluorescence. When possible, perform microscopy 1n a clear buffer such
as PBS, or medium lacking phenol red. For fixed cells, autofluorescence can also
be reduced by washing with 0.1% sodium borohydride in PBS for 30 mun
after fixation.

Variability 1n the intensity of GFP fluorescence has been noted This may be due
to variability n expression level or in part to the relatively slow formation of the
wt GFP chromophore and the requirement for molecular oxygen (79)

The slow rate of chromophore formation and the apparent stabihity of wt GFP
may preclude the use of GFP as a reporter to monitor fast changes in promoter
activity (18,19). This limitation 1s reduced by use of GFP-S65T, which acquires
fluorescence approximately four times faster than wt GFP (23).

Some people have put GFP expression constructs into their system and failed to
detect fluorescence. There can be numerous reasons for failure, including use of
an inapproprate filter set, expression of GFP below the lumut of detection, and
failure of GFP to form the chromophore. The rGFP and GFP antibodies may be
used as diagnostic tools in these cases.

Escherichia coli expressing GFP shows stronger fluorescence when grown at
24°C or 30°C compared to 37°C (19; Ward, W. W , personal communication) A
similar enhancement of fluorescent signal may be possible by growing yeast
expressing GFP at 23°C (33) GFP and GFP-fusions synthesized n .S cerevisiae
at 23°Cretain brighter fluorescence despite a later shift to higher temperatures (35°C)
Hence, incubation at a lower temperature may increase the fluorescence signal
GFP chromophore formation requires molecular oxygen (18,19), therefore, cells
must be grown under aerobic conditions.



320 Kain and Kitts

10

11

12

Excite at 470 nm for wt GFP and 490 nm for the GFP-S65T and RSGFP variants
Excitation at the 395 nm peak for wt GFP may result i rapid loss of signal.

A tungsten-QTH, mercury, or argon light source 1s preferable Xenon lamps are
too high 1n energy and will rapidly destroy the chromophore

In microscopy, the prumary ssue 1s the choice of filter sets In general, conditions
used for fluorescein should give some signal, although autofluorescence may
be a problem 1 many cell types/organisms A simple control for the microscope
setup 1s to spot a small volume of purified rGFP on a microscope shide

Exciting GFP intensely for extended periods may generate free radicals that are
toxic to the cell This problem can be mimimized by excitation at 450490 nm.
Fusion of a protein to wt GFP may cause a red-shift in the absorption spectrum
Excitation at longer wavelengths (450490 nm) may grve improved fluorescence.
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Transgenic Animals as Bioreactors
for Expression of Recombinant Proteins

Jaspal S. Khillan

1. Introduction

Transfer of gene into the early embryo forms the basis of a powerful tool to
impart new and useful characteristics 1nto existing breeds of animals (/)
Recombinant DNA techniques have made 1t possible to i1solate and clone indi-
vidual genes for specific functions. Isolated and characterized genes can be
introduced into the genome of the animal by microinjection of DNA at early
stage embryo. Animals that contain exogenous genes integrated into their
genome are called transgenic animals. By micromanipulating the preimplanta-
tion embryo, genetic material from any source can be introduced into the
genome of any species. The gene is usually transmitted to the progeny in nor-
mal Mendelian fashion. Several mammalian species including mouse, rabbut,
goat, sheep, pig, and cow have been made transgenic by the micromnjection of
genes 1nto early embryo (1-5).

The techmques of transgenic technology have contributed significantly in
understanding the molecular basis of tissue and stage-specific regulation of
gene expression during development and differentiation. Several copies of a
well characterized gene are njected into one of the pronucler of a newly fertil-
ized embryo. The DNA integrates, apparently randomly, into the host chromo-
some usually at one locus as multicopy head to tail concatomer. The expression
of the gene is regulated by promoter/regulatory sequences present at the 5'-end
of the gene. However the flanking chromosomal sequences at the site of inser-
tion also influence the expression of the gene. The expression of gene can also
be regulated by external stimuli by using promoters of mmducible genes such as
metallothionein, a gene inducible by heavy metal 10ns such as cadmum and
zinc. Transgenic animals with a gene construct in which the promoter/regula-
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tory sequence of metallothionein was fused with the gene for growth hormone,
expressed high levels of hormone 1 their blood when a diet contaimng cadmium
chloride or zinc sulfate was given. The increased level of growth hormone 1n
blood caused increase in their size to twice that of their normal littermates (9).

Transgenic animals prepared with the gene constructs in which the promoter/
regulatory sequences from one gene are fused with the coding sequences of
another gene, express protemn 1n the tissues specific for the promoter function,
thus suggesting that the product of a gene can be targeted to any organ or tissue
by using specific promoter/regulatory sequences. This targeted expresston of
genes laid down the foundation of a very important application of this technol-
ogy to use transgenic animals as bioreactors for the proteins of biomedical
importance (10-12). Transgenic livestock may serve as biofactories for large
scale production of valuable proteins n their body fluids such as blood or milk.
Isolation of proteins from fluids has advantages over the tissues because the
body fluids are renewable and proteins are easy to recover. The proteins there-
fore may be directly harvested by standard chromatographic techniques

Transgenic pigs prepared with a gene construct in which the gene for human
B-globin was fused with the promoter of porcine p-globin gene, expressed
moderate to high levels of human B-globin in blood (5). Though it may be
convenient to draw blood from large species, repeated blood collections may
adversely affect the health of the animal. Also, a continuous circulation of bio-
logically active protems in the body may be harmful.

Mammary gland on the other hand has several advantages over the blood
system. For example, milk can be collected 1n large quantities, milk proteins
do not circulate 1n the body, and proteins such as caseins and 3-lactoglobin are
expressed abundantly and exclusively in the mammary gland. Proteins such as
tissue plasminogen activator (tPA), human chorionic gonadotropin (HCG),
blood clotting factor IX, and a1-antitrypsin (ATT) have been expressed in the
milk of transgenic goat, sheep, and rabbit prepared with the gene constructs n
which the promoter/regulatory sequences of B-casein, whey acidic protemn and
B-lactoglobin were fused with the coding sequences of the gene (2,3,6,7,10,11).
The proteins expressed 1n the transgenic system are processed properly for the
glycosylation and other posttranslational modifications. A high expressing line
of transgenic animals may be selected and propagated to harvest sufficient
amount of protein on a daily basis. It 1s estimated that if the expression of
factor IX is achieved to the level of endogenous proteins, at an efficiency of 10%
for the protein processing, a herd of 10 ewes can meet the demand of factor IX for
the whole world.

The following methods describe the preparation of transgenic animals. Since
the mammalian embryos from different species are very similar, the method
will be explained for the preparation of transgenic mice.
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Table 1

Embryo Culture Medium

Compound mM g/l
NaCl 94 66 5 533
KClI 478 0356
CaCl, 2H,0 171 0.252
KH,PO, 119 0.162
MgS0, 7H,0 1.19 0.293
NaHCO, 25.0 2 101
Sodium lactate 2328 2610
Sodium pyruvate 0.33 0.036
Glucose 556 1 000
Bovine serum albumin 4 000
Penicillin G (100 U/mL) 0 060
Streptomycin sulphate (50 pg/mL) 0050
Phenol red 0010

2. Materials
2.1. Animals
1 Four- to five-week-old C57BL6 X CBA hybnid F1 female mice or FVB/N female
mice as embryo donors and 8-10-week-old stud males of the same strains.

2. Female mice of CD1 and NIH-GP strains as pseudopregnant recipient mothers.
3 8-10-wk-old FVB/N or CD1 males to obtain pseudopregnant recipients

2.2. Hormones

1 Pregnant mare serum gonadotropin (PMSG)
2 Human chorionic gonadotropin (HCG)

A solution of 50 IU/mL for each hormone 1s prepared in 0.9% NaCl. Ali-
quots of 1 mL are stored frozen protected from light up to 4-6 wk.

2.3. Anesthesia

Avertin is the most commonly used anesthesia in mice. A stock solution of
100% Avertin 1s prepared by mixing 10 g of tribromoethanol with tertiary amyl
alcohol. The stock solution 1s diluted to 2.5% in water before use and stored
under dark at room temperature for prolonged periods. About 0.015-0.017
mL/gm body weight is administered to anesthetize adult mice.

2.4. Embryo Culture Medium

A modified Whitten’s medium, M16 medium (73), 1s used to culture early
embryos. The composition of M16 medium is given in Table 1. Dissolve chemi-
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Table 2
Size of Microtools
Holding pipet
Outer Inner
diameter, uM diameter, UM Micromjection needle, uM
Mouse 80-100 30-50 05-1.0
Higher 100-120 40-50 05-10

Species

cals in 2X glass distilled water 1 a final volume of 1 L. Filter through a
millipore filter into small containers and gas the air space with 5% CO, mn air to
maintain pH 7.2-7.4. Adjust osmolarity to 288-292 m osmoles. The medium
can be stored up to 2 wk at 4°C.

2.5. Microtools

For the micromanipulation of embryos three types of needles and micropipets
are required. The size of various needles and micropipets 1s described in Table 2.
Capillary tubing for all types of needles should be washed overnight in 100%
ethanol and rinsed with dH,O followed by heating at 180°C.

1. Isolation and transfer pipet: For the collection of embryos, an 1solation pipet with
an opening of about 140180 pm id 1s prepared Glass capillaries (World Precision
Instruments [Sarasota, FL], 1-mm id) are prepulled on a gas burner The prepulled
capillary 1s cut with a diamond pencil and the tip 1s polished on a microforge. Same
pipet may be used for the transfer of embryo into pseudopregnant females

2 Holding pipet Holding pipet 1s prepared 1n the same way as the 1solation needle
The opening of the holding pipet 1s about 40-60 um.

3 Micromjection needle Micromyection needle with an opening of 0 5—1 0 mm 1s
pulled on an automatic needle puller, e.g, Flaming/Brown micropipet puller,
Sutter Instrument Co The microinjection needle 1s generally prepared from a
capillary that contamns filament throughout 1its length that helps to fill DNA solu-
tion from the base of the needle

2.6. DNA for Microinjection

DNA for microinjection should be highly pure (see Notes 5-7). The gene 1s
first excised from the vector sequences as a linearized fragment and purified
by either polyacrylamide gel or by ethanol precipitation. A solution of 1-2 ug
DNA/mL 1 TE buffer is prepared for microinjection.

2.7. Buffers and Solutions

1. A 10 mg/mL protemase K solution 1s stored in 200-pL aliquots at -—20°C
2 Tris-EDTA (TE) buffer: 10 mM Tris-HCl and 0 1 mM EDTA pH 7 2 The buffer
can be stored at room temperature indefimtely
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3. 20X SSC. 175.3 g sodwum chloride and 88.2 g sodium eitrate/L pH 7.0. The solu-
tion 18 stored at room temperature

2.8. Major Equipments

High power microscope equipped with Nomarski objectives.
Microforge

Vibration free table

Dissection stereo microscope.

Surgical instruments

A pair of Leitz micromanipulators

Micrometer syringe.

N L e LN -

2.9. Radiolabeled Compounds

a-P3? labeled deoxyribonucleotide triphosphate to prepare gene specific
probes. Radiolabeled compounds are health hazards therefore must be handled
behind a thick protective plastic shield.

3. Methods
There are three different methods to prepare transgenic animals:

1. Micromyection of DNA 1nto pronucleus of zygote.
2. Retroviral vectors and retroviral infection of embryo (see Note 1),
3. Embryonic stem cell injection mto blastocysts (see Note 2).

Transgenic animals are generally prepared by the micromanipulation of
preimplantation embryos. Fig. 1 shows various stages of preimplantation
embryo. The most commonly used method is direct microinjection of DNA
into one of the pronuclei of a newly fertilized embryo (Fig. 1A). The over-
all strategy is shown in Fig. 2. Although this method 1s the most efficient to
mtroduce foreign genes into the animal genome it has certain limitations as
well (see Note 3).

3.1. Microinjection of DNA into Zygote

Direct microinjection of DNA into pronucleus of a zygotic embryo is the
most efficient and reliable method to generate transgenic animals. Several hun-
dred copies (600-800) of the DNA are njected into one of the pronuclei of a
newly fertilized embryo and the embryos are transferred into a pseudopregnant
female. About 440% of the newborns contain exogenous DNA stably inte-
grated mto their genome. When the transgenic animal 1s crossed with a normal
animal, the exogenous DNA is transmitted to the subsequent generations in
normal Mendelian fashion. Following are the steps for the microinjection of
DNA into embryos:









334

Khillan

Periovarian Fat

Ovary

Infundibulum -—— Bursa

Ampulia

Uterus

Vagina

Fig. 3. Reproductive organs of female mouse The ovary and oviduct 1s surrounded
by a thin membrane called the ovarian bursa The embryos along with the cumulus
mass are present at the swollen portion of the oviduct called ampulla. The embryos are
collected by teasing the ampulla. After the microinjection, the embryos are transferred
by mserting a needle from the infundibulum by making an incision in the bursa. The
embryos are delivered in the ampulla.

10.

11.

12.

On the same morning, separate plugged females from the vasectomized males for

foster mothers

Prepare following 60-mm Petr1 dishes.

a. Approx 5 mL of M16 medium

b Approx 8-10 mL of M16 medum.

c. Place a drop of M16 medium (~100 uL) 1n the center of the Petr1 dish Cover
medium with light mineral o1l equilibrated with the same medium.

Incubate at 37°C for about 1 h

Sacrifice superovulated and plugged females by cervical dislocation and flush

abdomunal area with 70% ethanol.

Open peritoneal cavity, cut out ovary and oviduct together (Fig 3) and transfer

mto first Petr1 dish.

Release embryos by teasing the ampulla, a swollen portion of the oviduct, with

tweezers under a dissecting microscope. The embryos at this stage are surrounded

by a mass of cumulus cells that provide nutrition to the egg

Add one to two drops of hyaluromidase solution The cumulus cells will dissoci-

ate 1n about 3—5 min of mcubation

Collect embryos in an 1solation pipet attached to a rubber tubing as shown in Fig 4

and transfer into second Petr1 dish (a few bubbles in the needle are helpful to

control the flow of embryos).
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13

14

_— Mouth Piece

—— Rubber Tubing

—- Holder

— Transfer Needle

Fig. 4. Transfer needle with the rubber tubing

Wash embryos 3-5 times in picking and releasing manner at different
areas of Petr1 dish, picking only embryos each time, and leaving cumulus
cells behind.

Transfer clean embryos to the drop of medium in third Petr1 dish and store at
37°C in CO, ncubator until microinjection

3.1.3. Microinjection of DNA

1.

Transfer 20-25 embryos into a drop of M16 medium on a glass-bottomed
Petrt dish (Nomarski lens can be used only with the glass surfaces). Cover the
drop with paraffin o1l. Transfer Petr1 dish to microscope stage and focus onto
embryos Alternatively, depression glass slides may be used for this purpose
Set up holding pipet first. Fill holding pipet half-way with the medium and
insert into the holder of the left micromanipulator. Bring pipet close to an
embryo and hold it at the tip by suction via a 30-mL glass syringe or a
micrometer syringe.
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3.1 5 1. Dot BLoT ANALYSIS

Initial screening of the newborn pups is carried out by the dot blot proce-
dure. About 5-10 pg DNA 1n 200 pL 10X SSC 1s denatured by heating in
boiling water bath for 5-10 min followed by transfer onto a nitrocellulose mem-
brane. The membrane is hybridized to a radiolabeled DNA probe. Transgenic
animals are identified by exposing the nitrocellulose membrane to X-ray films.

3.1.5 2. SouTHERN BLOT ANALYSIS

After the initial screening, transgenic animals are confirmed by Southern
blot analysis. About 10 pug of DNA is digested with specific restriction
enzyme(s) and the digested DNA 1s separated by electrophoresis on agarose
gel. The separated DNA is then transferred onto a nitrocellulose membrane
and probed with radiolabeled probes. The presence of unique DNA fragments
on the X-ray film represent integration of gene mto chromosomal DNA. The
number of copies of the transgene 1s determined by including known amount
of microinjected DNA on the same gels 1n parallel lanes.

3.1.5.3 AnaLysis oF RNA

To analyze animals for the expression of gene, total RNA 1s extracted from
the target tissue such as blood or mammary gland. For transgenic animals with
mammary gland specific promoter/regulatory sequences, the tissue is taken
from lactating animals as the gene will be active only during lactation. Total
RNA 1s then subjected to Northern blot analysis. A known amount of RNA,
2540 ng, 1s electrophoresed on denaturing agarose gels containing formalde-
hyde. The separated RNAs are transferred onto a nylon membrane and the
membrane is hybridized with radiolabeled probes specific for the gene

3.1.5.4. AnALYS!IS oF PROTEIN

The presence of protein 1s generally checked by the Western blot analysis.
Proteins from blood or milk samples are separated on 6—10% polyacrylamide
gels and electroblotted onto a nylon membrane. The membrane 1s then treated
with antibodies specific for the protein and the amount of protein 1s estimated
by comparing with the proteins of known concentration run on the same gel.
Once the presence of protein is confirmed, it can be 1solated by standard chro-
matographic procedures.

3.1.6. Propagation of Transgenic Lines

Transgenic animals, that are positive for the gene, are mated with normal
animals to propagate the transgenic lines (see Note 4). Most of the transgenic
animals prepared by this method transmit gene to their next generation n a



Transgenic Animals as Bioreactors 339

typical Mendelian fashion, 1.e., approx 50% of the progeny is positive for the
gene. However, 5-10% percent of the founder transgenic animals are mosaic
for the gene integration as the integration in some embryos occurs at late cleav-
age stages. Consequently, a small percent of the progeny of these animals will
be positive for the gene. The progeny that are positive, however, will transmit
the gene to the subsequent generations.

4. Notes

1. Four cell stage to early gestation embryo can be infected with retroviruses or
recombinant retroviruses (/) that integrate into the genome after the viral RNA 1s
reverse transcribed mto DNA. Since the infection of embryo 1s carried out at the
late cleavage stages, the newborns from these embryos are mostly mosaic for the
gene integration. Transmission of DNA to subsequent generations 1s obtaned 1f
the viral DNA mtegrates into cells that contribute to the germline such as cells
of the ovary and testis The limitations of the procedure are that the construction
of retroviral vectors 1s difficult Genes of larger size can not be integrated because
only 8-10 kb DNA can be packaged into the viral coat

2 Embryonic stem (ES) cell lines are established by culture of inner cell mass (ICM)
of a blastocyst (Fig. 1E). These cells are pleuripotent and can be maintained in
undifferentiated state indefinitely. When introduced into a host blastocyst, ES
cells have potential to contribute to any organ of the developing embryo includ-
ing testis and ovary. The gene can be introduced into ES cells either by
electroporation or by microinjection and the cells are selected for the integration.
After selection, the cells are directly micromyected into the cavity of a blastocyst
The cells integrate into ICM of the host blastocyst and contribute to the forma-
tion of different tissues. The anmimal born from such embryo 1s chimeric, 1¢,
contains microinjected cells as well as cells from the host blastocyst Transmus-
ston of gene to the next generation occurs only if the micromnjected cells contrib-
ute to the germline. The limitations of this procedure are that many of the chimeric
animals fail to transmt the gene to their progeny and also the culture and mainte-
nance of ES cells 15 quite difficult.

