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To meet the demands of developing lead drugs for the profusion of human genes being sequenced as part of
the human genome project, we developed a high-throughput assay construction method in yeast. A set of
optimized techniques allows us to rapidly transfer large numbers of heterologous cDNAs from nonyeast
plasmids into yeast expression vectors. These high- or low-copy yeast expression plasmids are then converted
quickly into integration-competent vectors for phenotypic profiling of the heterologous gene products. The
process was validated first by testing proteins of diverse function, such as p38, poly(ADP-ribose) polymerase-1,
and PI 3-kinase, by making active-site mutations and using existing small molecule inhibitors of these proteins.
For less well-characterized genes, a novel random mutagenesis scheme was developed that allows a combination
selection/screen for mutations that retain full-length expression and yet reverse a growth phenotype in yeast. A
broad range of proteins in different functional classes has been profiled, with an average yield for growth
interference phenotypes of ∼ 30%. The ease of manipulation of the yeast genome affords us the opportunity to
approach drug discovery and exploratory biology on a genomic scale and shortens assay development time
significantly.

[The sequence data described in this paper have been submitted to the data library under accession no.
AF359244.]

The pharmaceutical industry is in the midst of an information
overload triggered by the sequencing of the human genome
(Lander et al. 2001; Venter et al. 2001). The challenge now is
to elucidate the function of the encoded gene products and to
determine their possible involvement in disease. Approaches
that measure protein binding (two-hybrid analysis) or
changes in expression (microarrays) across the entire genome
have been initiated to connect sets of genes functionally. A
prime example is the use of microarrays to monitor genome-
wide differences in transcription between normal and dis-
eased tissue (DeRisi et al. 1996; Schena et al. 1998; Zweiger
1999; Diehn et al. 2000). Already, enormous strides have been
made using such expression profiling to associate unique
transcriptional patterns with stages of development in certain
cancers (Golub et al. 1999; Perou et al. 1999, 2000; Sgroi et al.
1999; Alizadeh et al. 2000; Bittner et al. 2000; Ross et al.
2000). In addition to serving as diagnostic markers for dis-
ease, the unique gene patterns identified might also provide
drug development targets for therapeutic intervention by
pharmaceutical compounds. However, of the hundreds of up-
or down-regulated genes observed, only a small percentage

might actually play a functional role in the disease being stud-
ied.

One way to simplify the problem is to sift through the
genes whose expression is altered and identify those genes
that might encode activities that are similar to those that have
been important historically in drug development. Over the
years, researchers have shown that the malfunction of certain
classes of proteins, for example, kinases, proteases, phospho-
diesterases, phosphatases, and G protein coupled receptors
(GPCRs), occurs in a variety of diseases. These findings are not
surprising given that these proteins play key roles in signaling
pathways that act to coordinate internal cellular functions
with the external environment (Cohen 1999; Kowaluk and
Jarvis 2000; Pawson and Nash 2000; Stein and Waterfield
2000). Often these proteins belong to large gene families
whose members share significant sequence identity, although
many members have no established biological function. That
is, even if they possess domains suggesting a given biochemi-
cal activity, their substrate(s) and role in cellular physiology
are unknown.

How then does one begin to build specific biochemical
assays for hundreds of genes with no clearly defined sub-
strate? Additionally, many proteins will be intractable for
various other reasons, such as that they are unstable in vitro
or require membrane localization for activity. Moreover, the
sheer number of genes indicates the need for an approach
encompassing an increase in scale and parallel processing. In
this respect, cell-based assays have an inherent advantage
over biochemical assays in that they eliminate the time in-
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vestment required to gain enough knowledge about each pro-
tein to prepare a purified target or to modify the target for
activation. More importantly, in cell-based assays, proteins
are examined in a cellular context that simulates more closely
the normal physiological state (Hertzberg 1993; Silverman et
al. 1998).