3 Though most of the gene constructs used in transgenic animals express their prod-
uct, a proper regulation of expression has not been achieved. The level of expres-
sion of the gene depends upon the site of ntegration within the chromosome It 1s
not very unusual to have transgenic animals that do not express the gene The
design and construction of gene construct 1s very critical. Some of the limitations
associated with the technology are,

a. Site of insertion and the number of copies of the gene cannot be controlled.

b Multiple copies of the gene in tandem represent chromosomal instability.

c. The level of expression of the gene is not related to the number of copies
integrated into the genome A large number of copies does not represent
higher expression

d. Production of transgenic animals of higher species is very expensive and their
maintenance is also difficult
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e The zygotes of pig, sheep, and cattle are pot transparent, therefore microimn-
jection of DNA 1n these species 1s relatively difficult However this can be
overcome by slow centrifugation of embryos before microinjection

f Theresponse of ammals to gonadotropins for superovulation 1s highly variable

g The effictency of gene integration in embryos of higher species 1s far lower
than m mouse, e g , in p1g about 10%, sheep approx 1 0%, and cattle less than 1%

h Gene integration may also interrupt the function of some vital gene or cause
chromosomal rearrangements that may be detrimental to the survival of embryo

In spite of several limitations, the transgenic technology has a strong potential
for its use 1n the field of agriculture and biological sciences. In transgenic ani-
mals, mostly the gene 1ntegration occurs at a single locus n the genome that 1s
unique for each transgenic line. Occasionally, the gene integrates at more than
one locus Since the integration of foretgn DNA occurs at one chromosome, the
founder animals are heterozygous for the transgene.

To create homozygous lines, heterozygous progeny are intercrossed. As
expected from the Mendelian transmission of the gene, about a quarter of the
progeny from this cross will be homozygous for the gene These amimals contan
double the number of copies and may have twice the level of expression
Homozygous animals can be 1dentified by dot blot or Southern blot analysis
in which the homozygous animal will display a stronger signal on X-ray film.
Homozygosity is further confirmed by mating with the normal animals, All
progeny from this cross should be positive for the transgene On the average
it takes about 6—7 mo to create a homozygous line of mice This period 1s
much longer 1n species that have long gestation periods Once the homozy-
gosity 18 established these animals can be crossed with each other to maintain
homozygous lines
The DNA for mucroinjection should be absolutely free from all contaminants
such as traces of agarose, phenol, or ethanol that are toxic to the embryo The
DNA may be further purified by filtration with microfilters. The vector sequences
1n the gene construct should be removed as much as possible Tissue specificity
and the level of expression of transgene 1s greatly influenced by the presence of
vector sequences A 100 to 1000-fold increase 1 the level of expression was
observed when the vector sequences were deleted from the human p-globin gene
construct (/4) Similar observations were made with the other constructs that
contained metallothionein and elastase promoter upstream of growth hormone gene
Both linear and circular DNA have been shown to integrate into the host chromo-
some, however linear molecules itegrate with at least five times higher frequency
than circular molecules There seems to be a little effect of structure at the ends
of DNA In general, DNA with single-stranded ends has higher efficiency of
mtegration. Concentration of DNA plays a significant role in the viability of
embryos Usually 1-2 ng/mL DNA 18 optimum concentration that 1s equivalent
to about 600800 copies/pl of 5 kb DNA At lower concentrations the frequency
of integration is also low, whereas at a concentration of 10 pug/mL or more the
survival rate of embryos 1s drastically reduced.
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7. In general genomic clones express better than the cDNA clones A size of 20 kb

or less 1s optimum for the microinjection, however DNA of up to 50 kb and
dissected pieces of chromosome (15) have been used successfully to create
transgenic animals A DNA of larger s1ze may be nicked during micromanipulations

. Though the DNA can be microinjected into either of the pronuclet, the micro-

injection into male pronucieus 1s more convenient because of its larger size
and 1t 1s not obstructed by the polar bodies. On the other hand DNA microin-
jected 1nto the cytoplasm usually does not integrate into the genome of the
embryo (16).
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Artificial Cells for Bioencapsulation
of Cells and Genetically Engineered E. coli

For Cell Therapy, Gene Therapy,
and Removal of Urea and Ammonia

Thomas M. S. Chang and Satya Prakash

1. Introduction

Enzymes, proteins, cells, microorganisms, adsorbents, magnetic materials
and other biologically active materials can be encapsulated within artificial
cells with artificial polymer membranes (7—9). This type of artificial cells are
not liposomes. The artificial cells protect the encapsulated biological materials
from immunological reactions. At the same time, the enclosed materials con-
tinue to act 1n the immunologically 1solated environment. The use of artificial
cells containing adsorbent for hemoperfusion is a routine procedure used in
patients for the removal of toxic substances or unwanted metabolites. Clinical
studies are ongoing in patients using artificial cells as red blood cell substi-
tutes, for enzyme therapy, and for delivery of biotechnological agents. Chang
first developed a drop method for the bioencapsulation of cells and proposed
1ts use 1n cell therapy (4, 5). “Microencapsulation of intact cells ... the enclosed
material might be protected from destruction and from participation in immu-
nological processes, whereas the enclosing membrane would be permeable to
small molecules of specific cellular product which could then enter the general
extracellular compartment of the recipient. ... The situation 1s comparable to that
of a graft placed in an immunologically favorable site” (4). This was not
explored by others for sometime. However, with increasing interests in bio-
technology, many groups are now actively studying this for bioencapsulation
of cells or genetically engineered microorganisms in cell and gene therapy.
This chapter describes only two examples: bioencapsulation of hepatocytes or

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ
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genetically engmeered microorganisms. These examples are used to demon-
strate the methods of preparations and their potential applications 1n cell and
gene therapy

2. Materials
2.1. Hepatocytes

Hepatocytes were 1solated from Wistar rat liver using the method of Seglen
(10). The hepatocytes obtained are contaminated with nonparenchymal cells,
damaged cells, and connective tissues. In order to recover only the hepato-
cytes, the following procedure 1s carried out at <4°C. The cell suspension 18
filtered stepwise through nylon meshes of 250, 100, and 60 um. The suspen-
sion is centrifuged at 50g for 5 min. The pellet 1s then dispersed in fresh
William’s E medium. The number of cells and viability were determined.
Viablity 1s measured by the Trypan blue exclusion test. The cell suspension 1s
held in ice-cold Willtam’s E medium until the bioencapsulation procedure. For
the bioencapsulation procedure, 1solated hepatocytes were suspended with
William’s E medium, 100 ug/mL of streptomycin and penicillin 1n 1ce-cold
autoclaved 4% sodium algiate in 0.09% sodium chloride solution.

2.2. Genetically Engineered E. coli DH5 Cells

Genetically engineered E. colt DHS cells which contain urease gene from K
aerogens, was the generous gift form Prof. R. P. Haussinger (/7). The bactena
were grown in Luna Bertani (LB) medium The composition of the LB
medmm 1s consisted of 10 g/L bacto tryptone, 5 g/L bacto yeast extract, and 10
g/L sodium chloride The pH ofthe LB media 1s adjusted to 7 50 by adding about
1.00 mL/L of 1N NaCl. Log phase bacteral cells were harvested by centrifuging
at 10,000g for 20 mun at 4°C. The supernatant was discarded The cell mass 1s
then washed and centrifuged at 10,000g for 10 min at 4°C for five times with
sterile cold water to remove media components Bacterial cells were suspended
m an autoclaved sodium alginate 1n 1ce cold 0.90% sodum chloride solution.

2.3. Sodium Alginate

Alginates are heteropolymer carboxylic acids, coupled by 1 — 4 glycosidic
bonds of (§-p-mannuronic (M) and (o.-L-gluronic acid unit (G). Alkali and
magnesium alginate are soluble in water, whereas alginic acids and the salts of
polyvalent metal cations are insoluble. Thus, when a drop of sodium alginate
solution enters a calcium chloride solution, rigid spherical gels are formed by
ionorrotpic gelation. Sodmum alginate 1s usually prepared as a 2% solution 1 0.90%
sodium chlonde solution. Sodium alginate 1s from Kelco Gel® low viscosity
algmate. Before use, 1t 1s exther filter sterihized or heat sterilized for 5 min
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2.4. Solutions

All the solutions are kept 1n an 1ce bath before use and during the process of
bioencapsulation. The pH of the solutions is kept at 7.40 by buffering with
N-2-Hydroxylethyl piperazine-N-2 enthanesulfonic acid (HEPES). Except for
sodium alginate, the solutions are sterilized by filtering through a sterile
0.2-pum Millhipore filter.

3. Methods
3.1. General Procedure

The original drop method for cell encapsulation involves chemically
crosslinking the surface of aqueous droplets that contains cells (4,5). This 1s
further modified into the following drop technique using a milder physical
crosslinking agent (12,13). Alginate-polylysine-alginate (APA) microcapsules
containing hepatocytes or genetically engineered £ coli 1s prepared using the
apparatus setup shown in Fig. 1A. The steps are as follows (Fig. 2).

1. The viscous alginate-bacterial suspension or alginate hepatocyte solution 1s
passed through a 23-gage stainless steel needle using a syringe pump (compact
mfusion pump model-975 Harvard Instruments, Cambridge, MA) Sterile com-
pressed air, through a 16-gage coaxial stainless steel needle, are used to shear the
droplets coming out of the tip of the 23-gage needle The two needles in combi-
nation make up the droplet needle assembly that 1s shown 1n more detail in the
Fig 1B FEach droplet falls into the sterile, 1ce-cold solution of calcium chioride
(1 40%, pH 7.20, heat sterilized) Upon contact with the calcium chloride buffer,
alginate gelation 1s immediate. The droplets are then allowed to gel for 15 min in
the gently stirred mixture of 1ce-cold, sterile solution of calcium chloride (1 40%)

2 After gelation 1n the calcium chloride solution, algmate gel beads are suspended
for 10 min 1 a 0 05% polyl-L-ysine (mol wt 22,500 for hepatocytes and 16,100
for E. colt) m HEPES buffer saline, pH 7 20. The positively charged poly-L-
lysine forms a complex with surface alginate to form a semipermeable membrane

3 The beads are then washed with HEPES buffer saline (pH 7 20), and placed in an
alginate solution (0.10%) for 4 min. The alginate neutralizes any excess poly-L-
lysine on the surface. The alginate-poly-L-lysine-alginate (APA) capsules are
then washed 1n a 3% citrate bath (3% in 1:1 HEPES-buffer saline, pH 7.20) to
liquefy the gel in the microcapsules. The APA microcapsules form, which either
contain a suspension of hepatocytes or genetically engineered bacteria E coll,
and are stored at 4°C for use 1n experiments All the conditions are kept sterile
during the microencapsulation process

3.2. Procedure Specific for Encapsulating High Concentrations
of Smaller Cells like Hepatocytes or E. coli

The general procedure described above was originally designed for the
bioencapsulation of one or two islets (/2—14). When this general procedure 1s
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x 108 hepatocytes. Higher concentrations of hepatocytes can also be enclosed.
Thus, 1.1 mL of microcapsules can contain 15 x 10% hepatocytes (19,20). The
300-um diameter microcapsules are flexible. They can be easily injected using
syringes with 20-gage needles. Permeability of the membrane can be adjusted.
Detailed analysis has been carried out using HPLC of a large spectrum of mol
wt dextran (21). The permeability can be adjusted to have different cutoff mol
wt depending on the applications. Thus, for hepatocytes, it can be adjusted to
allow albumin to pass through but not immunoglobulns.

3.3.1 2. THe ViaBiLITY oF RAT HEPATOCYTES AFTER ENCAPSULATION

Wong and Chang (22) noted that after isolation from the liver, the percent-
age of viable hepatocytes as determined by trypan blue stain exclusion was
about 80%. After bioencapsulation of hepatocyes within algiate-polylysine
microcapsules, the percent of viable cells was 63.40%. This is mainly due to
the effect of the procedure on the hepatocyte membrane mtegrity. As will be
shown later, the membrane can recover in certain mn vivo conditions.

3.3 1 3. ExPERIMENTAL CELL THERAPY IN FULMINANT HEPATIC FAILURE RAT

Wong and Chang showed that galactosamine-induced fulminant hepatic fail-
ure rats that received control artificial cells died 66.1 & 18.6 h after galac-
tosamine induction (78). The survival time of the group that received one
peritoneal njection of 4 mL of microcapsules contarming 7.40 x 106 hepato-
cytes was 117 3 + 52.7 h SD. Paired analysis showed that this 1s significantly
(P <0.025) higher than that of the control group. The total number of hepato-
cytes injected 1 this initial study was very small, later study by another group
using higher concentrations of hepatocytes resulted in increase mn long-term
survival rates (23).

3.3.1.4 ExperiMENTAL CELL THERAPY IN GUNN RATS—AN ANiMAL MODEL
FOR HUMAN NONHEMOLYTIC HYPERBILIRUBINEMIA (CRIGLER-NAJJAR TYPE |)

Bruni and Chang investigated the use of artificial cells containing hepato-
cytes as cell therapy to lower bilirubin levels in Gunn rats (Fig. 4) (19,20). In
the first experiment, 3.5-mo-old Gunn rats weighing 258 + 12 g were used.
During the 16 d control period, the serum bilirubin increased at a rate 0f 0.32 +
0.07 mg/100 mL/d. This reached 14.00 £ 1 mg/100 mL at the end of the control
period. Each animal then received an ip injection of 1.10 mL of microcapsules
containing 15 x 10 viable Wistar rat hepatocytes. Twenty days after implanta-
tion of the encapsulated hepatocytes, the serum bilirubin decreased to a level
of 6.00 + 1 mg/100 mL. The level remained low 90 d after the implantation. In
the second experiment, control groups of Gunn rats were compared to those
receiving cell therapy. The bilirubin levels did not decrease in the control group
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EFFECT OF ENCAPSULATED WISTAR HEPATOCYTES
ON SERUM BILIRUBIN IN GUNN RATS
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Fig. 4. Implantation of artificial cells contatmng hepatocytes. Effects on hyper-
bilirubinemia i Gunn Rats. Reprinted with permission from ref 79

and the group which received control microcapsules contained no hepatocytes.
In the group receiving encapsulated hepatocytes there was significant decreases
in the plasma bilirubin level. Significant decreases in the plasma bilirubin level
were observed in the rat group receiving encapsulated hepatocytes. Analysis
showed that implanted encapsulated hepatocytes lowered bilirubin by carrying
out the function of the liver in the conjugation of bilirubin.

3.3 1.5. IMMUNOISOLATION OF BIoENCAPSULATED RAT HEPATOCYTES
WHEN IMPLANTED INTO MICE

Wong and Chang reported studies on the 1p implantation of free or
bioencapsulated rat hepatocytes into 20—22 g male normal CD-1 Swiss mice or
CD-1 Swiss mice with galactosamine-induced fulminant hepatic failure (FHF)
(22). This 1s a basic study to see if rat hepatocytes can remain viable and be
immunoisolated inside freely floating artificial cells in mice. Therefore, aggre-
gated microcapsules were not analyzed since hepatocytes do not have good
viability under this condition.

As expected, free rat hepatocytes implanted into normal CD-1 Swiss mice
were rapidly rejected. By day 14, there were no mtact hepatocytes detected 1n
the mice (Fig. 5). Rat hepatocytes after implantation into CD-1 Swiss mice
with galactosamine-induced FHF (FHF) were rejected completely after 4-5 d.
In the case of bioencapsulated hepatocytes, not only did they stay viable, there
was also a significant increase (p < 0.001) mn the percentage of viable hepato-
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Fig. 5. Rat hepatocytes transplanted into mice. The viability and regeneration of
artificial cell microencapsulated rat hepatocyte xenograft transplants 1n mice This 1s
compared to rat hepatocytes without bioencapsulation. Reprinted with permission from
ref 22

cytes within the microcapsules after 2 d of implantation (Fig. 5). The percent-
age of viable cells increased with time so that 29 d after implantation, the
viability increased from the original 62% to nearly 100% There was no sig-
nificant changes in the total number of hepatocytes in the microcapsules. The
viability of encapsulated rat hepatocytes implanted into galactosamine induced
FHF muce also increased to nearly 100%.

In conclusion, rat hepatocytes in free floating microcapsules can be
immunoisolated. As a result, xenograft of rat hepatocytes are not immunolog:-
cally rejected in mice. Instead, we had have the unexpected findings of
improvement in cell viability when followed for up to 29 d.

3.3.1.6. HEPATOCYTES-SECRETED HEPATIC STIMULATORY FACTOR s RETAINED
InsiDE THE MicrocAPSULE ARTIFICIAL CELLS

Studies by Kashani and Chang show that hepatocytes in the microcapsule
secrete factor(s) capable of stimulating liver regeneration (25). This factor is
retained inside the microcapsules after secretion. Using Sephacryl gel chroma-
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tography, they showed that this factor has a mol wt >110,000. The hepatic
stimulating factor accumulating 1n the microencapsulated hepatocyte suspen-
sion, helps to increase the viability and recovery of the membrane integrity of
hepatocytes inside the artificial cells.

3.3 1.7 SumMARY

Basic research using bioencapsulated hepatocytes shows the feasibility of
this technology for cell therapy. Further improvements in biocompatibility may
allow this approach to be used for cell and gene therapy in humans. This 1s
becoming mcreasingly feasible because of the increasing progress in genetic
engineering and molecular biology.

3.3.2. Bioencapsulation of Genetically Engineered E. coll Cells
for Urea and Ammonia Removal

Urea and ammonia removal are needed mn kidney failure, liver failure, envi-
ronmental decontamination and regeneration of water supply 1n space travel.
Standard dialysis machines are usually complex and expensive. Several alter-
natives have not been sufficiently effective. Prakash and Chang therefore stud-
1ed the use of bioencapsulated genetically engineered £ coli DHS5 cells
contatning K. aerogens urease gene (26,27). The bioencapsulation of the
genetically engineered bacteria was prepared by the general procedure using
the apparatus assembly shown n Fig. 1. The details of the bioencapsulation
process parameters are described in Section 5.

3.3 2.1 EFFiciENCY OF REMOVING UREA AND AMMONIA
FROM PrLasma IN VITRO

Results show that log phase APA microencapsulated bacteria lowered 87.89
+ 2.25% of the plasma urea within 20 min and 99.99% of urea in 30 min (Fig. 6).
Encapsulated bacteria are slightly more effective 1n removing urea from the
plasma than from the modified reaction media. The bacteria did not produce
ammonia during urea utilization. Furthermore, the encapsulated bacteria
decrease plasma ammonia concentrations from 975+ 70.15t0 81.15+7.37 uM
in 30 mn (27). This ammoma removal efficiency of encapsulated bacteria in plasma
is not significantly different than in the aqueous media. This efficiency of ammonia
removal 1s better than currently used methods for urea or ammonia removal (27).

3.3.2.2. Operational Stability
of APA Microcapsules Containing Genetically Engineered Bacteria

Maximum operational stability is required to mininuize the associated
expense. Results show that one can use APA encapsulated bacternia for up to
three cycles (Fig. 7). The APA-encapsulated bacteria plasma urea removal rate
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Fig. 6. APA-encapsulated bacteria on plasma urea removal. Reprinted with permis-
ston from ref. 27

is greater in the second and third cycles than 1n the first. This is probably owing
to an increase in total biomass inside microcapsules with time. There is no
leakage of encapsulated bactena in the first, second, and third cycles. The
cumulative urea removal capacity of encapsulated bacteria 1s determined for
the three cycles and the results are shown in Fig. 7 (27). The more recent pro-
cedure designed specifically for microencapsulation of high concentrations of
smaller cells or microorgamsms (see Section 3.2.) may allow encapsulated bac-
teria to be used for even more cycles.

3.3.2.3. Model Analysis of Efficacy for Urea Removal
in Kidney Failure Patients

Using a single pool model, urea removal efficiency by the encapsulated bac-
teria from the total body fluid compartment of 40 L with a urea concentration
of 100 mg/dL is analyzed (27). A quantity of 40.00 £ 8.60 g of APA-encapsu-
lated bacteria can remove 87.89 +2.25% of the total body urea (40 g) within 20
mim and 99.99% in 30 mm. This ts compared as follows to other urea removal
systems. It requires 388.34 g of oxystarch to remove the same amount of urea
under the same conditions It requires 1212 12 g of microcapsule containing
urease-zirconium-phosphate to remove 40 g urea from the total body water.
Overall, urea removal efficiency of microencapsulated genetically engineered
bacteria is found to be 10-30 times higher than the best available urea removal
systems available at present (Fig. 8).
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Fig. 7. Cumulative removal of plasma urea by APA encapsulated bacteria
Reprinted with permission from ref. 27

3.3.3. Encapsulation of Microorganism
for Removing Cholesterol from Plasma

Encapsulation of other microorganisms for other applications 1s also pos-
sible (28—31). For example, Garofalo and Chang (28,29) selected Pseudomo-
nas pictorum (ATCC #23328) as another model system because of its ability to
degrade cholesterol.

3.3.3 1. METHOD OF PREPARATION

Alginate-polylysine-alginate microcapsules do not have sufficient perme-
ability for the lipoprotein-cholesterol macromolecules (50-1000 A) m plasma.
A new method was devised by Garofalo and Chang (28,29). Briefly, A 2%
agar (Difco, E. Molesley, Surrey, UK) and 2% sodium algiate (Kelco) solu-
tion was autoclaved for 15 min and cooled to 45-50°C. Bacteria Pseudomonas
pictorum suspended m 0.40 mL of 0.90% NaCl was added drop by drop to 3.6
mL of agar alginate solution at 45°C, while being vigorously stirred. Three mL
of the mixture obtained was extruded through the syringe, keeping the tem-
perature at 45°C. The drops were collected in cold (4°C) 2% calcium chlonde
and allowed to harden. These agar-alginate beads were about 2 mm in diam-
eter. After 15 min, the supernatant was discarded and the beads were resus-
pended mn 2% sodwum citrate for 15 min. This procedure removed alginate in
the alginate-agar matrix. This resulted in a very porous agar matrix. They were
then washed and stored in 0.90% saline at 4°C. Other compositions and varia-
tions 1n procedures were also studied.
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Fig. 8. Comparative study. (L) Urea removal capacity of APA-encapsulated bacte-
ria, oxystarch, and urease-Z.P. (R) Amount of bioreactant needed to lower urea con-
centration from 100 mg/dL to 6.86 mg/dL from the total 40 L body fluid compartment
in a 70 kg adult Men. Reprinted with permission from ref. 27

3 8.3.2. IN ViTRO PROPERTIES INCLUDING REMOVAL
oF CHOLESTEROL FROM PLASMA

These high porosity agar beads stored at 4°C did not show any signs of
deterioration. The beads retained their activity even after 9 mo of storage. There
was no evidence of leakage of the enclosed bacteria. Open-pore agar beads
were incubated in serum and their cholesterol depletion activity was compared
to controls and nonimmobilized bacteria. The bacterial action was not signifi-
cantly different between the immobilized and nommmobilized forms. Bacte-
nal reaction was found to be the limiting step in the overall reaction of
immobilized bacteria. Other methods to remove cholesterol (e.g., LDL
immunosorbents) are capacity limited. Immobilized microorganism as shown
here, have almost unlimited capacity to deplete cholesterol levels. However,
for practical applications, a suitable bacterna with a higher rate of cholesterol
removal is needed. There 1s no doubt this will become available in the future
with the help of genetic engineering.

4. Notes

1 The effect of alginate concentration' The concentration of alginate is very crucial
in the microencapsulation process. Alginate concentration in the tested range of
1 00-2 25% (w/v), does not affect the viability of encapsulated bacteria (27).
Bacterial growths inside the microcapsules are independent of alginate concen-
tration 1n the tested range However, the quality of microcapsules improves with
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mcreasing alginate concentration from 1-2% (w/v). Overall, using 2% (w/v)
alginate resulted i perfect spherical shape and sturdy microcapsules with maxi-
mum number of encapsulated bacteral cells (27).

The effect of air flow rate Air flow rate has very important role in determining
quality and size of the microcapsules Microcapsule diameters decrease with
increasing air flow rate. At an air flow rate of 2 L/min, the microcapsules had an
average diameter of 500 + 45 um diameter At air flow rates above 3 L/min,
mucrocapsules are found to be irregular in shape.

Effect of liquid flow rate: The effects of changes in the rates of pumping the
ligumid (bacterial cells suspended in sodium alginate solution) and on the
microencapsulation process has been determined Flow rates from 0 00264—
0.0369 mL/mn resulted in an increase m microcapsule diameter Increasing the
liquid flow rate of 0.00724 to 0 278 mL/min resulted in microcapsules with
spherical shape At a low liquid flow rate, there 1s a tendency for the alginate to
gel and clog the needle exit (27).

Mechanical stability. We have evaluated the mechanical strength of the alginate
microbeads and APA microcapsules as a function of cell leakage. This study 1s
designed to evaluate the effective and safe use of the microencapsulated bacteria
For this, 100 microcapsules are thoroughly washed and placed in 250-mL
flasks contaiming L. B. medium at 30°C on a orbital shaker for 7h The bac-
terial cell released 1s then evaluated using a coulter counter (Coulter Elec-
tronics, Luto Beds, UK) Results show that APA microcapsules are stable up to
an agitation of 210 rpm 1n terms of absence of bacterial leakage (27) For the
assessment of bacterial cells released, one can also use the standard plate count-
ng technique

Overall optimal conditions for microencapsulation of genetically engineered bac-
teria Based on the above studies, the optimal conditions are' 2% (w/v) alginate
concentration, 0 0724 mL/min hquid flow rate, and 2 L/min air flow rate This
results i microcapsules of desired characteristics for the experimental use for
the removal of urea and ammonia
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Hyperexpression
of a Synthetic Protein-Based Polymer Gene

Henry Daniell, Chittibabu Guda, David T. McPherson,
Xiaorong Zhang, Jie Xu, and Dan W. Urry

1. Introduction

Environmental problems require the development of biodegradable plastics
of benign production that can be synthesized from renewable resources with-
out the use of toxic and hazardous chemicals and will help 1n solving the
increasing global disposal burden. Protein-based polymers offer a wide range
of materials similar to that of petroleum-based polymers such as elastomers
and plastics. Protein-based polymers can be prepared of varied design and com-
position through genetic engineering without the use of hazardous and noxious
solvents and can be made biodegradable with chemical clocks to set their half-lives
such that they can be environmentally friendly over their complete life cycles of
production and disposal. Compositions tested to date have been shown to be
extraordinarily biocompatible, allowing for medical applications ranging from the
prevention of postsurgical adhesions and tissue reconstruction to programmed drug
delivery (1). Among nonmedical applications, there are transducers, molecular
machines, super absorbents, biodegradable plastics, and controlled release of agri-
cultural crop enhancement agents like herbicides, pesticides, and growth factors.

Bioelastic materials are based on elastomeric and related polypeptides
comprised of repeating peptide sequences (2); they may also be called elastic and
plastic protem-based polymers. The parent polymer, (Val'-Pro?-Gly3-Val*-Gly®),
or poly(VPGVG), derives from sequences that occur in all sequenced mamma-
lian elastin proteins (3). In the most striking example, the sequence (VPGVG),
occurs in bovine elastin with n = 11 without a single substitution (3). A par-
ticularly interesting analog is poly (AVGVP) as it reversibly forms a plastic on
raising the temperature.

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ
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What is required for the commercial viability of protein-based polymers s a
cost of production that would begin to rival that of petroleum-based polymers.
The potential to do so resides in low cost bioproduction. We have recently
demonstrated a dramatic hyperexpression of an elastin protein-based polymer,
(Gly-Val-Gly-Val-Pro), or poly(GVGVP), which 1s a parent polymer for a
diverse set of polymers that exhibit inverse temperature transitions of hydro-
phobic folding, and assembly as the temperature 15 raised through a transition
range and which can exist in hydrogel, elastic, and plastic states. Electron
miucrographs revealed formation of inclusion bodies 1n E. coli cells occupying up to
80-90% of the cell volume under optimal growth conditions (3a). The beauty of
this approach 1s the lack of any need for extraneous sequences for the purposes of
purification (4) or adequate expression. The usual strategy for expression of a
foreign protein or protein-based polymer 1n an organism such as £ coli antici-
pates that the foreign protein will be injurious to the organism. Accordingly,
the transformed cells are grown up to an appropriate stage before expression of
the foreign protein 1s begun and expression is generally considered viable for
only a few hours. The situation is quite different for the elastic protein-based
polymer considered here. This may result in part due to the extraordinary
biocompatibility exhibited by (GVGVP), and 1its related polymers. The elastic
protein-based polymer, (GVGVP), and its y-irradiation crosslinked matrix as well
as related polymers and matrices appear to be ignored by a range of animal cells
and by tissues of the whole anmimal (5--7). This chapter describes in detail meth-
odologies to accomplish hyperexpression of a protein based polymer in E cols.

2. Materials
2.1. Partial Purification of Polymer Protein

PBS buffer (pH 7.4): 10 mM NaHPO,, 2 mM KH,PO,, 137 mM NaCl,
3 mM KCL

2.2. SDS-Gel Electrophoresis and Copper Staining

1. Solution 1: 30% acrylamide (dissolve 58 4 g acrylamide and 1 6 g bis-acrylamide

in 200 mL distilled water)

Solution 2. 1 5M Tris-HCL, pH 8 8

Solution 3: 10% sodium dodecy! sulfate (SDS).

Solution 4- 0 SM Tris-HCI, pH 6 8

Solution 5: 10% ammonwmum persulfate (freshly prepared)

TEMED (tetramethylethylenediamine)

Electrophoresis buffer: Dissolve 12 g Tris, 57 6 g glycine, and 4 g SDS in4 L

of water.

8. 2X Gel loading buffer: 100 mM Tris-HCI, pH 6 8, 200 mM dithiothreitol (DTT),
4% SDS, 0.2% bromopheno! blue, 20% glycerol

N UR W
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9

High range protein marker (Bro-Rad, Hercules, CA)

10 Staining buffer- 0 19M Tris-HCI, pH 8.8 and 0 1% SDS

11

0.3M CuCl,.

All the stock solutions should be prepared in distilled water. Store solu-

tions 1, 2, 4, and 6 at 4°C and 9 at—20°C. All others solutions may be stored at
room temperature.

2.3. Transmission Electron Microscopy

i

N v W

8

0.2M Cacodylate buffer Dissolve 42 8 g sodium cacodylate in 1 L distilled water,
adjust pH to 7.2 by adding concentrated NaOH or HCI.

3% Glutaraldehyde (final concentration) in 0.05M cacodylate buffer,

1% Osmium tetroxide (final concentration) in 0.05M cacodylate buffer

2% Agarose. Add 0.2 gagarose n 10 mL water and dissolve by boiling mamicrowave.
Graded series of ethanol (30, 50, 70, 80, 90, 100%)

Propylene oxide.

Spurr’s low viscosity embedding resin (8)

a. Vmyl cyclohexane dioxide (VCD [ERL 4206]»—20 g

b Diglycidyl ether of polypropylene glycol (DER 736)—12 g

¢ Nonenyl succinic anhydride (NSAY—52 g

d Dimethy! amino ethanol (DMAE)}—0.8 g

Add and mix the first three components thoroughly before adding DMAE, then
mix agam This mixture can be stored in a refrigerator inside a desiccator

Super glue (Devcon, Wooddale, IL).

Store all solutions at 4°C except propylene oxide.

2.4. Staining of Grids

1
2
3

4.

1% Urany! acetate, pH 4.0 in double distilled water.
Lead citrate, pH 12.0.

0.1N NaQH.

NaOH electrolytic pellets

Store solutions 1 and 2 at 4°C.

3. Methods
3.1. Partial Purification of Polymer Protein

1

2.
3.

W

Pellet cells by centrifugation (5000g, 10 min, 4°C) from 48 h TB grown cultures
without IPTG induction. Discard supernatant

Wash the pellet twice with 10 mL PBS buffer (pH 7 4).

Resuspend pellet in 4 mL PBS buffer.

Lyse cells by sonication twice, 15 min each (50% amplitude) or by French Press
(1200 ps1)

Centrifuge to remove cell debris (14,000g, 10 min, 4°C)

Collect supernatant and distribute into microfuge tubes, 1 5 mL each
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7

8
9
10
n
12

Incubate tubes at 37°C for 20 min to allow phase transition of polymer to
mnsoluble form

Spin at 5000¢g for 3 min at room temperature to allow settling down of polymer.
Discard supernatant and resuspend the pellet in 100 uL PBS buffer

Store tubes on 1ce for 15 min to allow reverse phase transition to soluble form
Centrifuge at 14,000g for 10 min at 4°C

Collect supernatants as partially purified polymer sample.

3.2. SDS-Gel Electrophoresis of the Polymer Protein

Prepare and carry out electrophoresis of SDS-polyacrylamide gels accord-

ing to Laemmli (9).

1

FENR o8}

10

11.

Lower gel preparation (10%): Add 10 mL solution 1, 7 5 mL solution 2, 0 3 mL,
solution 3, 12 mL distilled water, 100 uL solution 5, and 10 uL TEMED 1nto a
100-mL flask and mix well using a transfer pipet. Immediately pour the solution
m between gel plates and allow 1t to polymerize for 30 min

Stacking gel preparation. Add 1.4 mL solution 1, 2 6 mL solution 4, 100 pL
solution 3, 5 9 mL distilled water, SO ul. solutton 5, and 10 uL. TEMED 1nto a
100-mL flask and mix well using a transfer pipet Immediately pour the solution
on the lower gel in between the plates and place the comb in place avoiding air
bubbles Allow it to polymerize for 30 min.

Centrifuge 1 5 mL of culture in a microfuge tube at 12,000g for 45 s

Remove supernatant and wash the pellet in 500 pL of Tris-HC1 (50 mM, pH 7 6)
Centrifuge again to pellet cells, remove supernatant, and resuspend pellet 1n
100 pL of water

To a fresh microfuge tube, add 20 pL. of above sample and an equal volume of 2X
SDS gel loading buffer and boil for 5 min Also boil the high-range protein marker
(2 uL) and partially purified polymer (2 pL) after adding 2X loading buffer
Immediately load 40 pL of each sample mnto mndividual wells along with high-
range protein marker (Bio-Rad) and partially purified polymer protein.

Run the gel at 26 mA for 5 h (the current and the run time can be adjusted accord-
ing to the gel size and conventence).

After electrophoresis, take out the gel and soak 1n Tris-HCI (0.19M, pH 8 8 +
0 1% SDS) for 10 mun with gentle shaking

Rinse 1n distilled water once and soak agam 1n 0 3M CuCl, solution for 5§ min
on a shaker (10)

Observe polymer polypeptides as negatively stained bands against a dark background

3.3. Transmission Electron Microscopy

Wash E. coli cells twice with distilled water by centrifuging and resuspend-
g the pellet.

Resuspend the pellet after second wash in 5 mL of 3% glutaraldehyde (final con-
centration) 1 0 05M cacodylate buffer for 3 h at 4°C

Pellet cells, remove supernatant, and resuspend the pellet in 0.05M cacodylate
buffer for 12 h to remove excess glutaraldehyde.
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Pellet cells and resuspend pellet in 5 mL of 1% osmrium tetroxide (final concen-
tration) 1n cacodylate buffered solution (0 05M) for 1.5 h.

Wash the pellet again with 0.05M cacodylate buffer to remove any unbound Os.
Pellet cells, remove supernatant and, keep the pellet as dry as possible.

Boil 2% agarose solution 1n a microwave and cool 1t to 50°C.

Add 2 mL of 2% agarose solution to the pellet and mix the pellet and agar with a
toothpick, which should form a slurry and solidify 1n a few minutes

From the solidified pellet, mince about 1 mM® size blocks with razor blade and
place them 1n glass vials (~10 pieces per vial)

Carry out dehydration steps 1n glass vials. Add 2 mL of each grade of ethanol (30,
50, 70, 80, 90, and 100%) at an nterval of 20 min. Remove the previous grade
completely using a transfer pipet before adding the next higher grade of ethanol.
Similarly, treat samples with three changes of propylene oxide 1n 20 min ntervals
Add a mixture of propylene oxide.Spurr’s resin 1n the proportion of 3.1 Repeat
this step three times by gradually increasing resin content over propylene oxide
(11, 3°1, and pure resin} m intervals of 2 h each on a gyrator Fmally, add pure
resin and allow to infiltrate for 12 h on the gyrator with 23 changes of pure resin
in between After 12 h, remove the old resin and add 2 mL of fresh resin
Embed blocks n plastic molds and allow the resin to cure by incubating at
65°C for 8 h

Cut the sample out of the mold using a saw, mount on the resin block using super
glue, and mcubate at 65°C for 40 min

Trim blocks with glass knives and section using a microtome

Pickup silver sections with a thickness of ~60 nm on copper grids for staining
Steps 1-10 should be done at 4°C

Staining of Grids

Put a piece of parafilm in a Petr1 plate Add drops of uranyl acetate (pH ~4 0) sepa-
rately on parafilm according to the number of grids to be stained (one drop per grid)
Carefully place one grid in each drop and wait for 40 min

Wash each grid in double distilled water by dipping 1t at least 20X using a pointed
forceps and dry on a filter paper.