There has been widespread recognition that cell-based
assays designed in model organisms such as the yeast Saccha-
romyces cerevisiae provide greater ease of genetic manipulation
and can be screened rapidly at a low cost (Kirsch 1993; Silver-
man et al. 1998; Munder and Hinnen 1999). Although the
yeast cell wall has been thought to limit permeability of small
molecules during screening, there is now evidence to indicate
that compound efflux, as opposed to permeability, is the cul-
prit, and this can be controlled by deletion of the major ABC
transporters in yeast (Broach and Thorner 1996; Kolaczkowski
et al. 1998; Kaur and Bachhawat 1999). Yeast cell-based assays
have been designed in which mammalian proteins with yeast
homologs, such as GPCRs, or enzymes such as Topoisomerase
II, are made to function in yeast (van Hille and Hill 1998).
These types of assays require that the mammalian gene prod-
uct couple to yeast pathways in such a way as to provide a
functional readout that can be used for screening. This ap-
proach has been used traditionally to isolate genes from
higher organisms by functional complementation of yeast
mutations (Becker et al. 1991; Tugendreich et al. 1994; Jonas-
sen et al. 1998). A requirement for this application is that the
biochemical activity affected by the yeast mutation has a
counterpart in a mammalian pathway (Becker et al. 1991;
Jonassen et al. 1998).

On the other hand, the pres-
ence of a yeast counterpart is not
absolutely necessary for a foreign
protein to be active in yeast. For in-
stance, although apoptosis is a pro-
cess generally associated with mul-
ticellular organisms, new mamma-
lian genes that play roles in this
pathway have been discovered
through the use of genetic ap-
proaches in yeast (Shaham et al.
1998; Greenhalf et al. 1999). For ex-
ample, the growth arrest and cell
death induced by the mammalian
apoptosis effector Bax is overcome
when the known apoptosis inhibi-
tors, Bcl-2 and Bcl-x (L), are coex-
pressed in yeast (Sato et al. 1994;
Greenhalf et al. 1996). The reversal
o f the g rowth in t e r f e r ence
phenotype was used to isolate mam-
malian genes that were shown later
to inhibit induction of apoptosis in
mammalian cells (Xu and Reed 1998;
Greenhalf et al. 1999). These studies
confirm the potential use of yeast
growth interference assays to study
(and to even identify) new genes in-
volved in key cellular pathways in
disease, even if it happens that those
pathways are not found in yeast.

We have developed a high-
throughput process in yeast that
enables us to assay many heterolo-

gous genes for which no suitable assay can be applied easily.
We describe here the initial phase of our process that estab-
lishes a phenotypic readout induced by expression of a het-
erologous gene. In later phases of assay development, we use
genetic strategies to elaborate further on the phenotype or to
broaden the response of yeast to a wider spectrum of heter-
ologous cDNAs. The enhancement of the yeast phenotype is
based on the synergistic or potentiating effect of such muta-
tions. This type of “synthetic dosage lethality effect” has been
described for overexpression of yeast proteins (Kroll et al.
1996). We describe here an example of such an interaction for
the mammalian MAP kinase, p38.

The assay development process reported here is depicted
in Figure 1 and encompasses the following suite of methods:
(1) a rapid, uniform, and parallel cloning method for the
transfer of heterologous cDNAs into yeast expression vectors;
(2) a quick method to convert high- or low-copy episomes
into linear, integratable vectors; (3) an automated batch pro-
cessing procedure for analyzing the data from highly sensitive
liquid growth assays; (4) a random mutagenesis scheme for
validation of the yeast phenotype and for structure/activity
analysis of proteins that are characterized poorly or have no
known active site; and (5) analysis of the selected mutants
and small molecule inhibitors in mammalian secondary as-
says. The process of profiling cDNAs in a rapid, parallel, and
systematic manner eliminates the costly need for a separate
assay development strategy for each cDNA and therefore
shortens the time between “gene and screen”. These kinds of
rapidly constructed assays (which in principle could be de-

Figure 1 Steps for parallel profiling of mammalian and other heterologous cDNAs in yeast cell-based
assays. Heterologous cDNAs from cDNA collections are transferred in parallel to yeast expression
vectors and transformed into yeast strains optimized for drug screening. These strains can be further
manipulated genetically (potentiated) to obtain phenotypes for those expressed cDNAs that do not
produce a response in the original base screening strain. A growth interference phenotype resulting
from the expression of the cDNA from the inducible GAL1 promoter is used as a readout to screen for
chemical inhibitors. The phenotype is validated with respect to the biochemical activity of the protein
by making active site mutations and testing existing inhibitors. For poorly characterized gene products,
the structure–activity relationship is determined using a novel random mutagenesis scheme. Finally,
both the mutants and the small molecule inhibitors obtained by using this approach are tested in
mammalian secondary assays.
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rived from any set of heterologous
genes, including those from plants
or pathogens) allow identification
of small molecules as potential
leads for drug development and as
tools to better understand gene
function.