Add a few electrolytic pellets of NaOH in a Petr1 dish containing parafilm.

Add drops of lead citrate (pH ~12.0), place one grid i each drop and wait for 2 mun.
Wash each grid first in 0 1N NaOH, then in double distilled water, and dry the
grids on filter paper

Observe specimens under a transmission electron microscope at 60 kV
accelerating voltage.

3.5.

Evaluation of Results

Construction of a synthetic protein-based polymer gene: As an illustration
of an uninduced hyper-expression of a protein-based polymer 1 E. coli, we
have chosen a gene encoding 121 repeats of the elastomeric pentapeptide
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pro gly val gly val pro (GVGVP)8 gly val glyval pro gly val
cgggatCCA GGC GTT GGT CCA GGT GTT GGatccg
BamHl  PfiM1 PiM1 BamH1

Fig. 1. Amino acid sequence and flanking restriction endonuclease sites of the basic
polymer building block coding for (GVGVP),, Using synthetic oligonucleotides and
PCR, (GVGVP),, was amplified with flanking BamHI and pfIM1 ends and the 121-
mer gene was inserted mto pUC118 as a BamHI fragment For expression under
control of the T7 polymerase gene promoter, a 121-mer gene was created by concat-
enation of the PfIMI 10-mer fragment with terminal cloning adaptors and subsequently
mserted mto the expression vector pET-11d.

GVGVP. This gene, (GVGVP),,,, was constructed by ligase concatenation of
a DNA sequence encoding (GVGVP),, and 1solation of a concatemer having
12 repeats of this monomer gene plus an additional C-terminal GVGVP
sequence encoded by a 3' cloming adaptor (/0a). The gene encoding (GVGVP),,
was synthesized and cloned nto a multipurpose clonmng plasmid from which 1t
was then excised by digestion at flanking sites with the restriction endonu-
clease PfIM1 (Fig. 1) A substantial amount of the PfIM] gene fragment was
purified and self-ligated in the presence of limited amounts of synthetic
double-stranded oligonucleotide adapters that provided the additional
restriction sites needed for cloning the resulting concatemers. PfIM1
cleaves at 1ts recognition site in the DNA to leave two single-stranded
extensions that are not self-complementary (1.e , nonpalindromic) but are only
complementary to each other; therefore, proper translational polarity 1s mamn-
tained by head-to-tail tandem coupling of the monomer gene units by ligase
during the concatenation reaction.

3.5.1. Vector Construction and Polymer Gene Expression

Concatemer genes recovered by the above procedure, including the
(GVGVP),,,, were ultimately placed into the expression vector pET-11d
(Novagen, Madison, WI) immediately adjacent to the nitiator ATG codon.
This vector 1s part of the T7 expression system (7 /) that utilizes the coliphage
T7 RNA polymerase to drive expression from the T7 promoter on the plasmid.
In this case, the polymerase 1s provided by the host strain HMS 174 (DE3), a
lambda lysogen carrying the T7 RNA polymerase gene on the stably integrated
phage genome (/2). Expression of the RNA polymerase gene 1s under control
of the lacUV5 promoter and 1s therefore inducible by addition of IPTG to the
growth medum. Expression of an iserted foreign gene in pET-11d 1s regu-
lated by two lacl repressor genes, one located in the plasmid pET-11d and the
other in the genome of the host strain HMS 174 (DE3).
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Gene expression was studied in samples each grown 1n either Lurnia broth
(LB) or in Terrific broth (TB, ref. /3) in the presence or absence of ampicillin
(100 pg/mL) at 37°C. After 3 h of growth (at an OD of 0.8), cultures were
mnduced with 1 mm isopropylthio-B-D-galactoside (IPTG) and continued to grow
for different durations; cells were stored at 4°C at the end of the time-course.

Cell lysates of both TB and LB grown cultures separated on SDS-polyacryla-
mide gels are shown n Fig. 2. Polymer protein can be seen by negative stain-
ing around 60 kDa (Fig 2). The pattern of polymer production 18 observed to be
the same in both gels, although the quantity of polymer 1s several-fold more m
TB grown cultures (uninduced). The amount of polymer in uninduced 6 h
sample (lane 3) 1s approximately comparable to that of the induced 6 h sample
(lane 4). However, there 1s a dramatic increase in the expression of polymer in
uninduced cultures grown for 24 h (lane 5) over induced cultures of the same
age (lane 6). This increase is more pronounced 1n TB grown cultures compared
to LB grown cultures which 1s not surprising because it :s known that in TB
grown cultures, copy number of the plasmid increases by four- to sevenfold
and the cell density increases by 10-fold over those of the LB grown cultures
(13). In contrast, the amount of polymer produced 1n induced cultures 1s negli-
gible (lanes 6, 8, and 10) accompanied by 1rregular shapes of cells (see the
electron micrograph in Fig. 3C). Decrease in polymer production 1n induced
cells could be directly correlated with loss of the introduced plasmid and
reduced cell growth. No plasmid DNA was found 1n cells induced with IPTG
beyond 6 h of growth (data not shown) Reduced cell growth after IPTG induc-
tion has been reported earlier. For example, Brostus (/4) reported that induc-
tion of trp/lac (tac) hybrid promoter with 1-5 mM IPTG 1n E coli strain RB
791 (lac repressor overproducing strain) caused reduced cell growth, ultimately
leading to cell lysis. Masui (73) also reported that the growth rate of £ coli
T19 cells induced with IPTG was reduced after 56 h. In our studies, the high-
est expression of protein 1s observed in 24 h uninduced cultures (lane 5), fol-
lowed by a gradual reduction 1n cultures grown beyond 24 h (lanes 7 and 9).
This may be owing to cell lysis as well as decrease 1 plasnud copy number
after 24 h as evident from light microscopic observations and plasmid DNA
1solation studies (data not shown) However, 1t should be pointed n this con-
text that this polymer protein, (GVGVP);,,, is extraordinarily stable in E. col:
cells as seen 1n Fig. 2 (lane 12) that shows polymer present in a 48 h uninduced
culture stored for over three months at 4°C.

The polypeptide observed at the same mol wt as PB-galactosidase (116.3
kDa), after 24 h of growth (Fig. 2, lanes 6, 8, 10) 1n induced cells but not in
uninduced cells (Fig. 2, lanes 3, 5, 7, 9) may be B-galactosidase (a chromo-
somal gene) induced by addition of gratuitous inducer (IPTG). This result 1s in
accordance with earlier reports that bacteria produce f3-galactosidase only when
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cell growth progressed, the number and size of inclusion bodies imncreased
only 1n uninduced cells up to 24 h. In contrast, induced cells grown beyond
6 h attain irregular shapes without any inclusion body. These results corre-
late well with SDS-PAGE results., where maximum polymer production 1s
observed 1 24 h TB grown culture Hence, we restricted the TEM studies
to 24 h in induced and uninduced cells including the host strain without plas-
mud as control.

Electron micrographs of mnduced and uninduced E. col cells are shown 1n
Fig. 3. At 24 h, uninduced cells show a number of inclusion bodies pushing the
cytoplasm aside and occupying the cell volume to a maximum extent possible
(Fig. 3A). The inclusion bodies are well separated from the cytoplasm although
a definite membranous boundary is lacking. Such lack of membrane bound-
aries around inclusion bodies has been reported in the past (/8). Polymer inclu-
sion bodies appear as glittering bodies amidst a dense dark background of the
cell cytoplasm; these structures are distinct from the cell cytoplasm by their
lighter stain and round to oval shape with poorly infiltrated regions showing
dense reflecting matrix. In some cells there are single large inclusion bodies
occupying about 70-80% of the cell volume (Fig. 3B) whereas in others sev-
eral bodies occupy nearly 80-90% of the cell volume (Fig. 3A). In contrast,
induced cells have 1rregular cell wall with dense cytoplasm and no mclusion
body (Fig. 3C). Host cells not transformed with plasmid DNA show normal
cell growth with no inclusion body (Fig. 3D).

The progression 1n the number and size of inclusion bodies up to 24 h grown
cells (Fig. 3A,B) correlate well with mcrease 1n the amount of polymer protein
produced (Fig. 2A, lanes 3,5) in SDS-polyacrylamide gels. Simlarly, absence
of inclusion bodies 1n induced cells at 24 h (Fig. 3C) and i plasmid-minus host
cells (Fig. 3D) 1s accompanied by lack of polymer production. From this we
correlate the appearance of inclusion bodies 1n transformed E. coli cells to pro-
duction of polymer protein. Similar correlations were made between the
amount of inclusion product within the cells to the quantity of chimeric prod-
uct seen 1 SDS-polyacrylamide gels m E coli strains overproducing insulin
chans A and B (18). They estimated that at peak production level, the inclu-
sion bodies could occupy as much as 20% of the £ coli cellular volume. In our
studies, by quantitative analyses of electron micrographs using BioScan
Optimas version 3.10, the volume occupied by these bodies were estimated to
be as much as 80-90% of the cell volume under optimal conditions. The mean
area occupied by the polymer n fully grown cells was about 65~75% of the
cell volume. Inclusion bodies are formed when foreign proteins are synthe-
sized to levels above their solubility or when precipitation of the native protein
takes place (19). The protemn based polymer, (GVGVP),,,, self associates at
37°C, at which point fermentations were carried out (/). In many instances,
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high level expression of not only heterologous proteins, but also native E. Colr
proteins results in formation of inclusion bodies as evident in the a subunit of
RNA polymerase (20).

4. Notes

1. Culture conditions: Flask volume should be at least four times larger than the
culture volume The shaker speed should not be more than 200 rpm Too much
shaking increases cell density but 1t has a negative effect on polymer yield

2. SDS-gel electrophoresis Load the protein samples immediately after boiling Do
not store samples on ice, since SDS would precipitate

3 Transmission electron microscopy If unbound osmium tetroxide is not washed
properly m subsequent buffer washes, Os will deposit all over the specimen caus-
ing Os pepper on sections Proper fixation of tissues 1s essential for good quality
sections on microtome. Hence, follow fixation steps carefully, especially the duration
of fixation. Super glue mnstantly bonds skin; therefore, wear protective gloves

4. Stamning for TEM: Uranyl acetate 1s photosensitive. Try to avoid exposure to
light as much as possible and store 1n the dark at 4°C. Keep the Petri dish covered
with aluminum foil during 40 min staining period. Lead citrate solution should
be prepared on freshly boiled, double-distilled water since 1t 1s extremely sensi-
tive to CO,. Use a narrow-necked bottle to avoid exposure to CO, m air and store
at 4°C. Exposure to CO, 1n air results in formation of lead carbonate resulting 1n
deposition of lead carbonate on the sections Whaile staining, do not let grids float
on lead citrate. Immerse grids completely inside the stain drop, to avoid exposure
to CO; 1mn air You should also hold your breath while handhing the grids to pre-
vent CO, exposure to grids NaOH 1s highly corrosive Do not use near instru-
ments that do not have any protective cover on them.
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1. Introduction

Treatment of genetic deficiency diseases, the so-called inborn errors of
metabolism has been fairly limited 1n scope. Whereas there has been signifi-
cant success with injections of the missing gene product 1n cases such as diabe-
tes and hemophilia, management of most genetic diseases has been limited to
treatment of various clinical symptoms and not the underlying disease state.
For the past decade, many groups have been working toward the goal of gene
therapy, i.e., the correction of genetic deficiency diseases by the introduction
of a correct copy of the defective gene into affected individuals. Many differ-
ent diseases have been targeted (see ref. I for review) utilizing a variety of
cells and animal models (1—14). Although many groups have been able to
obtain high levels of gene expression in vitro, in vivo expression has been
disappointing. In most cases, while the gene product could be detected within
hours after introduction into the host, high level expression was not detectable
after 30-45d (4.5,11,12,14-19).

Several factors could be responsible for the loss of expression including
death of the engineered cells after introduction into the host, host immune
responses to the newly introduced gene products, and/or downregulation of the
exogenous promoter. We have focused on approaches for cell transplantation
that could address some of these issues. Our work entails the use of an implant-
able device (immunoisolation device) that encapsulates the cells in such a way
that the grafted tissues are protected from contact with host immune cells. In

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ
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addition, host-dertved vascularization occurs at the device/soft tissue interface
thereby enhancing cell survival. The vital role of vascularization 1n implanted
cell viability was first addressed several years ago by Thompson et al who
demonstrated that improved bilirubin metabolism was achieved 1n Gunn rats
by implantation of cells expressing the appropriate enzyme, 1f new blood ves-
sels were induced at the site of implantation (20). They achieved increased
vascularization by implanting the cells in a matrix of polytetraflouroethylene
(PTFE) fibers coated with type 1 collagen and heparin-binding growth factor.
This neovascularization appeared to be necessary to create a supportive envi-
ronment for the transplanted cells.

To date, most approaches to gene therapy have utilized the patient’s own
cells which are removed, genetically engineered, and then returned to the
patient (autologous somatic cell gene therapy). This requires the development
of systems that can be tailored to the individual patient. An alternative to
autologous somatic cell gene therapy could be the use of allogeneic cell lines
as the source of engineered cells. Use of allogeneic cells eliminates the need
for complicated cellular isolation and engineering procedures that are specific
to each patient. However, 1t is limited by host immune rejection of allogeneic
tissue. The use of an immunoisolation device, when applied to gene therapy
overcomes this problem. Through the use of an immunoisolation device 1t 1s
possible to maintain allogeneic cells such that the graft tissue remains func-
tional but 1s protected from the host immune response without the need for
immunosuppressive drugs. An additional advantage to the use of allogeneic
cells within a device is they would be rejected if they escaped from the device.
Moreover, uniformity could be introduced nto the process because allogeneic
cells, potentially useful for many or all patients, could be prepared at a central
industrial-scale location. The quality control 1ssues for the cells would then be
met at the same levels as are currently used for recombinant protein production.

We have developed an immunoisolation device that is composed of a bilayer
flat sheet membrane. One of the components of the bilayer membrane 1s a PTFE
membrane (5 um pore size) that is able to alter the host foreign body response
such that blood vessels are formed at the membrane interface (21). The other
(inner) layer 1s a 0.45 um hydrophilized PTFE that eliminates contact between
the host tissue and the implanted cells. This membrane configuration can
immunoprotect allogeneic graft tissue; Sprague Dawley rat fetal lung tissue
has survived for one year when implanted into male Lewis rats (22).

Optimizing the combination of immunoisolation and gene therapy is a mul-
tistage process. In this chapter, we will describe the use of a flat-sheet diffu-
sion chamber design (Fig. 1), first proposed by Algire et al. (23), as the
implantable chamber. The specific method by which the membranes are sealed
is not important We will describe one approach using a proprietary device and
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Fig. 1. (A) The immuno1solation device (7) used for the research in this chapter
was approximately a centimeter in diameter. (B) Schematic diagram of the com-
ponents of a flat-sheet, friction-sealed immunoisolation chamber. Tissue (7) 1s
loaded between two cell impermeable membranes (3,5) in the presence of a spacer
(4) and this sandwich 1s then held together by two, friction-sealed titanium metal
rings (2,6) whose lumen 1s indicated (8). (C) Diagram of a top view loaded, fric-
tion-sealed device The titantum housing (6) and mnsert (2) hold the membrane (5)
immobile. (D) A cross-section through a tissue-loaded, friction sealed device. The
titanium insert (2), housing (6), and silicone spacer (4) are represented as hatched
areas. The flat sheet membranes (3,5) are held together by the housing and nsert,
encapsulating the tissue (7)
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accessories, but the same results could be achieved with other sealing designs
More important 1s the choice of membranes We will describe the use of
Biopore™ membranes (Millipore, Bedford, MA), which can be obtained as a
cell culture insert (Millicell-CM) The membranes can be cut from the mserts and
used as they are. These membranes will support the viability of the cells con-
tained within. However, the viability of the cells can be significantly enhanced
with the use of an outer membrane laminated to the Biopore membrane This
outer membrane should be chosen based on its abilities to enhance vasculariza-
tion at the membrane tissue interface as has been described elsewhere (27).

As a model system we have chosen to examine the delivery of factor IX
(FIX) from engineered cells implanted into host animals within an immuno-
1solation device. FIX 1s a blood clotting component that 1s nonfunctional in
patients with Hemophilia B (24,25). Hemophiha B 1s an X-linked genetic dis-
order and the incidence of the disease is about one in 30,000 male births per
year (2). The most common clinical manifestation 1s spontaneous bleeding into
joints or hemarthrosis, which results in chronic pain and joint deformities. His-
torically, the treatment of spontaneous bleeding episodes has employed con-
centrated plasma factors that contain vitamin-K dependent proteins and their
activation products; more recently the treatment of choice 1s highly purified
factor IX

In order to assess the usefulness of any particular gene therapy approach, 1t
1s necessary to address the following 1ssues: The gene product must be deliv-
ered to the correct body compartment (1n this case the blood), and the engi-
neered cells must be capable of sustained high level expression sufficient to
correct the disorder n vivo. Whereas we have chosen to examine the expres-
sion of FIX, the immunoisolation device could potentially be adapted for use
with any secreted gene product of a size appropriate to transit the membrane.
As a model system, the device 1s particularly useful in demonstrating that any
correction observed 1s due to the specific presence of the engineered cells. By
explanting the device 1t 1s possible to quantitatively remove all of the cells at
any point and then follow the loss of the gene product over time

Canine fibroblasts were transduced with a retroviral vector encoding the
gene for human Factor IX (hFIX) The fibroblasts expressed around 200 ng
hFIX/10° cells/24 h when assayed 1n vitro. The engineered fibroblasts were
mmplanted within the device into athymic rodents that were monitored for sys-
temic delivery of hFIX as measured by the presence of FIX in their serum. No
hFIX was detected 1n serum collected from these implanted rats when assayed
by ELISA. However, when the devices were explanted, frozen fixed, and
directly stamed for hFIX expression, the transduced cells did stain positive for
hFIX (see red-brown staining within the device, Fig. 2A). No staining was
detected from devices loaded with nontransduced cells (Fig. 2B). Thus, by
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using an immunoisolation device 1t may be possible to detect by immuno-
staining, 1n vivo expression too low to be detectable in the serum. This demon-
strates that gene products may be expressed at levels too low to be detectable
by ELISA, but may be detectable by immunostaining 1f the cells can be recov-
ered. Analysis of histological sections stained for FIX revealed graft tissue
survival and expression of FIX by many of the graft cells (Fig. 2A), whereas
nontransduced fibroblasts did not stain positive for FIX (Fig. 2B).