RESULTS

An Inverse PCR Method
Facilitates the Rapid, Uniform,
and Parallel Cloning of Large
Numbers of Heterologous
cDNAs into Yeast
Expression Vectors
A method was developed to uni-
formly move groups of cDNAs from
repositories already cloned into
nonyeast vectors into pARC25B,
our specially engineered yeast ex-
pression vector. We call this
method GRIPP, for Gap Repair with
Inverse PCR’d Plasmid (Fig. 2, up-
per shaded box on the left labeled
GRIPP cloning). In this method, the
yeast expression vector is amplified
by inverse PCR and recombined
with a cDNA that has been released
from its host vector by restriction
digest, as indicated in Figure 2.
Colonies are selected by comple-
mentation of leu2 auxotrophy. A
marked stimulation of colony num-
ber is observed (5- to 50-fold) when
the transformation includes insert
as compared with a control reaction
containing the PCR-amplified yeast
expression vector alone. The pres-
ence of a correct recombination
event is verified by whole-cell PCR
amplification with primers that
flank the insert.

As shown in Table 1, 16 cDNAs were cloned in parallel
using GRIPP. Four colonies were chosen from each transfor-
mation and the presence of the desired insert checked by
whole-cell PCR amplification. GRIPP is a highly efficient pro-
cess, because an insert-containing transformant was recov-
ered (in at least one of the four colonies) in 15 out of 16 cases.
For the one that was missed, 12 more colonies were chosen,
and 4 of these had an insert. Typically, out of four colonies,
75%–100% contain the proper insert. For each cDNA, a single
recombinant was selected, the plasmid was “rescued” into
Escherichia coli by transformation, and the recombination
junctions were sequenced, because of our observations that
these regions are prone to mutation. Indeed, 3 of the 16 re-
combinants had mutations near the ends of the recombined
ORFs. We then picked a few more clones for each of these and
were able to find isolates with no mutations. Typically, 25
cDNAs can be processed from restriction digestion to sequenc-
ing in a 2-wk period of time by a single researcher using no
automation. Thus, by using the GRIPPmethod, large numbers

of cDNAs can be moved rapidly from host vectors into yeast
expression vectors in a uniform manner.

In this study, heterologous cDNAs were also obtained
from cDNA libraries. In this case, as detailed in the Methods,
ORFs were amplified with PCR using primers containing ap-
proximately 45 nt of homology for recombination into
gapped vectors according to methods described previously
(Fig. 2, upper shaded box on the right labeled Recombina-
tional Cloning; Szostak et al. 1983; Raymond et al. 1999).

A Special Yeast Expression Vector Allows Rapid
Conversion of High- or Low-Copy Episomes
into Integration-Competent Vectors
To assess rapidly whether a given heterologous cDNA will
yield a growth interference phenotype in yeast it is advanta-
geous to express the cDNA from a multicopy plasmid under
the control of an inducible GAL1 promoter (Botstein and Fink
1988). However, for subsequent inhibitor screens we found

Figure 2 Transfer of heterologous cDNAs from libraries or nonyeast host plasmids into the pARC
vector series by way of recombinational cloning and using the GRIPP method; the vectors allow quick
transition in copy number from 2µ and CEN to integration-competent vectors. (Left upper shaded box)
A proprietary method for transferring large numbers of heterologous cDNAs from nonyeast host
vectors into yeast expression vectors (GRIPP Cloning); (right upper shaded box) cloning steps required
to transfer individual mammalian cDNAs from libraries into yeast expression vectors (Recombinational
Cloning). A schematic of the yeast expression vector used in all the yeast cell-based assays (pARC vector
series) is shown directly below the GRIPP and recombinational cloning boxes. (Lower shaded box) Steps
by which the yeast expression vector is integrated quickly into the chromosome for single-copy
expression. Two SfiI restriction sites are shown flanking the CEN or 2µ origin of replication (pARC35B
or 25B, respectively), and the two boxes containing white arrows indicate sequences homologous to
the yeast LYS2 gene; (left) the plasmid has been cut with SfiI and recombines into the chromosome at
the LYS2 locus at the sites of homology, deleting the entire LYS2 ORF in the process; (right) the fully
integrated plasmid and direction of transcription is shown. The GFP/KanMX cassette used to recom-
binationally tag the different mammalian cDNAs is also shown.
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that the assay was more responsive for screening when the
GAL1-driven cDNA was expressed from a chromosomally in-
tegrated locus (data not shown). To facilitate both the quick
episomal screening of yeast for growth interference pheno-
types and subsequent chromosomal integration for screening,
yeast vectors were engineered such that the 2µ or CEN ele-
ment could be removed easily from the expression vector by
restriction digest using SfiI (Fig. 2, pARC vector series). In
those cases in which the cDNA contains one or more SfiI sites,
other rare-cutter restriction sites were engineered into subse-
quent versions of the expression vector. Removing these rep-
lication elements linearizes the vector for chromosomal inte-
gration by exposing 45-nt segments that match to the ends of
the LYS2 ORF in the yeast genome. As shown in Figure 2
(bottom shaded box), the entire plasmid is integrated via �

integration (Sikorski and Hieter 1989), which replaces the
LYS2 locus. Successful integrants are selected first by comple-
mentation of Leu2 auxotrophy and then the colonies are
tested to determine which colonies have become lysine
auxotrophs (by replica plating onto � amino adipate plates).
In the final step, the Lys�colonies are streaked to isolate
single colonies on rich media and checked by whole-cell PCR
amplification for proper chromosomal integration with vec-
tor and LYS2-specific primers.

Typically, ∼ 10%–45% of the Leu prototroph colonies
have simultaneously become Lys�, and these Lys� colonies
are usually deleted for the LYS2 locus. The method is on par
with the efficiency of other strategies but allows for uniform
integration of the cDNAs, saves time, and does not require
extending the size of the expression vector or any type of
re-PCR of the construct that could introduce mutations.

Recombination is Used to Epitope Tag the cDNA
to Determine Expression Level and the Size
of the Protein Product

To assure that the gene product of the expressed heterologous
cDNA is full-length and properly localized in the cell, cDNAs
were epitope tagged with green fluorescent protein (GFP).
The GFP tagging and assay development processes were per-
formed in parallel: Generally, the native (untagged) proteins
were used in assays for compound screening. Those colonies
expressing GFP fusion proteins frequently could be visualized
on plates (Cronin and Hampton 1999), but in some cases a
fluorescent signal was not observed, possibly because of low
expression level and/or toxicity of the heterologous protein.
Thus, the expression of cDNAs tagged with GFP was verified
by immunoblot analysis using anti-GFP antibodies (see data
in Table 1). The GFP tagging was performed by recombina-
tion using a protocol described previously (Longtine et al.
1998). As indicated in Table 1, 10 of the 13 cDNAs with in-
tact ORFs produced GFP fusion proteins in yeast of the pre-
dicted size as observed by immunoblotting for GFP. We have
tagged nearly 70 cDNAs using this process with a >90% suc-
cess rate (data not shown), showing that it is usually
possible to express a given mammalian or viral cDNA in
yeast. In addition, the expected cellular localization of many
of the fusion constructs was confirmed by fluorescence mi-
croscopy (see Fig. 6B as an example). We have also used other
reporters including �-galactosidase and yeast auxotrophic
markers (e.g., URA3) to generate the fusion proteins, but the
data shown in this paper focus on studies using the GFP
moiety.