In a separate series of experiments, primary canine fibroblasts were trans-
duced with a retrovirus encoding canine factor IX (cFIX). The transduced cells
expressed 1 pg of cFIX/ 109 cells/ 24 h. The transduced cells were loaded 1nto
devices at 10° cells/device, and 10 devices were implanted 1nto an athymic rat.
Devices were placed in the epididymal fat pads and subcutaneously. We were
able to demonstrate expression of cFIX 1n plasma from this animal by ELISA
at levels of 4-16 ng/mL for 60 d after implantation (26).

2. Materials

Membranes for immunoisolation device
70% EtOH (EtOH).
95% EtOH
0 9% Saline
Bunocular dissecting scope.
Sterile jeweler’s forceps, gauze, towels
Surgical medium DMEM supplemented with 20% fetal bovine serum, 1%
pentcillin G (10,000 U/mL)/streptomycin (10,000 pg/mL) and 1% L-gluta-
mine (200 mM).
8. 2% Glutaraldeyde mn 0.2M Sorenson’s phosphate buffer (stable at 4°C for 2-3 wk)
9. Biopore membranes, Millicell-CM
10  Silicone for spacer (o ring).
11, Laboratory animals for implants
12. Surgical instruments.
13 ELISA materials.
14. Histology materials: 10% neutral buffered formalin, 80, 95, and 100% EtOH,
absolute EtOH/xylene, absolute xylene, paraffin, tissue cassettes, microtome
(such as Leica 2035), hematoxylin (Polyscientific, Bay Shore, NY), eosin (for-
mulation obtained from Polyscientific), 0.5% acid alcohol, mounting medium)
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3. Methods
3.1. Cell Preparation

The choice of cell should be determined by screening various types of cells
within the device for cell survival (by analyzing histological sections of the
device and cells, see Section 3.5.) before genetically engineering the cell to
express the desired gene. Survival of different cell types within the device will
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vary. Implanting cells within a device does limit access to oxygen and nutri-
ents, and some cells may be more susceptible to those stresses.

The following protocol should be followed for preparing cells for implanta-
tion (these steps should be performed within a laminar flow hood, using sterile
cell growth medium, and so on).

1 Culture cells using normal tissue culture procedures

2 On day of implant, remove cells from tissue culture flasks

3. Pellet cells and resuspend in surgical medium to a concentration of between 1 x
103 cells/10 pL and 1 x 107 cells/10 uL. Store cells on 1ce until loading.

4 Load the cell suspension onto the bottom membrane as detailed below. A 20 pL
pipetman 1is useful for the loading procedure.

3.2. Sterilization and Loading of an Immunoisolation Device

To prepare an immunoisolation device, obtain flat-sheet membranes of the
appropriate permeabilities as specified in ref. 2/, or use the Biopore membranes
from a cell culture insert (Millicell-CM). When using the Biopore membranes,
remove the membrane from the 1 cm plastic ring with a sterile scalpel blade.
We target rodents as animal models, so our device is about a centimeter in
diameter, which is also the size of the Biopore membranes from cell culture
mserts. Biopore membranes arrive sterile. Therefore, 1f care 1s taken and proper
sterile technique 15 used, the membrane should remain sterile. However, for
those membranes with compromised sterility or that are obtained nonsterile,
the following technique should be followed. Immerse the membranes 1n 95%
EtOH for 20-30 s to wet the membrane (for Biopore membranes they will
change from opague to translucent when wetted). Incubate the membranes
overnight in 70% EtOH to sterilize the membranes. EtOH wetting and steril-
ization is not appropriate for all membrane compositions, so 1t is important to
mnvestigate which sterilization method 1s approprnate 1f non-PTFE composi-
tions are used. The membranes should be handled with sterile mstruments, and
every effort should be made to touch the membranes only at their extreme
edges, so that the membrane integrity is not compromised (see Note 1).

We use a proprietary bilayer membrane having a large pore, “vascularizing”
membrane as the outer layer to improve biocompatibility (27). The membranes
are friction-sealed between a titanium ring and housing to sandwich the grafted
tissue between the membranes (Fig. 1). Using titanium as the housing material
offers the advantage of implanting a metal that 1s relatively biologically 1nert,
with no known leachables. The titanium rings and housing are particularly use-
ful because they are easily sterilized by autoclaving. However, 1t is up to the
discretion of the researcher how the device should be sealed. A spacer between
the membranes may be helpful in preventing damage to the tissue when the
membranes are sealed together. The following assembly steps should be per-
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formed within a laminar flow hood, using sterile towels to cover the surface
and sterile instruments to handle the housings and membranes (see Note 2).

1 Place a titanium ring and housing on the Iid of a sterile Petr1 plate
Observe the membrane and housing through a binocular microscope to assure
proper placement of the membrane Place the membrane 1nto the housing

3 Place a silicone spacer onto the outer edge of the membrane, being careful not to
touch or puncture the membrane

4 Add a volume of cell suspension (no greater than 10 pL) that contains the appro-
priate number of cells (see Section 3.1. for cell preparation, also see Note 3)

5. Gently place the other membrane on top of the cell suspension, being careful not

to disturb the cells or wick them to the outside of the device.

Place the titanium ring onto the outer membrane.

Friction seal the msert to the housing Do not allow tissue to ooze out the device

Wash device three times 1n 0.9% saline

Place the device 1n surgical medium at 37°C, 5% CO,, humidified incubator

until surgery.

Nolie RN Bie )}

3.3. Implantation of the Inmunoisolation Device

Identifying a suitable device implant site 1s an important component of
immunoisolation and gene therapy The choice of implant site is based on a
variety of factors, including cell survival at that site, the kinetics of gene prod-
uct delivery, the site at which the gene product 1s needed, and so on. We have
implanted the FIX-secreting cells into two sites 1n rodents, the epididymal or
ovarian fat-pads, and ventral or dorsal subcutaneous sites (see Note 4).

| Fat-pad surgical implantation

a Anesthetize the rodent with the appropriate anesthetizing agent (27)

b Shave and swab the ventral abdominal surface with providone 10dine prep
solution (Baxter, Deerfield, IL).

¢ Make a 1-2-cm mcision just cranial to the anus (females) or penis (males) at
the midline with a sterile scalpel.
Cut the abdominal muscle layer to the same size as the outer incision

e Locate the fat-pad, remove 1t from the peritoneum, and spread it out over
saline-wetted sterile gauze.

f Center the device on the fat-pad

g Wrap the device 1n the fat and secure it by gluing the fat over it with small
amounts of methylmethacrylate vetting glue (VETBond™, 3M, St Paul, MN),
taking care so that no glue 1s placed on the membranes. The glue 1s very difficult
to histologically section, so the less used, the better. In addition, the glue 1s
bioresorbable and can increase the level of inflammation around the device

h Return the fat-pad with device to the peritoneum

1. Suture the abdominal wall together using a suitable suture material with a
running stitch.
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j. Seal the surface mciston with wound clips.
k Reswab the entire abdominal area with 1odine solution
2. Surgical implantation into a subcutaneous site.

a. Anesthetize the rodent with the appropriate anesthetizing agent Shave and
swab the dorsal or ventral area of the rodent with above 10dine solution

b. Make a 1-2-cm 1ncision through the skin, but not through muscle facie

c¢. Blunt dissect erther side of the incision, by separating the skin from the muscle
to create pockets slightly larger than the device
Place chamber within pocket, taking care no to touch the device to rodent’s fur.

e. Seal and reswab incision as detailed above

3.4. Removal of the Immunoisolation Device

Removing the immunoisolation device, allows the quantitative retrieval of
all of the implanted cells This permits demonstration that any gene expres-
sion observed was due to the implanted cells. The removal of the device
also allows the researcher to assess cell survival within the device and to
utilize immunostaining to detect gene product that 1s being expressed at very low
levels (Fig. 2). The following details the protocol that we follow to remove
devices from rodents.

1 Euthanize rodents according to the appropriate guidelines

2. Saturate device explant area with 70% ETOH to wet fur

3. Locate device by palpating implant area. Perform incision at appropriate spot to
remove device, being careful to avoid cutting the device itself Avoid excess
bleeding and under no circumstances tug at the device.

Cut device from surrounding tissue

Trim device of excess tissue.

Place device 1n 2% glutaraldehyde 1in Sorenson’s buffer.

Store fixed devices at 4°C for a munimum of 12 h before histological processing

3.5. Histological Processing and Staining

By analyzing tissue survival within the device, the researcher is able to
assess cell survival and host response to the implant. This 1s especially impor-
tant when analyzing gene product expression, because histological analysis
may generate clues about the expression (e.g., 1n cases where the gene product
could not be detected systemically and the tissue did not survive and/or the
host recognized the gene product as foreign and mounted an immune response).
The types of histological processing that are employed will again depend on
device composition, but for Biopore membrane-contaming devices, the follow-
ing histological protocols are followed:

1 Remove the membranes from the titantum ring and housing, being careful to
preserve the host tissue associated with the membranes Do not allow the host
tissue to shide off when the housing 1s removed Place within a tissue cassette
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2 Immerse cassette as follows

5#‘&-—»—:“0’@»—.,@9-00‘:»

10% Neutral-buffered formalin: 1 h
10% Neutral-buffered formalin. 1 h,
80% EtOH 1 h

95% EtOH" 1 h.

95% EtOH 1 h

100% EtOH. 1 h

100% EtOH 1 h

Absolute EtOH/xylene 1 h.
Xylene 1h

Xylene 1h

Paraffin' 1 h, 60°C

Paraffin 1-2 h, 60°C

3. Embed the membrane sandwich on edge 1n a deep paraffin mold and allow 1t
to solidify

4 Prepare a water bath for standard sectioning and cut sections through the device
using a microtome Frequently change the disposable microtome blade to ensure
a sharp edge Only one or two sections can be taken from a knife area before the area
1s dull

5 Place two ribbons of sections about 5 um thick onto a glass shde

N

Place shdes in a 80°C oven for 30 mmn prior to staining

7 Routine staining is by the H&E method as follows

a.

TS o8B -®c - DR w0 &6 o

Remove paraffin from the slides by exposing the slide to three changes of
xylene, 5 min each.

100% EtOH, approx 1 min
100% EtOH, approx 30 s

95% EtOH, approx | min

95% EtOH, approx 30 s

80% EtOH, approx 1 min

Tap water rinse, approx 1 min
Hematoxylin, approx 5 min
Tap-water rinse, approx 1 min
0.5% acid alcohol, approx 1 min.
Tap water rinse, approx ! min.
Eosin, approx 6 min

95% EtOH, approx 30 s

100% EtOH, approx 30 s

100% EtOH, approx 30 s
Xylene, approx 30 s

8 Mount each stained shide using a clean coverglass and a drop of mounting medium

3.6. Assessment of Gene Expression and Graft Tissue Viability

Determining whether the gene product 1s being expressed in vivo 1s the
ultimate goal of these experiments. How the gene product 1s assayed will
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depend on what the gene product 1s, whether there is a specific function
associated with its expression, whether 1t confers a specific phenotype, and
other factors.

One advantage of the immunoisolation device is that 1t permits quantitative
removal of the therapeutic cells at any time. Subsequent sampling of the ani-
mal should demonstrate return to baseline levels of the gene product. At the
time of removal, the devices can also be examined to determine the survival of
the graft tissue. The following protocol can be used for survival surgeries to
remove devices.

1. Anesthetize the rodent with the appropriate anesthetizing agent (27).
2. Shave and swab the ventral abdominal surface with Providore iodine prep solution.
3. To remove subcutaneous implants.
a. Locate device by palpating implant area. Perform incision at appropriate spot
to remove device, bemng careful to avoid cutting the device itself. Avoid excess
bleeding and under no circumstances tug at the device
b Cut device from surrounding tissue.
¢ Trim device of excess tissue.
d. Place device in 2% glutaraldehyde in Sorenson’s buffer.
e. Seal the surface incision with wound clips
f. Reswab the entire abdominal area with 10dine solution.
4, Toremove fat pad implants:

a Make a 1-2-cm incision just cranial to the anus (females) or penis (males) at
the midline with a sterile scalpel.
Cut the abdominal muscle layer to the same size as the outer incision.
Locate the fat-pad, remove it from the peritoneum place 1t on saline-wetted
sterile gauze.
Tie off the fat-pad with suture and remove fat-pad containing device
Trim device of excess tissue
Place device mm 2% glutaraldehyde 1n Sorenson’s buffer
Suture the abdominal wall together using a suitable suture material with a
running stitch
Seal the surface mncision with wound clips
Reswab the entire abdominal area with 10dine solution.

4. Notes

1 Membrane handling: Use autoclaved jeweler’s forceps to handle flat-sheet mem-
branes. Pick up the membranes by allowing them to float in the last saline wash,
dipping the forceps just under the saline/membrane nterface, and dragging the
membrane across the saline before removing it completely from the wash. This
prevents folding and crimping of the membranes. Slightly drying the membranes
on sterile gauze by wicking the saline from the membrane to the gauze makes the
membranes easier to load into the housing Do not allow the membranes to
become completely dry

oo

-7 oo e
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Membranes for flat-sheet diffusion devices are very delicate mesh and tear
easily, so 1t is sometimes helpful to laminate the membrane to a polyester back-
ing Laminations can be performed with minute amounts of glue (the glue used
will be dependent on the chemistry of the flat sheet membrane) and the appropri-
ate drying procedure. Polyester woven and unwoven meshes are available through
a variety of membrane supply companies (Saati, Stamford, CT, for example). It
is recommended that research devices be no more than 1 cm 1n diameter because
the difficulty of handling the membranes increases proportionally with the diam-
eter of the device.

Membrane loading' Membrane loading 15 best performed by two persons One
researcher can be dedicated to loading the membrane and spacers nto the hous-
ing, while the other person loads the tissue, top membrane, friction seals, and
rinses the devices Sterile Petr1 dish lids are useful to place the device compo-
nents on.

Determining appropriate cell concentration for loading into devices. The number
of cells needed to fully pack a device must be determined empirically for each
cell type The number needed will vary depending on variables such as the size of
the cell and the amount of extracellular matrix the cells produce as well as their
ability to survive within an immunoisolation device The number of cells needed
will also be determined by the number of cells necessary to obtain therapeutic
levels of the gene product in vivo Whereas the option of implanting more devices
does exist, there are physical limits to the number possible Furthermore, one
should implant the fewest number of devices necessary to obtain therapeutic lev-
els of the gene product. For mice, 68 devices can be implanted (two devices in
the fat pads, two subcutaneously on the ventral surface, and 2—4 subcutaneously
on the dorsal surface), for rats, 10—14 can be implanted (four n the fat pads, four
subcutaneously on the ventral surface, and 46 subcutaneously on the dorsal sur-
face For each cell line, we routinely determine the optimal number of cells to be
loaded as follows. serial dilutions of the cell suspension (107, 10%, 105, 104, 10
cells/device) are loaded and implanted into athymic amimals for three weeks

Explanted devices are stamed with H and E and scored for cell survival and
growth The cells can also be stained for specific gene product as outlined above

Animal surgery. Anesthetizing rats and mice will, of course, be performed
according to the approved nstitutional protocols Our protocol calls for intra-
muscular 1njections of a mixture of the drugs rompun (xylazine, Rugby Labora-
tories, Rockville Center, NY) and ketamine (Fort Dodge Laboratories, Fort
Dodge, IA). For mice we use 0 1-0.2 mL of a mixture of 1 mL ketamine and 0.75
mL xylazine diluted into 4 mL sterile saline. Rats are anesthetized with a cock-
tail of 5 mg/kg rompun and 65 mg/kg ketamine These drugs are far superior to
barbrturates 1n that animals are seldom lost due to respiratory distress.

To minimize trauma to the animal, prevent infections, and speed the recovery
time from surgery, there are several steps that can be taken Swab the injection
site with 10dine solution before and after injection, when using athymic amimals
mfections can easily be initiated at the injection site. Treat the eyes of rats and
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mice with artificial tears to prevent drying and blindness. Warm animals on a
heating pad after surgery to prevent hypothermia. (This 1s particularly important
when working with athymic animals which lack fur )

Fat-pad can be discerned from intestine and other organs because 1t 15 a
creamy white/yellow If 1t 1s necessary to move the intestines to access the fat
pads, use blunt forceps and gently lift the intestine out of way
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Delivery of Recombinant HIV-1-Directed Antisense
and Ribozyme Genes

Georg Sczakiel, Giorgio Palu, and William James

1. introduction

A series of gene products has been shown to inhibit viral replication of the
human immunodeficiency virus type 1 (HIV-1). These include ribonucleic
acids (RNA) including antisense RNA, ribozymes, and decoy RNAs, as well
as proteins such as dominant, negative-interfering, mutated viral proteins, het-
erologous proteins, or intracellular antibodies.

For a gene-inhibition therapy against HIV-1 to be effective, one needs not
only effective hibitory genes but also methods for their efficient delivery
mto those cells upon which the direct effects of HIV replication are crucial in
the pathogenesis of the disease. As a first assay, one usually tests the antiviral
efficacy of long-term expression of inhibitory genes in immortalized human
cell lines that express the HIV-1 receptor CD4 (e.g., Jurkat, CEM, Molt) or n
peripheral blood lymphocytes that have been stimulated by PHA or 1I-2 or
both. Hence, methods for enabling one to express recombinant DNA 1n such
cells are needed.

Retroviral vectors offer an efficient means for delivery of foreign genes nto
eukaryotic cells (/). They are able to integrate their genetic information stably,
generally at a low copy number, and to transmit it with high efficiency nto
recipient cells. Retroviral vectors are engineered to be replication-defective by
replacing part of the viral genome, the gag-pol-env genes, with the desired
therapeutic genes. Infectious particles can still be generated 1n a single cycle of
rephcation, i1f the deleted functions are provided 1n frans, etther by superinfect-
ing with a replication-competent helper virus, or by introducing the defective
virus (retroviral vector) into packaging cell lines containing a helper virus
genome lacking the packaging signal. Retroviral vectors have been mainly

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ
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derwved from murine leukemia virus (MLV), from avian leukosis virus, and
from the reticuloendotheliosis virus strain A (REV-A) and its close relative,
spleen necrosis virus (SNV) (/-3). The relatively well understood biology of
these retroviruses enable one to develop efficient vector systems. Correspond-
ing packaging cell lines, that are able to package high titers of replication
defective vectors, have been established as well (4-7).