Table 1. GRIPP (Gap Repair by Inverse PCR’d Plasmid) is Highly Efficient for Transferring Large Numbers of Heterologous cDNAs
from Non-Yeast Host Vectors into Yeast Expression Vectors

Gene name
Full or
LBD

GRIPP recombination Sequencing ends of inserts GFP tagging

Percentage with
inserts

(of four chosen)

Correct sequence
of recombinant
(of one chosen)

Nature of
mutation

GFP
recombination
successful

GFP immunoblot
shows correct
protein band

NR1H4 Full 100% Yes Yes No
LXR alpha Full 75% Yes Yes No
NR2E3 Full 100% Yes Yes Yes
RORC Full 100% No “+1 f.s. at 3� end” Yes Not done
HNF4 alpha Full 100% No “+1 f.s. at 5� end” Yes Not done
NR5A2 (CPF) Full 75% Yes Yes Yes
Nurr1 Full 0% of 4, 25% of 12 No ATG → TTG Yes Not done
CAR Full 100% Yes Yes Yes
STAT6 Full 100% Yes Yes Yes
STAT4 Full 100% Yes Yes Yes
Estrogen Receptor 1 LBD 50% Yes Yes Yes
NAK1 LBD 50% Yes Yes Yes
ROR-beta LBD 100% Yes Yes Yes
RORalpha1 LBD 100% Yes Yes Yes
Estrogen Receptor beta LBD 100% Yes Yes No
poly (ADP-ribose)
polymerase (PARP-1) N/A 75% Yes Yes Yes

The parallel transfer of 16 cDNAs into the pARC25B vector series is shown. The process is highly efficient and results in the correct recombi-
national event 94% of the time when four colonies were analyzed. The process of transfer of an ORF into the vector is 100% if multiple clones
are analyzed. However, mutations can occur near the sites of recombination as indicated in the table for HNF4alpha, Nurr1, and RORC.
Strains carrying the integrated cDNAs were transformed with a GFP KanMX PCR product to recombinationally GFP-tag the cDNA. Transfor-
mants were checked first for a proper recombination event by whole cell PCR, and then for a protein band of the correct size by immuno-
blotting using anti-GFP antibodies. We found that 10 of the 13 cDNAs analyzed (i.e., with intact ORFs) were expressed as full-length GFP fusion
proteins in yeast. The fusion proteins enabled the analysis of expression and cellular localization, but were not used for screening purposes.
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High-Throughput Liquid Growth Assays Are
a Sensitive Measure to Test Whether the Expression
of Heterologous cDNAs Causes Growth
Defects in Yeast
High-throughput liquid growth assays in 96-well plates were
used to profile cDNAs phenotypically in parallel as described
in theMethods. Cells carried the cDNAs either in high copy or

from an integrated locus and were expressed from the induc-
ible GAL1 promoter. The cells were grown first in glucose
(uninduced) and then in the presence of increasing concen-
trations of galactose (induced), and their growth was com-
pared with cells containing high-copy or integrated vector
alone as appropriate. End-point growth inhibition values
were calculated as described in the Methods.

Table 2 shows the effect on growth interference of a di-

Table 2. An Average of 30% of the Heterologous Genes Tested in This Set Cause Growth Interference in Yeast When Expressed
from a Chromosomal Locus

cDNA Species Protein family

% Interference

Valid.2� Int

RCC1 Human Guanine Nucleotide Exchange Factor ND 95% R
APS Murine Insulin Receptor Substrate 42% 3%
IRS-1 Human Insulin Receptor Substrate 70% ND
NR1H4 Human Nuclear receptor 30% �2%
LXR alpha Human Nuclear receptor 30% �1%
NR2E3 Human Nuclear receptor 30% �4%
RORC Human Nuclear receptor 33% ND
NR5A2 (CPF) Human Nuclear receptor 91% 98% R
CAR Human Nuclear receptor 61% �2%
Estrogen Receptor 1 Human Nuclear receptor (LBD Only) 54% �3%
NAK1 Human Nuclear receptor (LBD Only) 2% �1%
ROR-beta Human Nuclear receptor (LBD Only) 3% 3%
RORalpha1 Human Nuclear receptor (LBD Only) 33% �2%
Estrogen Receptor beta Human Nuclear receptor (LBD Only) 43% 1%
PARP-1 Human Poly (ADP-ribose) polymerase 92% 97% A, C
Rhino2A Viral Protease (Viral) 94% 80% A
HIV Protease-LacZ Viral Protease (Viral) ND 97% A, C
RGS2 Human RGS (GAP for G alpha) 70% 3%
RGS4 Human RGS (GAP for G alpha) 49% 14%
RGS5 Human RGS (GAP for G alpha) 42% ND
PTEN Human Lipid and Tyrosine Phosphatase �2% 1%
PI3_Kinase Bovine Lipid Kinase 81% 90% A, C
PKC_lambda Murine Ser/Thr Kinase 28% 2%
PKB_alpha Human Ser/Thr Kinase 42% �2%
ARK1 Human Ser/Thr Kinase (Aurora-related) ND 98% R
p38 Human Ser/Thr Kinase (MAP Kinase) 70% 70% A, C
HGK Human Ser/Thr Kinase (MAP4K4) ND 42%
PDK1 Murine Ser/Thr Kinase (Phosphoinositide-dependent) 52% 5%
BUB1 Human Ser/Thr Kinase (Spindle Checkpoint) ND 80% A*
Kinase in DiGeorge Syndrome
Critical Region Human Ser/Thr Kinase (tssk-2 homolog) ND 76% R