To date, the murine retroviral vectors are the most developed vehicles for ex
vivo gene delivery. However, particularly in the case of human CD4-positive
target cells, modified HIV-1 can be used to generate recombinant viral vector
particles for the delivery of heterologous genes. An HIV-1-based vector has a
number of conceptional advantages over conventional murine retroviral vec-
tors if one is planning a gene therapy strategy to combat AIDS. Firstly, the
specific cell targeting, facilitated by the high affinity mteraction between the
viral envelope glycoprotein gp 120 and the CD4 receptor expressed on T-cells
as well as other potential HIV-1 target cells, including the resting cells of the
monocyte/macrophage lineage or CD4-positive hematopoietic stem cells. Sec-
ondly, the HIV-specific inducibility of the LTR, which could allow selective
expression of the antiviral gene specifically upon HIV-infection of the cells
provides an advantage. Furthermore, given the abulity of the wild type HIV-1
genome to encode multiple gene products via a diversified regulatory and splic-
Ing system, the use of HIV-1 vectors could be readily adaptable for the expres-
sion of multiple (inhibitory) genes of interest. The introduction of an anti-HIV
gene element into quiescent hematopoietic stem cells (HSC) could certainly be
a convenient way to render a large number of progeny lymphomonocytoid cells
resistant to HIV-1 infection, although target cells must be cycling for stable
mtegration of retrovirally carried genetic information (8,9)

The ability of HIV-1 to integrate into chromosomes of nondividing cells
(10,11) make HIV-1 vectors extremely valuable as agents for gene transfer
mto quiescent hematopoietic progenitors. HSC, however, for they lack the CD4
receptor or express CD4 1n only a small subfraction can only be infected by an
HIV-1-derived vector containing heterologous envelopes. Production of such
pseudotype viruses can be easily realized since HIV-1 efficiently incorporates
many other envelope glycoproteins (/2,13), hence restricting or broadening its
host range. Replication-defective HIV-1 vectors have been developed to study
different aspects of the HIV-1 life cycle and for gene transfer to human lym-
phocytes (14-18)

In the following, three alternative methodologies will be described to intro-
duce recombinant DNA into immortalized human HIV-1-permissive cell lines.
These include the somewhat biophysical method “electrotransfection,” a
murine amphotropic retroviral vector system, and a system that 1s the closest to
HIV-1—HIV-1-derived retroviral vectors. However, for future therapeutic pur-
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poses, vector systems are needed that show significantly improved effective-
ness and the ability to transduce the appropriate cell types.

Infection of cells with HIV-1 can be monitored by a series of HIV-1-spe-

cific tests such as listed:

1

2

Challenge with HIV. one-step challenge (high m o.i., short time-course) or
multiround challenge (low m.o i., long time-course)

Quantitation of HIV replication by PCR (quant and semiquant), reverse
transcriptase (SPA method), p24 ELISA (kit and DIY), as well as output mfectiv-
1ty (TCIDsy).

2. Materials
2.1. Method 1

L.

6

Power supply that is suitable to deliver highly charged electric pulses (maximal
capacitance, 1 mF; maximal voltage, 300 V, e g., “gene pulser,” Bio-Rad Labo-
ratories, Hercules, CA) and electroporation chambers with 4 mm nterelectrode
distance (Bio-Rad).

Recombinant DNA that has been purified by methods that guarantee salt-free
preparations, e.g., CsCl gradient method including at least three subsequent etha-
nol precipitation steps.

Phosphate-buffered saline (PBS): 120 mM NaCl, 25 mM Na-phosphate, pH 7 3
RPMI-1640 medium supplemented with 10% fetal calf serum, L-glutamine (2
mM), penicillin (100 U/mL), and streptomycin (100 ug/ul)

Cell-free supernatant from the cells to be transfected m logarithmic phase of
growth. For most of the cell lines grown 1n suspension, this 1s in the range of 5 x
105—1 x 106 celis/mL.

Six well and 48-well tissue culture plates (flat bottom wells).

2.2. Method 2

1

Laboratory requirements Contamment level 2 facilities for the production and
use of amphotropic retroviruses and containment level 3 facilities for the HIV
challenge experiments.

Plasmuds. The choice of MLV-based vectors 1s wide and some examples and
guidelines are given i Section 3.2. For transient tests, env and gag-pol-encoding
plasmids are also required. Vector DNA should be purified, for preference, by
the 1on exchange method (e.g, Qiagen, Chatsworth, CA) and of bacterial
lipopolysaccharide should be removed by triton X-114 treatment (79)

Helper cell lines A combination of an ecotropic and an amphotropic packaging
cell line 1s needed. These are described 1n the text. Many vectors and cell lines
are not freely available and require formal permission for restricted use Before
use, all cell lines should be tested for freedom from mycoplasma fection, which
would compromise many aspects of the experimental validity.

Culture media. Dulbecco’s modification of Eagle’s medium, supplemented
with fetal bovine serum (10%), L-glutamine (2 mAM), and (optionally) pemcillin/
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streptomycin Antibiotic for selection of transductants (e g , G418, puromy-
cin, hygromycin)

5 HEPES-buffered saline (50 mM HEPES, pH 7 05 [exactly], 280 mM NaCl, 1 5
mM Na,HPO,) and 2 5M CaCl, (both filter sterilized)

6 Polybrene (8 mg/mL) 1n water, filter sterihized

7 Choice of vector Since the earliest retroviral vector systems, there has been a
wide choice of designs, some more suited to certain applications than others In
general, all applications benefit from the increased transduction efficiency con-
ferred by the extended packaging signal found in second-generation vectors and
reduced gag translation and homology with packaging line sequences found 1n
third generation vectors However, the choice of vectors 1s somewhat determined
by the particular application envisaged In cases where an antisense RNA, decoy
RNA, ribozyme, or multiple combinations of the three are being delivered, the
developments 1n retroviral vector technology that enable efficient translation of
the cloned gene are of no benefit, and a vector with a single transcription unit 1s
often preferable. If, on the other hand, a trans-dominant or suicide protein 1s to
be delivered, then expression will often best be accomplished from a vector with
an internal promoter The relative strengths of the internal and LTR promoters
may differ 1n the packaging cell line, and the eventual recipient cell and the two
promoters will frequently interfere with each other’s expression. For this reason,
a self-inactivating vector may be the preferred choice

8 Choice of packaging cell line. If one 1s wanting to pilot an approach that 1s aimed
to be trailed tn human subjects, the pedigree of the packaging cell and its accept-
ability for medical use 1s of key importance Helper cell lines are now only
acceptable 1f they do not give rise to helper-independent virus after transfection
with the chosen vector, and for this reason, highly modified gag, pol, and env
genes, expressed on unlinked fragments are the backbone of most approved sys-
tems The most widely used ecotropic lines are PsiCRE (20), GP+E-86 (21), and
Omega E (22) The most frequently used amphotropic line 1s PA317 (23), but
this produces some helper-independent virus, whereas PsiCRIP (20) does not

2.3 Method 3

1. Plasmuds Structures of the packaging system and HIV-1-derived vector plas-
mids were listed by Paroln et al (/8) The stman virus 40 (SV40) ongin of
replication 1s included 1n all plasmids, to allow plasmid propagation in COS-1
cells, which constitutively express the SV40 T antigen The selectable marker 1n
all vectors used herein 1s neomycin phosphotransferase (neo)

2. Packaging system The packaging functions are provided by both the
HXBAP1Aenv plasmuid and the CMVAP1AenvpA plasmid that express the HIV-1
gag, pol, vif, and tat genes The CMVAPlAenvpA plasmid was constructed
recently by replacement of the HIV-1 5'LTR on the HXBAP1Aenv plasmd (76)
with the cytomegalovirus (CMV) immediate~early promoter. (Briefly, the
HXBAP1Aenv plasmd was partially digested with Clal [which recognizes a site
in the sequences flanking the 5S'LTR] and Bss HII [{nucleotide 257}, located
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approx 80 bp 3' of the LTR] and blunted by treatment with the Klenow fragment
Next, Xbal linkers were joined to the blunt ends A 0 7 kb Spel fragment de-
rived from pcDNA 1 Neo [Invitrogen, San Diego, CA], containing the CMV
promoter and part of the polylinker, was inserted into the Xbal site to create
the CMVAP1AenvpA plasmid.) To express the HIV-1- rev and env genes, the
pSVIllenv3-2 plasmid containing the HIV-1 LTR sequences from —167 to +80
(24,25) was used. Both the CMVAP1AenvpA and pSVIllenv3-2 plasmids con-
tam polyadenylation signals derived from SV40 and lack sequences shown to be
mmportant for efficient HIV-1 packaging (26).

Methods

3.1. Method 1: Electroporation

of

Human CD4 Positive Cells (see Note 1)
Electrotransfection can be performed with little expense, and experimental

conditions for maximal transient uptake of DNA can be identified by system-
atic analyses (27). The variation and optimization of the voltage at all other
parameters being constant, showed an optimal range of 180-230 V for lym-
phoid, myeloid, and epitheloid cell types (28). The selection conditions for cell
clones that express a dominant marker gene, have to be investigated individually.

1

oW

Prepare- cells (2 x 107; logarithmic growth phase, washed 1X with PBS, resuspended

in 150 uL PBS), and DNA: (50 ug; linearized for stable transfection, supercoiled for

transient transfection, EtOH-precipitated, dissolved in 50 uL PBS, see Note 1)

Electroporation: 200 pL total volume, 1 x 10% cells/mL, r.e., 2 x 107 cells/200

uL; (see Note 1); 4 mm interelectrode distance, sterilized with 70% EtOH, evapo-

rated under sterile hood.

Mix cells and DNA and transfer into electropoaration cuvet

Incubate cells and DNA at room temperature for 510 mn (see Note 1)

Electric pulse (see Note 1) one pulse at room temperature; 960 puF capacitance;

180-250 V Voltage for maximal DNA transfer into cells, 250 V; Jurkat, 220 V,

CEM,; 200 V; BJA-B, H9, Moit3, Molt4, U937, and PBLs (PHA-, Il-2-stimulated).
The half-life of the current (t-value) should be 40-60 ms Usually, the sur-

vival rate 18 30-70% at optimal transient transfection efficiency

Incubate ceils and DNA at room temperature for 5—10 mun.

Transfer electroporated cells 1nto six-well plate Leave cell debris 1n the

electroporation chamber. Rinse cuvet 2—-3 times with 300 ul fresh medium, and

transfer into incubation well (see next step)

Incubate electroporated cells overnight at a cell density of 4-10 x 10° cells/mL in

RPMI medium (usually six~well plates, 3—5 mL medium).

3.1.1. Transient Assays

Incubate cells at 2.5 x 10° viable cells/mL for further 24 h before perform-

ing detection assay for transfected genes.
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3.1.2. Selection of Stably Transfected Cell Clones

1 Pellet cells by centnifugation

2 Resuspend cells at a final density of 5 x 10% viable cells/mL 1n a medium consist-
ing of 50% fresh RPMI medium with all supplements listed above (see Section
2 1) and 50% cell-free culture supernatant from same cells (e.g , from the har-
vest of cells for electroporation experiment. Store supernatant at —~70°C). The
final concentration of the drug 1s' hygromycin B, 500 pg/mL for Jurkat and 200
ug/mL for all other cell types G418, 2000 pg/mL for Jurkat and 400 pg/mL for
all other cell types

3. Seed cell suspension 1n 48-well plates (1 mL/well with a flat bottom)

4 Drug-resistant colonies appear 10-20 d after transfection.

3.2. Method 2: Delivery of HIV-1-Directed Recombinant Genes
by a Retroviral Vector (see Note 2)

3.2.1. Generation of Producer Cells

1 Seeding ecotropic cells. Ensure that the ecotropic packaging cell line 1s not
allowed to attain confluence and remain so; passage the cells regularly before
they reach confluence and store early passage aliquots in liquid nitrogen

2 Onday 0, seed a 75-cm? flask with 5 x 10° ecotropic packaging cells

3 CaPO, transient transfection On day 1, dilute 10 pg retrovirus construct DNA 1n
0 5 mL sterile 250 mM CaCl, in a 10 mL polystyrene centnifuge tube

4 Add 05 mL 2X HBS (0.14M NaCl, 5 mM KCl, 0 7 mM Na,HPO,, 20 mM
HEPES; pH 7.05 exactly with O 1M NaOH, filter sterile) dropwise, with vortexing
or mixing using a stream of atr from a 1-mL pipet Allow fine precipitate to form
for 20 min at room temperature

5 Tip flask so that medium 1s held away from the cells and add the Ca-phosphate/
DNA coprecipitate to the medium. When fully dispersed 1n the medium, tip the
flask back to its normal position so the cells are covered with medium and pre-
cipitate. Incubate 4 h at 37°C

6 Aspirate medum and replace with 10 mL of growth medmum.

7 Incubate for a further 2 d at 37°C

8 Transducing amphotropic helper. On day 2, seed a 25-cm? flask with 2 x 10°
amphotropic packaging cells

9 On day 3, harvest the supernatant from the transfected cells, filter sterilize, and
add polybrene to 8 mg/mL

10 Add 5 mL viral sup to the small flask of amphotropic helper cells and incubate
for a further 24 h at 37°C

11 Selection for stable lines. On day 4, trypsinize transduced cells and plate at approx
10* cells/well (1n 0 1 mL medium) of two 96-well tissue culture plates.

12. Onday 5, add 0 1 mL selective medium to each well and continue to incubate at
37°C (feeding with fresh selective medium at least once a week) until colonies
begin to appear 1n a small proportion of wells.
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13.

14

15.

16

17

Screening for titer Expand at least a dozen independent clones to the 25-cm?

flask stage

As each clone reaches confluence, harvest the supernatant and store a 1 mL ali-

quot at —70°C for titration and freeze the cells over liquid nitrogen.

When convenient, thaw the banked supernatants and titrate the infectivity of

each as follows:

a. On day 0, plate a sensitive recipient line, such as HeLa, into six-well plates
(one plate for two clones) at 3 x 103 cells/well

b On day 1, make a 10-fold serial dilution in growth medium of each thawed
supernatant and add 0 1 mL of the 1072, 1073, and 10 dilutions to appropri-
ately labeled wells

¢ Onday 3, replace the medium with selective growth medium and con-
tinue to incubate, with feeding, for 1-2 wk, until macroscopic colonies
are visible.

d Rinse the wells gently with PBS, stain with methanol/crystal violet or metha-
nol/acetic/naphthalene black and enumerate the colonies. Divide each num-
ber by 0 1 x dilution factor to provide a titer 1n terms of ¢ fu /mL

Screening for integrity Recover the three highest titered producer clones

from the cell bank and expand until you can test the lines for genetic modi-

fication It 1s worth doing both a Southern and Northern blot to confirm the
structure and expression of the agent and PCR-based sequencing of the
nsert itself.

Freezing down Having identified a high-titer producer, expand the line to at

least 5 75-cm? flasks and freeze the line over liquid nitrogen

3.2.2. Transduction of Human Cell Lines

The detailed method for this section depends on the target cell chosen.

The method described 1s suitable for a lymphoblastoid cell line such as
Jurkat, but primary peripheral blood lymphocytes will require periodic
antigenic restimulation.

1

2.

3

Harvest approx 10° loganthmically growing target cells by centrifugation
Resuspend in 1 mL filtered producer cell supernatant supplemented with
polybrene (8 mg/mL).

Incubate 68 h 37°C then feed with 1 mL fresh medium

After 48 h without selection, add 4 vol selective medium. (It 1s important to titrate
the dose of antibiotic required to kill target cells in a week, 3T3 cells are killed at
200 pg/mL G418, Jurkats require 1000 pg/mL or more.)

Continue to mcubate for at least 2 wk, feeding at least weekly and taking viable
counts every other day During the first week, there should be a substantial
drop 1n viable count but, by the end of two weeks, transduced cells should be
growing strongly

Continue to split cells regularly but reduce the antibiotic concentration (200
ug/mL for G418).
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3 2.3. Challenge with HIV

To evaluate the effect of any antiviral agent, the ideal methodology 1s to
use a high multiplicity challenge, in which virtually every cell 1s infected
simultaneously, and follow the kinetics of the first round of infection In
the case of HIV, the first cycle of replication 1s completed 1n a little over 24 h
for most immortalized cell lines. However, a multicycle infection course 1s
not only more convenient for HIV, but probably better reflects the physi-
ological situation.

3.2.3.1 ONEe-S1EP CHALLENGE (HIGH M.0 1., SHORT TiME COURSE)

1 Harvest 5 x 109 loganithmically growing transduced target cells

2 Resuspend the cells in 10 mL of a filter-stenihzed, DNase treated stock of HIV
The titer must be at least 5 x 10° TCIDs¢/mL (titrated on the corresponding cell
line) and preferably 1 5-2 5 x 10%/mL to achieve the desired multiplicity

3 Incubate the mixture at 4°C 2 h then wash and resuspend m 5 mL fresh growth
medmum and mcubate at 37°C

4 Take 0.2 mL samples of cell suspension at hourly mtervals for PCR analysis.

5 Take 0 5 mL samples at4 h, 12 h, 16 h, 20 h, 24 h, and 28 h for analysis of p24,
TCIDsg, or RT

3.2 3 2 MuLTirRounD CHALLENGE {Low M.0.1., Long Tive CouRsk)

1. Harvest 5 x 10° logarithmically growing transduced target cells

2 Resuspend the cells in 1 mL of medium containing a stock of HIV of titer no
more than 5 x10* TCIDsy/mL (titrated on the corresponding cell line)

3 Incubate the mixture at 4°C for 2 h, then wash and resuspend in 5 mL fresh
growth medrum and incubate at 37°C

4. Feed the cells with fresh medium at least every other day to maintain them n
exponential phase, at a density of 0.5-2.0 x 10° cell/mL

5. Take 0.5 mL samples of supernatant at daily mtervals for 14 d for analysis of
p24, TCIDsq, or RT

3.3. Method 3: Generation and Testing
of HIV-1 Vectors (see Note 3)

1 Grow COS-1 cells in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal calf serum

2 Plate COS cells at a concentration of 1.5-2 0 x 10 cells/100-mm-diameter dish 1
d before transfection

3 Cotransfect seeded COS-1 cells with the packaging system plasmids (5 pg of
each) along with the vector (5 pug) by the DEAE-dextran techmque (29)

4 Replace the medium of the COS-1 cell cultures 24 h before harvesting the recom-

binant virus at approx 65 h posttransfection

Filter the cell-free culture medium (pore size, 0 45 mm, Millipore, Bedford, MA)

6 Measure the reverse transcriptase activity (30)

W
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7 Determine the transduction efficiency. Use equivalent reverse transcriptase units
(from 18,000~117,00 cpm) of supernatants to generate 10-fold serial dilutions of
the supemnatants in RPMI medium supplemented with 10% fetal calf serum, Add
dilutions to 2.5 x 10° Jurkat cells grown in six-well culture plates in 2.5-5 mL of
complete medium. Pellet Jurkat cells, resuspend 1 complete medium containing
G418 (GIBCO) at an active concentration of 0.8 mg/mL, and dispense nto 24-
well culture plates at a density of 1-2 x 105 cells/well 1n a total volume of 2 mL
Add fresh medium to pelleted Jurkat cells 24 h after infection Cultures are
supplemented with approx 1 mL of complete medium every 3—4 d. Count the
number of viable G418-resistant cell clusters up to 45 d postinfection

4. Notes

1. Electrotransfection If 1t 1s difficult to dissolve the DNA 1in 1X PBS, dissolve the
DNA pellet in water and adjust to the final concentration (1X PBS) and volume
(50 uL) by 4X PBS. Higher cell densities lead to higher transfection efficiencies
per cell Thus, try to avoid significantly lower cell densities as recommended
Incubation of cell/DNA muxtures at 0°C do not seem to increase the transfection
efficiency If electroporation cuvets with 2-mm interelectrode distance are to be
used, apply half of the voltage and use a total volume of 100 pl at constant
concentrations of DNA, cells, and salts. However, this 1s only a rough estimate
and the optimal voltage should be 1dentified for each cell line individually.