INSR Human Tyrosine Kinase (Receptor) 58% �2%
CAP/Ponsin-1 Murine SH3-containing/Vinculin binding protein 44% 2%
RhoA Human Small GTPase ND 58% R
RhoC Human Small GTPase ND 80% R
Snapin Murine SNARE-associated Protein 0% 1%
VAMP2 Murine Synaptobrevin �2% 7%
SNAP23 Murine Synaptosomal Associated Protein (t-SNARE) 56% �3%
Syntaxin4 Murine Syntaxin/t-SNARE 37% 2%
Munc18c Murine Syntaxin Binding Protein 25% �3%
STAT4 Human Transcription factor 69% 5%
STAT6 Human Transcription factor 30% �1%

High-throughput liquid growth assays were used to analyze the cDNAs presented in this table. The species and the protein family of the various
cDNAs are listed, and whether expression was from a high copy plasmid (2µ) or from a chromosomally integrated copy (Int). Cells expressing
either high copy or integrated versions of the cDNA were grown in glucose (uninduced) and in the presence of increasing concentrations of
galactose (induced) and the percentage growth interference was calculated as compared to vector with no heterologous cDNA. Those strains
that had a chromosomally integrated copy of the cDNA and showed a noticeable growth interference, which we defined as 55% or greater,
are bolded. Of the 38 integrated cDNAs, there were 12 that produced a 55% or greater interference phenotype when expressed from a
chromosomal locus, or 32% of the total. ND indicates those cases in which growth interference was not determined. We did further
experiments to show that the growth interference was due to the inherent activity of the gene product. This was accomplished by showing
that an active site mutation (A) or a known small molecule inhibitor (C) relieved the growth interference phenotype (column labeled Valid.).
In other cases, we used random mutagenesis (R) to show that missense mutations that eliminated the growth interference phenotype mapped
to recognizable functional domains.
*For Bub1, the interference phenotype was reduced, but not eliminated, by the active site mutation (J. Couto, unpubl.).
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verse set of heterologous cDNAs expressed in yeast. This set
includes nuclear receptors, protein kinases, small G proteins,
small G protein activators (GAPs), small G protein exchange
factors (GEFs), and many other cDNAs that represent a broad
cross-section of different protein functional classes. The table
shows the effect of the various cDNAs on yeast cell growth
when expressed from the GAL1 promoter either from a high-
copy plasmid (2µ) or from a chromosomally integrated copy
(Int).

Twelve of the 38 chromosomally integrated cDNAs
showed interference of 55% or greater when expressed from a
chromosomal locus (see bolded values in Table 2). This trans-
lates to about a 30% yield of strains with phenotypes that are
robust enough to screen for small molecule inhibitors using a
library of compounds. Particular functional classes of proteins
behave differently with respect to the likelihood of producing
interference phenotypes in yeast; for example, protein kinases
had a success rate of 50% as opposed to 9% for nuclear recep-
tors (see Table 2).