2. Advantages and disadvantages of murine retroviral transduction methodology
Compared with the electrotransfection method, this method has the following
advantages, transduced cells have only one copy of the protective gene (more
physiological); transduced cells have stable phenotype; challenge 1s by authentic
HIV (mncluding uncloned, clinical 1solates); transduced cells are not adversely
affected by treatment, one can use clonal or polyclonal lines of transduced cells,
and almost any mmmortalized cell line and many primary mitotic lines can be
transduced. The disadvantages of murine retroviral transduction methodology
compared with the electrotransfection method are the much more lengthy proce-
dure; it requires more laboratory infrastructure; and that 1t 13 impossible to con-
trol relative copy number of target and agent in each cell Compared with the
HIV-based vector systems, this method has the following advantages high effi-
ciency, 1t can be used 1n CD4-positive cells; and 1t 15 already approved for use in
humans Compared with the HIV-based vector systems, this method has the fol-
lowing disadvantages- the tendency for extinction of gene expression in differen-
tiating cells, the failure to transduce nonmitotic cells; and a noninducible
expression system

3. Potential msufficiencies m the use of HIV-1-derived vectors, Stable packaging
cell lines able to package replication-defective HIV-1 vectors have not been yet
developed The complex genomic organization of HIV-1 and the lughly differen-
tiated expression of its genes may, i part, explain some of the problems encoun-
tered for this development Recombinant HIV-1 viruses are currently generated
by transient transfection of the packaging component along with the vector To
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avoid the possibility of “helper virus” production, the packaging component is
usually separated onto two different constructs, one expressing the Gag, and the
Pol proteins, and the other expressing the Env protein (16,18). Although a defini-
tion of the optimal placement of viral cis-acting sequences within the vector has
been evaluated (/8), further insights for identifying cis-acting sequences that
operate in the context of HIV-1 vectors 1s still needed to develop HIV-1 1nto a
practical retroviral vector from the delivery of genes into primary target cells.
The establishment of stable packaging cell lines or the use of transcription sys-
tems that enable high level transient expression of structural HIV-1 genes and
packagable RNA may lead to production of high titers of replication-defective
HIV-1 vectors
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Inducible System Designed
for Future Gene Therapy

Yaolin Wang, Bert W. O’Malley, and Sophia Y. Tsai

1. Introduction

Gene therapy nvolves the introduction of foreign therapeutic genes into
humans to treat certain diseases. In current protocols, the expressions of the
delivered foreign genes are under the control of a constitutive promoter. How-
ever, most genes are regulated under physiological conditions in response to
various stimuli, mncluding metabolites, growth factors, and hormones. Consti-
tutive expression of foreign genes may result in cytotoxicity as well as undes-
ired immune responses. In order to further the development of gene therapy, 1t
is essential to regulate the expression of the genes once they are delivered into
the body.

The criteria for a successful inducible system are:

1 It only induces the expression of the introduced target genes and does not affect
any other endogenous genes,

2. It turns on the target gene with an exogenous signal, preferably a small molecule
that can easily be administrated and distributed throughout the body, mcluding
the brain,

3 The induction should be reversible, 1 ¢, the expression of the target gene 1s off
after withdrawal of the exogenous signal,

4 The exogenous signal molecule 1s biologically safe and preferably can be admin-
1strated orally, and

5. It has low basal activity (to prevent leaky expression) and high inducibility

Several inducible systems for regulating gene expression have been estab-
lished in the past decade. They include the use of the metal response promoter
(1), the heat shock promoter (2), the glucocorticoid-inducible (MMTV-LTR)
promoter (3), the lac repressor/operator system using IPTG as mnducer (4,5),
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the Tet repressor/operator system (tTA) with tetracycline as an inducer (6,7,8).
More recently, the direct fusion of a protem of interest to the hormone-bind-
ing-domain (HBD) of the steroid receptors has been shown to render the fusion
protein responsive to steroid (9,10). For example, the GAL4-HBD fusion pro-
tein 1s capable of transactivating a target gene by binding to the GAL4 binding
sites (17-mer) upstream of the target gene 1n the presence of hormone (71).
Whereas these systems have been used 1n tissue culture systems to regulate
gene expression, their use in gene therapy 1s limited for the following reasons.
The use of heat shock promoter for gene therapy is obviously impractical,
whereas heavy metals (such as Cd-Zn) and IPTG are known to be cytotoxic
(4,12) and the induction 1s slow. Regulation of the protein function by fusion
directly to steroid receptor HBD mught change the conformation of the protemn
to be regulated. For this reason, the function of the protein after fusion to HBD
is sometimes unpredictable (73,/4). The disadvantages of using of glucocorti-
coid and estrogen inducible systems are that they are natural endogenous ste-
roids that could affect expression of many endogenous genes and therefore
interfere with normal cellular function. In the case of Tet R/O system, the chi-
meric protem tTA (consisting of Tet repressor and transactivator VP16) acti-
vates gene expression from a reporter gene containing the Tet operator sites
upon withdrawal of tetracycline. Therefore, it 1s necessary for the constant pres-
ence of tetracycline in order to shut down the expression from the Tet operator.
This would be inconvenient for use 1n gene therapy since long-term adminis-
tration of tetracycline would result in side-effects, including deposition of the
drug 1n teeth and bone, resulting 1n phototoxicity, hepatic toxicity, and renal
toxicity (75). Using genetic selection methods, Bujard and colleagues (76)
recently 1solated a Tet repressor mutant that can bind to DNA in the presence
of higher concentration of tetracycline and 1ts derivatives. In this new system,
the chimeric protein of mutated Tet repressor and VP16 (rtTA) would activate
reporter gene expression in the presence of tetracycline. Crabtree and col-
leagues (17) proposed another novel method using a divalent molecule FK1012
that could induce the dimerization of proteins containing the FK506-binding
immunophilin domains (FKBP). In this case, the signal would be transduced
when two proteins bearing the FKBP domains dimerize 1n the presence of the
FK1012. It remains to be demonstrated whether this divalent molecule works
in an in vivo situation without affecting any endogenous gene expression. In
addition, the safety and efficacy of this molecule 1n vivo 1s also unclear.

We have recently described a novel inducible system for regulating gene
expression (1/8). This system consists of a regulator (transactivator) and a
reporter containing the target gene of interest (Fig. 1). We constructed a chi-
meric regulator (GL-VP) by fusing the HBD of a progesterone receptor mutant
(hPRB891) to the yeast transcription activator GAL4 DNA binding domain
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as 1n stable cell lines using various target genes encoding intracellular proteins,
chloramphenicol acetyl transferase (CAT), tyrosine hydroxylase or a secretory
protein, the human growth hormone (hGH) 1n response to RU486. In addition,
this regulatory system has been validated 1n vivo via ex vivo transplantation of
a stable cell line containing both the regulator and a reporter gene into rats The
dosage of RU486 used 1s significantly lower than that required for antagoniz-
1ng progesterone action.
The advantages of this inducible system are-

—_

It can be regulated by an exogenous signal, m this case, RU486

2 RU486 1s a small, synthetic molecule (mol wt 430) and has been used safely as an
oral drug for other medical purposes (19,20)

3 Since the yeast GAL4 protein has no mammalian homologue, 1t 1s likely that the
target gene driven by the 17-mer binding sites and promoter would not be acti-
vated or repressed by endogenous proteins.

4 Tt does not affect endogenous gene expression since the regulator GL-VP only
efficiently activates the target gene bearing multiple copies of the 17-mer
sequences (unpublished data) juxtaposed to the promoter of the target gene (21)

5 The regulator can be activated by a very low dose of RU486 (1 nM). At this low

concentration, RU486 does not affect the normal function of endogenous proges-

terone and glucocorticoid receptors, since 1t would only antagonize the activity
of these receptors at a higher dose This high binding affinity ensures its specific-
ity on the regulation of the target gene expression

From the aforementioned features, 1t 1s evident that this inducible system
has many applications in addition to temporally controlling the therapeutic pro-
tein expression for gene therapy For example, viral vectors have been rou-
tinely employed to the delivery of genes into various tissues and organs of the
body. Recently, 1t has been noted that certain viral proteins could cause a cellu-
lar immune response (22), resulting 1n a shortened duration of the target gene
expression. With this inducible system, the expression of the viral protein could
be regulated such that 1t 1s turned on only during the crucial stage of viral
synthesis and assembly and 1t can then be turned off once 1t 1s transferred into
the cells With 1ts ability to temporally turn genes on and off, this novel induc-
ible system can also be used to express genes of interest during different stages
of development and thereby allow one to assess the function of a particular
target gene 1n transgenic animals

In this chapter, we demonstrate that the application of the inducible system
m regulating the expression of therapeutic protein in mammalian cells using an
intracellular protein (tyrosine hydroxylase) and a secretory protein (human
growth hormone) as examples. In addition, we will also describe how to use
tissue-specific promoters in directing the expression of the transactivator
(regulator protein). The purpose of this chapter 1s to provide protocols that
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could be easily adapted by the readers to regulate the expression of their target
gene of interest.

2. Materials

2.1.

1

2
3

N

8

2.2.

Cell Culture

Dulbecco’s modified Eagle’s medium (DMEM) with glutamine containing 100
U/mL pencillin G and 100 pg/mL streptomycin (Gibco-BRL, Gaithersburg, MD)
Fetal bovine serum (FBS) (Gibco-BRL)

Trypsin/EDTA solution (Gibco-BRL)

Hanks balanced salt solution (HBSS) 5.4 mM KCl, 0 3 mM Na,HPO,, 0 4 mM
KH,PO,, 4 2 mM NaHCO, 1 3 mM CaCly, 0 5 mM MgCl,, 0 6 mM MgSO,, 137
mM NaCl, 5.6 mM p-glucose, 0 02% phenol red (optional), add H,O to 1 L and
adjust to pH 7 4.

10-cm Tissue culture dish

37°C, 5 % CO, humidified incubator

RU486 (from Roussel-UCLAF) 1s dissolved 1in 80% ethanol and stored at —20°C
(avoid hght) (see Notes 1)

G418 (Gibco-BRL), Hygromycin-B (Boehringer Mannheim, Mannheim, Germany)

Western Blot Analysis

PBS buffer 137 mM NaCl, 2.7 mM KCl, 4 3 mM Na,HPO,

Lysis buffer 50 mM HEPES, pH 7 0, 150 mM NaCl, 0 5% Nomdet P-40, 2 ug/mL
aprotinin, 2 pg/mL leupeptins, 1 ug/mL Pepstatin A (Boehringer Mannheim),
2 mM Benzamidine - HCI (Sigma, St Louis, MO)

Nylon membrane (Micron Separations, 0.45 um).

Constant current power supply

Bio-Rad Modular Mini-Protean II Electrophoresis system

Bio-Rad Trans-Blot SD Serm-Dry Transfer Cell

TBS-Tween (0.1%), pH 76 242 g Tris base, 8 g NaCl, 1 4 mL concentrated
HCI, 1 mL Tween-20 Dilute to 1000 mL with distilled water and adjust for pH
Mouse anti-rat TH MADb (Boehringer Mannheim) stored 1n 100 pL aliquot (40
pug/ml) at—20°C.

HRP-conjugated sheep antimouse IgG (Amersham, Arlington Heights, IL).
Enhancer chemiluminescence (ECL) detection regents (Amersham)

. Plasmid Construction

TE buffer,pH 7.4 or8 0 10 mM Tris-HCI (pH 7 4 or 8 0), | mM EDTA (pH 8 0).
Restriction enzyme and digestion buffer (Promega, Madison, WI, New England
Biolab, Beverly, MA)

50X TAE buffer. 242 g Tris-base, 57 1 mL glacial acetic acid, 372 g
Na,EDTA : 2H,0 2 mM) to 1 L and adjust pHto 8 5

Agarose

Gel electrophoresis apparatus
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6. Qiaex DNA purification kit (Qiagen, Chatsworth, CA)
7. Competent bacterial cell DHSa.
8 LB broth base, power {Gibco-BRL).

2.4. Transfection and Analysis of hGH Expression

1. 2X HBS. 16.4 g NaCl, 11.9 g HEPES, 0.21 g Na,HPO,, add dH,0 to 1 L, adjust
pH to 7 05 with NaOH, and sterilize through a 0 45-um filter

0 25M CaCl, (sterile)

Calf thymus DNA (Sigma) dissolved 1n TE at concentration of 2 mg/mL
CsCl-prep grade DNA.

Glycerol

12 x 75 mm sterile disposable polystyrene tube (Fisher, Pittsburgh, PA)
Nichols Institute hGH Assay Kit (#40-2155)

Rotating platform

y-radiation counter

Spreadsheet program such as Microsoft Excel or Lotus 1-2-3

3. Methods

In this section, we will describe the use of the inducible system to regulate
gene expression in mammalian cells. We will start with the analysis of the
inducible expression of a target protein using the gene of an intracellular pro-
tein, the tyrosine hydroxylase (TH), as an example. We will then describe how
to construct a reporter construct using human growth hormone (hGH) gene
as a target gene. Finally, we will discuss the use of a mmimal promoter (ad-
enovirus E1B TATA sequence) to reduce the basal activity of the reporter
gene constructs.

S OO R LN

—_—

3.1. Analysis of Inducible Expression of Tyrosine Hydroxylase

The construction of TH reporter gene and the generation of stable cell lines that
express TH by inducer RU486 has been previously described (18). We describe
here the analysis of TH expression 1n the cells using Western blot protocols.

3.1.1. RU486 Treatment of Stable Cells

1 Stable cells are maintained 1n DMEM supplied with 10% FBS in the presence of
G418 (100 pg/mL) and hygromycin-B (50 pg/mL).

2 Cells are split from one plate to 3—5 dishes after cell density has reached 80%
confluence

3 10 uL of RU486 (1000X solution) will be added to the medium (10 mL) contain-
ing the cells to have a final concentration of 1X

4 The expression level of TH gene can be produced by incubating the cells with
different concentrations of RU486 and for different periods of time

5. Cellular protein 1s extracted by treating the cells with lysis buffer, and Western
blot 1s performed to analyze the expression of TH
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3.1.2. Lysis of Cultured Mammalian Cells

1

N bW

Wash cells twice with prechilled PBS

Add the lysis buffer (cooled to 0°C) to cell monolayers. The volume of lysis
buffer should be adjusted according to the size of the cell culture dish as shown at
the end of this section (see Note 2)

Incubate the cell with lysis buffer for 20 mn on a flat tray with 1ce

Scrape the cells with a rubber policeman or cell scraper

Centrifuge the lysate at 12,000g for 2 min at 4°C 1n a microfuge

Transfer the supernatant to a tube and place on 1ce for immedaate use or store
at —70°C

Volume of lysis buffer, mL Size of Petr1 dish, mm
10 90
05 60
025 35

3.1.3. Western Blot and ECL Staining

1

2

3.

10

11

12

13.

14.

For each minigel lane, the maximum loading volume 1s 50 pL. Mix sample (25
uL of lysed supernatant) with an equal volume of 2X SDS sample buffer

Heat at 100°C for 5 min to denature the proteins

The sample 1s then separated on a 10% SDS-PAGE gel (23) Load protein
molecular weight marker (Amersham rambow maker) 1n a separate lane for size
determination later

Blot the gel to a nylon membrane at 17 V for 1.0 h with the Bio-Rad Trans-Blot
SD Semi-Dry Transfer Cell

Block the nylon membrane in TBS-Tween (0 1%) and 3% nonfat milk for 1 h on
a rotating platform

Wash the milk-blocked nylon membrane with TBS-Tween once for 15 min, and
twice for 5§ min

Add primary antibody body (4 pg of mouse anti-TH antibody) to 10 mL of TBS-
Tween and 1% nonfat muilk for 1 h at room temperature

Wash the nylon membrane again with TBS-Tween as 1n step 6.

Add 50 pL of HRP-conjugated sheep antimouse IgG at a 1 1000 dilution to 50
mL of TBS-Tween, incubate for 1 h at room temperature

Wash the nylon membrane with TBS-Tween once for 15 min, and four times for
S min each.

Detection of the TH protein expression 1s performed using ECL detection kit
(Amersham) as described i steps 12—-17.

Mix an equal volume of detection solution 1 (5 mL) with solution 2 (5 mL) to
give sufficient coverage of the membrane (0.125 mL/cm?)

Drain the excess buffer from the washed blots and place them 1n fresh containers
Add the detection reagents directly to the blots on the surface carrying the pro-
tein, do not let the blots to dry out

Incubate for precisely | min at room temperature.
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Hindill
EcoRI

p17x4TATA-hGH

4.72 Kb

Fig. 3. Plasmid map of reporter constructs 17X4-TATA-CAT and 17X4-TATA-hGH

Qiaex DNA purification kit according to the manufacturer’s nstructions The
purified DNA is resuspended in 20 pL of TE

2 3 ng of the plasmid pOGH (containing genomic human growth hormone
sequence, from Nichols Institute) 1s digested with BamHI and blunt-ended with
the Klenow fragment. The linearized DNA is precipitated and the DNA pellet 15
redissolved 1n TE. The DNA is then digested with EcoRI and separated on a 1%
agarose gel (1X TAE buffer) The DNA fragment corresponding to the hGH 1nsert
(2 16 kb) 1s purified by Qiaex kit

3. The reporter fragment 1solated from step 1 1s ligated with the hGH insert (from
step 2) using T4 DNA ligase and transformed into competent £ coli DHS5a cells
Individual colonies are picked and grown 1n LB media overnight Miniprep DNA
1s done using the boiling method (24).