Those strains carrying cDNAs causing ∼ 55% or greater
growth interference at full induction (2% galactose) when in-
tegrated into the chromosome were developed further for
screening purposes (Perkins et al. 2001). This was achieved by
varying the inoculum and time of growth to determine the
optimal assay parameters for screening against existing or
novel small molecule inhibitors of the growth interference
phenotype. A signal-to-noise ratio was calculated for each as-
say that compared the growth of yeast expressing a heterolo-
gous cDNA with that of yeast containing empty vector (see
Methods). The calculation of this
value for growth in liquid media is a
highly sensitive metric for the de-
tection of growth changes that
might be dismissed as insignificant
in a conventional agar plate assay.

Of the 12 cDNAs developed for
screening, 6 were amenable to vali-
dation by making active site muta-
tions or using existing inhibitors
(designated as A or C in the last col-
umn of Table 2 for Active site mu-
tation or Compound, respectively).
For the six other genes, a novel
combination selection/screen was
used to correlate the growth inter-
ference phenotype with the struc-
ture/activity of the protein (indi-
cated in the last column of Table 2
as R for Random mutagenesis, and
detailed in a later section of the Re-
sults). For those cDNAs in which an
active site mutation was engineered
or yeast expressing the cDNA was
treated with a known inhibitor,
growth was restored to nearly wild-
type levels, with the exception of
BUB1,which showed partial growth
restoration (see A* in Table 2 for
BUB1). In cases in which the cDNAs
were mutagenized randomly, the
missense mutations that relieved
the growth interference phenotype
were in recognizable functional do-
mains.

The Interference Phenotype Caused by Expression
of the MAP Kinase, p38, is Reversed by an
Active-Site Mutation

As proof-of-principle examples to show that the normal bio-
chemical activity of a protein can result in a growth interfer-
ence phenotype in yeast, we developed assays for proteins of
different functional classes whose active sites were well-
defined and for which known inhibitors existed. As shown in
Figure 3A, yeast with p38 carried on a 2µ plasmid showed
little growth when yeast were plated on galactose (to induce
p38 expression). As a control, a mutation in the active site
(K53R) was introduced, and this mutation was able to restore
growth, as shown in Figure 3A (Hanks et al. 1988). The bot-
tom two plates of Figure 3A show controls that confirm the
growth interference is plasmid-linked and that the particular
clone maintains the ability to grow on galactose in the ab-
sence of p38. Thus, the kinase activity is necessary for growth
interference in yeast.

We have obtained similar results for poly(ADP-ribose)
polymerase (PARP-1; Perkins et al. 2001), PI 3-kinase (E. Per-
kins and A. Nguyen, unpubl.), HIV Protease (as a �-galactosi-
dase fusion; (E. Yeh, unpubl.), and Rhino2A (Klump et al.
1996; J. Couto, unpubl.). Expression of these proteins caused
growth interference in yeast that was relieved by active-site
mutations and/or known small molecule inhibitors (Table 2,
A and/or C).

In the case of PARP-1 and PI 3-kinase, coexpression of the
regulatory mammalian enzymes poly(ADP-ribose) glycohy-

Figure 3 The growth interference phenotype caused by p38 expression can be validated by active
site mutations or using established p38 inhibitors. (A) A mutation known to abolish p38 kinase activity
(K53R) was engineered into the active site of p38, and the allele was tested for its ability to cause
growth interference in yeast. (Upper right plate) Wild-type p38 expressed from a 2µ plasmid does not
allow growth when yeast are grown on SC-Leu 2% galactose. However, growth occurs when a p38
cDNA carrying an active site mutation was tested under the same conditions (see Key to Strains in text).
Subsequent reversion of the mutation using PCR resulted in no measurable growth on SC-Leu 2%
galactose plates, thus confirming that no unintended mutation occurred while introducing the active
site mutation. (Bottom left plate [control]) Lack of selective pressure to maintain the plasmid (SC-Trp
2% galactose) allows all strains to grow because of plasmid loss; (bottom right plate [control]) in the
presence of selection for the 2µ plasmid, but under growth conditions in which the cDNA is not
induced (SC-Leu 2% glucose), no growth inhibition is observed. (B) Cells expressing p38 were exposed
to varying concentrations of the inhibitors PD169316 or SB203580 and the percentage of growth
restoration was analyzed. The EC50 for PD169316 is 0.16 µM � 0.01 and for SB203580 is 4.6
µM � 0.44.
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drolase (Lin et al. 1997) or PTEN (Di Cristofano and Pandolfi
2000), respectively, which are enzymes that remove the pro-
tein modification products of PARP-1 or dephosphorylate the
product of PI 3-kinase, also restores growth to yeast expressing
PARP-1 (Perkins et al. 2001) or PI 3-kinase (A. Nguyen, un-
publ.). These experiments provide further evidence that these
proteins produce their phenotypes in yeast by virtue of their
biochemical activities.