4. Positive clones (p17X4-TATA-hGH) (Fig. 3) containing the hGH insert are 1den-
tified by restriction mapping of the mimiprep DNA and large scale DNA prepara-
tion 1s done using CsCl method (25)

3.2.2. Expression of Regulator Using Tissue-Specific Promoter

1 The multiple cloning sites of the pBluescript KS II (+) 1s replaced with a new set
of cloning sites by inserting an annealed oligo to the Acc651-Nofl digested
pBluescript KS II creating plasmid pPAP. In plasmid PAP, the new multiple clon-
ing sites are (from T3 promoter) Pmel, Ascl, Sall, Pstl, Hindlll, Spel, Acc65],
Bglll, BamHI, EcoRI1, Mlul, Xbal, Pacl, Notl, Sacl (followed by T7 promoter)

2 The EcoRI-Xbal fragment containing SV40 small t intron and polyA signal (800
bp) 1s subcloned into the pPAP vector creating plasmid pPAP-SV40
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3. The liver-specific promoter-enhancer TTRA (Sa/l-Hindlll fragment of 3 kb) and
TTRB (Hindlll fragment of 400 bp) (26) are then subcloned separately into the
pPAP-SV40 vector creating plasmid pPAP TTRA-SV40 and pPAP TTRB-5V40,
respectively.

4. The Acc651-BamHI GL-VP DNA fragment (1.7 kb) was 1solated from pGL-VP,
the origmal construct bearing the RSV promoter as previously described (/8)
This fragment was then subcloned into the Acc651-BamHI site of both pPAP
TTRA-SV40 and pPAP TTRB-SV40 plasmids, yielding plasmid pTTRA-GLVP
and pTTRB-GLVP, respectively

3.2.3. Inducible Expression of hGH in Liver Cell

1. Five micrograms of the reporter plasmid DNA (p17X4-TATA-hGH) are cotrans-
fected with O 5 pg of the liver-specific regulator (TTRA-GLVP or TTRB-GLVP)
into HepG2 cells (20% confluent) grown on 10-cm culture dish using the calcium
precipitation method (27)

2 Brefly, the plasmids are added to 0 5 mL of 2X HBS and mixed gently 1 a
sterile polystyrene (12 x 75 mm) tube. Calf thymus DNA 1s used as carrier
DNA to balance the amount of total DNA (15 mg) for each culture dish 05
mL of a 0.25M CaCl2 solution 1s added dropwise to the mixture while
vortexing. The mixture is then left to sit at room temperature for 15-30 min
(see Note 4).

3. The calcium precipitates containing the plasmid are then added to the cell culture
dish After 4 h, the cells are shocked with glycerol to increase the transfection
efficiency (27)

4. Ten microliters of a 1030 RU486 solution are added to the cells grown in 10 mL
DMEM, 10% FBS) (see Note 5) to reach a final concentration of 10 nM of RU486
1n the culture.

5 After 36-48 h posttransfection, 20100 pL. of the culture medium are pipeted
mto a 12 x 75 mm polystyrene tube for hGH expression assay (see Note 6)

6. The hGH expression 1s determined using Nichols Institute’s hGH assay kit and a
y radiation counter

7 Linear regression analysis 1s performed using data obtained from the hGH stan-
dards that are included in the kit (see Note 6). The level of hGH expression in cell
culture is calculated from the linear regression curve (Fig 4)

4. Notes

1. The compound RU486 1s stable 1n 80% ethanol at —20°C for up to a year. We
usually prepare a 1000X concentrated solution and add to medium n 1:1000
dilution. For example, if a final concentration of 1 nM of RU486 1s desired for
cell culture expermments, we add 10 pL of 107°M RU486 to 10 mL DMEM
medium For control plates, only 80% ethanol 1s added.

2. The lysis buffer used for TH extraction contains 150 mM NaCl Depending on
the protein localization within the cell, different concentrations of salt and deter-
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Fig. 4. Inducible hGH gene expression using liver specific promoter 5 ug of
reporter plasmid (17X4-TATA-hGH) was cotransfected into HepG2 with 0 5 pg of
regulator driven by either RSV promoter or liver specific enhancer-promoter TTRB
(26). The TTRB element is a 400 bp fragment derived from the 5' end of transthyretin
gene that confers liver-specific expression RSV-GAL4-VP16 (0.5 pug) was included
as a positive control. RU486 (10 nM) was added as indicated Numbers above the bars
indicate fold of induction 1n the presence of RU486

gent must be experimentally determined. For example, if the protein 1s localized
in the nucleus, high salt (500 mM) lysis buffer should be used. For efficient lysis,
the buffer should be added directly onto the cell monolayer Protease inhibitors
can be prepared as a 1000X stock solution and stored at —20°C i aliquots It
should be freshly added before use.

3. During ECL detection using the autoradiography film, the time of exposure can
be varied from 1 s to 1 min depending on the strength of the signal.

4 The CaCl, solution should be freshly prepared at all times and all solutions should
be kept at room temperature. The calcium precipitates can be easily visualized as
the solution becomes cloudy after the tube has been sitting for a while .

5. RU486 can be added to the cell culture right after glycerol shock or it can be
added the next morming.-

6 The amount of medium needed for assay depends on the level of hGH expres-
sion. It 1s suggested that both 20 pL. and 100 puL of cell culture medium are used
to ensure the data falls within linear line of the standard curve. Regression analy-
sis can be done with a Casio scientific calculator or a computer program such as
Microsoft Excel.
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Human Gene Therapy

Dreams to Realization

Muhammad Mukhtar, Zahida Parveen, and Omar Bagasra

1. Introduction

The term human gene therapy 1s defined as the transfer of DNA or RNA to
human cells for therapeutic purposes. Significant advancements in recombi-
nant DNA technology have led to an understanding of the molecular bases of
many diseases ranging from inherited disorders to certain malignancies to
infectious diseases such as acquired immunodeficiency syndrome (AIDS). The
increasing ability to characterize a disease at 1ts molecular level has made
genetic interventions feasible and provides a rationale for gene therapy.
The essence of gene therapy is the correction or replacement of the dysfunc-
tioning genetic element with its normal counterpart or the specific disruption
of a harmful gene product (7).

In this article, we will review some of the recent advances in the various
areas of gene therapy. We have summarized some of the leading technological
breakthroughs 1n the treatment of complex genetic disorders. An overview of
current gene therapy approaches against AIDS, central nervous system 1ll-
nesses, behavior problems, various types of neoplasia, metabolic defects, and
cardiovascular diseases is also described. A part of this article focuses on the
methodologies and description of vectors for delivery of genes

There are two major avenues of gene therapy based on cell types. Cells
mnvolved 1n genetic transfer from an individual to offspring are termed germ
cells, whereas somatic cells makeup various organs of the whole body. Alter-
ations 1n somatic cells are confined to an individual’s genetic constitution and
are nonheritable In the case of germline gene therapy, foreign genes are
injected to fertilized eggs and the resulting changes are transferred both to
somatic as well as germ cells and are passed along to future generations.

From Methods in Molecular Biology, vol 63 Recombinant Protein Protocols
Detection and Isolation Edited by R Tuan Humana Press Inc, Totowa, NJ
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Genetic disorders are classified into three major categories, 1.e , those related
to mutations n a single gene, multifactorial (polygenic inheritance), and
chromosomal disorders. Single gene mutations mvolve mnborn errors of
metabolism and a number of storage disorders. Most famihiar examples of mul-
tifactorial inherited disorders are hypertension and diabetes mellitus. In multi-
factonal genetic disorders, environmental factors besides genetic elements also
play a major role in the development of an ailment. The third category, chromo-
somal mutations, are associated with gross structural changes in chromosomes.

Single gene mutations are inherited 1n three patterns, 1.¢., autosomal domi-
nant, autosomal recessive, and X-linked. A hsting and classification of the most
common single gene mutations is listed in Table 1.

Chromosomal mutations are manifested as an abnormal number of chromo-
somes or a change in the structure of one or more chromosomes In normal
humans, the male and female chromosomal composition is 22 parrs of auto-
somes and a pair of sex chromosomes. A normal male chromosomal constitu-
tron 1s 44, XY, whereas for females 1t 18 44, XX. The chromosomal disorders
can involve etther autosomes or sex chromosomes.

Human gene therapy is not only being targeted for diseases involving altered
genetic elements; a number of other diseases like HIV-1, cancer, cardiovascu-
lar disorders, and metabolic disorders are also being constdered. The only dif-
ference between genetic and nongenetic diseases is that with the former a
normal gene 18 delivered to the target cells to replace the function of the mutated
gene, whereas 1n the latter a therapeutic gene 18 delivered to the cells whose
product will interfere with the harmful effects of an abnormally expressed
oncogene or with the gene products from an infectious agent. In the future 1t
should be possible to vaccinate individuals with a gene sequence that will result
in the production of infectious disease antigen(s), thereby immunizing and provid-
1Ing protection against certain pathogens, i e., diphthena, mycobacterium tubercu-
losis, or other agents. Edible plants are being developed that contain bacterial
and viral antigens that can potentially immunize a person without mjection.

2. Gene therapy of Cancer

Modern molecular and biochemical techniques have made possible the 1so-
lation, amplification, and characterization of nearly any gene whose biological
property 1s known. Our present understanding of carcinogenesis suggests that
cancer has a genetic basis {2). The abnormal clonal proliferation 1s the result of
genetic abnormalities m cells. Cloning and charactertzation of the genes
involved 1n carcinogenesis have made possible the use of gene therapeutic
approaches to selectively target and destroy tumor cells. Significant advance-
ments are being made i genetic linkage of the carcinogenic genes. Localiza-
tion of breast cancer susceptibility genes BRCA1 (3) and BRCA2 (4) suggest



Table 1

Single Gene Disorders in Humans

System

Disorder/Disease

Metabolic

Nervous

Skeletal/Musculoskeletal

Hematopoietic

Blood

Endocrine
Gastrointestinal
Immune

Urinary

Acute intermittent porphyria®
a-1 Antitrypsin deficiency®
Cystic fibrosis?

Diabetes nsipidus®

Familial hypercholesterolemai®
Galactosemia?
Glycogen storage disease
Hemochromatosis®
Homocystinuria®
Lesch-Nyhan syndrome?
Lysosomal storage diseases®

Phenylketonuria®

Wilson’s disease”

Fragile X syndrome®

Friedreich ataxia®

Huntington’s disease?

Myotonic dystrophy*

Neurofibromatosis®

Neurogenic muscular atrophies®

Spinal muscular atrophy”

Tuberous sclerosis?

Achondroplasia®

Alkaptonuria?

Duchenne muscular dystrophy®

Ehler-Danlos Syndrome?

Marfan syndrome®

Osteogenesis imperfecta®

Hereditary spherocytosis?

Sickle cell anemia®

Thalassemias®

von Willebrand disease®

Hemophilia A and B¢

Chronic granulomatous disease®

Glucose 6-phosphate dehydrogenase deficiency®
Congenital adrenal hyperplasia®

Familial polyposis coli”

Agammaglobulinemia®

Wiskoff-Aldrich syndrome*

Polycystic kidney disease®

b

2Autosomal dominant disorders
vAutosomal recessive disorders
¢X-linked recessive
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that besides these two genes, there might be some other gene conferring sus-
ceptibility to various forms of cancer. Currently a number of gene therapy pro-
tocols have been approved or are in progress for cancer therapy (5) A survey of the
clinical protocols approved for gene therapy reveals five major categories (6,7).

The first category mvolves the enhancement of immune cells, antitumor
activity by introducing genes that encode cytokines. Cytokine-mediated gene
therapy alters the tumor-host relationship and facilitates recognition as well as
destruction of the malignant cells. Moreover, cytokines like interleukin-2
(IL-2) and 1nterleukin-4 (IL-4) are supposed to augment the generatton of cyto-
toxic T-cell responses (8). It has been previously shown that direct intratumoral
delivery of an adenoviral vector harboring the murine IL-2 gene completely
recovers metacytoma tumors in a mouse model (9). An approach for treatment
of metastatic human cancer by injection of [L-2 secreting tumor cells has also
been described (10). A number of clinical trials are in progress utilizing
cytokines, IL-2, IL-4, tumor necrosis factor (TNF-a) and interferon (5,11)

The second major category of gene therapeutic approaches for cancer
mvolves the 1n vitro genetic alteration of cancer cells. The genetic material can
be introduced either by liposome-mediated gene transfer technology or by
using retroviral vectors (12). Encouraging results were obtained by direct
mjection of HLA-B7, a transiently expressed cell surface antigen inducing an
antitumor 1mmune response (/3,74). The use of carcinoembryonic antigen
(CEA) to elicit an immune response has shown effective vaccination against
syngenic mouse colon and breast carcinomas (15)

One important category of gene therapy for cancer involves the transfer of a
“suicide” gene mto tumor cells followed by activation of the suicide mecha-
mism. Suicide of tumor cells 1s accomplished by the transfer of a particular
gene 1nto the actively growing tumor cells that renders them sensitive to death
by certain treatments. Retroviral vectors containing the herpes simplex virus
thymidine kinase (HSV-tk) gene inserted into a mouse tumor cell line followed
by gancyclovir or acyclovir treatment showed good curability rate (16). The
mechanism involves natural substrate selection. The antiviral drugs gancyclovir
or acyclovir target thymidine kinase. The acyclovir 1s 1dentical to a normal
guanine building block of DNA except that the sugar ring 1s interrupted. The
viral thymidine kinase incorporates acyclovir to 1its active triphosphate as a
pseudo building block of DNA. It has been observed that mammalian thymi-
dine kinase (tk) only phosphorylates a thymidine nucleotide, whereas HSV-tk
phosphorylates a nucleoside base also. The phosphorylation and later insertion
of the nucleoside homolog gancyclovir and acyclovir into the DNA synthesis
pathway obstruct DNA synthesis resulting in cell death (77,18) (Fig. 1).
Retrovectors are the choice vehicle for suicide gene transfer like HSV-tk 1n
bran tumors. Retroviral vectors only transfer genes 1n actively dividing cells,
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and in the case of a brain tumor, the only dividing cells are the tumor cells.
Suicide gene therapy trials are being conducted by the National Institute of
Health (NIH) and the preliminary responses are very encouraging.

The fourth group of gene therapeutic approaches for carcinogenesis imvolve
the msertion of wild-type tumor suppresser genes or antioncogenes. Mutations
mn tumor suppresser genes such as p53 can result 1 overexpression of
oncogenes and result in clinical tumor formation. The nsertion of a wild-type
copy of the p53 gene nto the p53-deficient tumor cells has been shown to
mitigate tumorigenesis (79). Recent studies demonstrated that mtroduction of
the p53 tumor suppresser gene into tumor cells bearing p53 mutations can
mhibit cellular proliferation and tumorigenicity both 1n ex vivo as well as 1n
vivo cancer models (20).

Gene transfer of the multidrug resistance gene (mdr) 1s also one of the
approaches to cancer treatment. Most of the human cancers have either intrin-
sic or acquired resistance to chemotherapeutic agents (2/), especially amphi-
pathic hydrophobic substances. The characterization of the gene involved n
multidrug resistance reveals that the gene product 1s a membrane glycoprotein
of 170 kDa (22) Transfer of the mdr gene into bone marrow progenitor cells
will induce a higher level of protection to normal (nonneoplasic) cells during
chemotherapeutic treatments. Retroviral constructs of mdr genes and their
transfer into mouse models have provided very exciting results (23,24).

3. Gene Therapy of Liver Diseases and Metabolic Disorders

There are a number of metabolic diseases that are due to dysfunctional hepa-
tocytes (25,26). The gene involved 1n a number of liver disorders, 1.€., Wilson’s
disease, Krabbe’s disease, Canavan’s disease, and adrenoleukodystrophy have
been characterized (27). The addition or replacement of the defective genetic
element with the functional one 1s the primary focus of liver gene therapy.

One of the devastating human diseases, familial hypercholesterolemia,
mvolves defective low density lipoprotein (LDL) receptors on hepatocytes
(28). Nonfunctional or mutated receptor genes disturb cholesterol metabolism,
resulting 1n elevated levels of serum cholesterol and accompanied by athero-
sclerosis. Significant progress has been made toward expressing a functional
copy of the receptor gene (29—31). In the clinical application of LDL-receptor
gene therapy, lower proportions of transduced hepatocytes and infection effi-
ciency were the major problems (32), however, higher expression and enhanced
transduction efficiency of LDL receptors has been observed by using tissue-
specific promoters (33). Similarly, transmembrane conductance regulator gene
therapy has been used to correct the cellular defect in the lethally inhented
lung disease, cystic fibrosis (34). Metabolic disorders are usually manifested
as clinical disease when there 1s a severe reduction 1n the synthesis of a particu-
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lar enzyme mvolved n the metabolism (35). It has been observed that most of
the inherited metabolic disorders are recessive, having no phenotypic expres-
sion under the heterozygous condition The complex nature of mnherited meta-
bolic disorders has been a major obstacle in finding effective treatment.
Phenylketonuria is an inherited metabolic disorder involving a phenylalanine
hydroxylase deficiency n the liver resulting mn high levels of phenylalanine
and 1ts metabolites in blood and body tissue. Traditional therapy for such
disorders involve restricted intake of that particular substrate such as phe-
nylalanine 1n phenylketonuria. Gene therapy holds a great promise for such
metabolic disorders. It has been observed that adenovirus-mediated hepatic
gene transfer of phenylalanine hydroxylase phenotypically rectifies phenyl-
ketonuria 1n the mouse model (36). A number of other studies involving gene-
therapeutic approaches to correct metabolic disorders have been reported i
animal models (37—41).

3.1. Insulin Gene Therapy

Insulin regulates the blood glucose level in mammals Under physiological
conditions, the secretion of insulin from B-cells 1s closely coordinated with the
blood sugar level. An inability to deliver insulin for glucose homeostasis 1s
manifested as diabetes mellitus The underlying basis for improper insulin
delivery is erther nonfunctional msulin secretory cells or defective regulation.
Diabetes associated with damaged nsulin producing cells 1s classified as type
1 or insulin dependent diabetes mellitus (IDDM), whereas type 2 diabetes 18
due to the relative insulin resistance of the insulin-sensitive tissues and defec-
tive secretion of msulin. The current focus of gene transfer technology for dia-
betes therapy 1s the development of engineered cell lines that would closely
mimic glucose stimulated nsulin secretion (42). The use of retroviral-medi-
ated gene therapy of B-cell dysfunction is also being envisioned (42,43). The
challenge for insulin gene therapy 1s to restore the normal level of mnsulin
secretion. Insulin secretory cells are pancreatic cells, however, the expression
of msulm in the liver has also been shown to correct the diabetic alterations in
a transgenic mouse model (44). Future efforts on the gene therapy front are to
clone the genes associated with type 2 diabetes and 1its associated complica-
tions like obesity (45).

4. Gene Therapy of Infectious D