Known Inhibitors of p38 Restore Growth to Yeast
To further confirm that the growth inhibition observed in the
yeast assays is the result of the biochemical activity of the
expressed protein, existing inhibitors of these proteins were
tested for their ability to restore growth in the yeast assay. As
described above, p38 caused growth interference when it was
expressed from a high-copy plasmid. However, the observed
growth interference was reduced greatly when p38 was ex-
pressed as an integrated copy, likely because of lower expres-
sion. To overcome this problem, we took advantage of the
observation in previous studies that the toxicity caused by
overexpression of the yeast HOG1 gene (the yeast counterpart
of the mammalian p38 gene), was enhanced when the yeast
carried mutations in the two phosphatase genes, PTP2 and
PTP3 (Wurgler-Murphy et al. 1997).
As expected, deleting PTP2 and
PTP3 in yeast expressing an inte-
grated copy of the human p38 gene
raised the growth interference phe-
notype to a level that made testing
the known inhibitors possible.

In Figure 3B, yeast carrying ei-
ther a chromosomal copy of human
p38 or no human cDNA were ex-
posed to varying concentrations of
two known p38 inhibitors. Growth
was restored to yeast expressing p38
when they were exposed to increas-
ing concentrations of the two in-
hibitors PD169316 and SB 203580
(Cuenda et al. 1995); the EC50
value for PD169316 was 0.16
µM � 0.01, whereas that for
SB203580 was 4.6 µM � 0.44 (S.
Thode, unpubl.; see Methods).
Similar results were obtained using
the known inhibitors for a number
of other cDNAs that caused growth
interference: PARP-1 by 6(5H)
phenanthridinone (Perkins et al.
2001), PI 3-kinase by LY294002 (D.
Sun, unpubl.), and HIV Protease (as
a �-galactosidase fusion protein) by
Saquinavir (D. Sun, unpubl.).

These data confirm that small
molecule inhibitors against heterolo-
gous proteins function in the yeast
cell-based assays. They also show
that the growth interference pheno-
type in yeast is caused by the normal
biochemical activity of these pro-
teins, as the phenotype is abolished
when their activity is inhibited, ei-
ther by active-site mutations or by
small molecule inhibitors.

A Novel Random Mutagenesis Scheme Allows
the Selection/Screen for Mutations that Retain

Full-Length Expression and Restore Growth to Yeast
Apart from the well-defined proof-of-principle targets dis-
cussed in the section above, growth interference was observed
when several less well-characterized cDNAs were expressed in
yeast (Table 2). A novel method was developed to map the
important regions of the cDNA that contribute to the yeast
phenotype (Fig. 4A). In this method, GFP is fused in-frame to
the C terminus of the target cDNA that is carried on a low-
copy (CEN) plasmid, thereby providing a fluorescent signal
that allows us to monitor expression of the full-length fusion
protein. This method requires that expression of the fusion
protein still causes growth interference, which we found is
generally the case.

The GFP-tagged constructs were mutagenized chemically
in vitro and then transformed into yeast under inducing con-
ditions. Those carrying mutations that destroyed the growth
interference phenotype resulted in two types of colonies:
green fluorescent colonies (glowing) arising from missense
mutations in the heterologous cDNA, and white colonies
(nonglowing) resulting from stop codons (nonsense muta-

Figure 4 Theory and application of a novel tool that combines random mutagenesis with the ability
to select mutations required for activity and then screen for those that maintain full-length expression.
(A) A yeast strain expressing a heterologous cDNA fused in-frame to GFP at the C terminus is able to
grow under conditions when gene expression is not induced (glucose), but cannot grow when gene
expression is induced (galactose); i.e., the tagged cDNA still confers the growth interference pheno-
type. The plasmid is then mutagenized in vitro, and a selection for colonies that grow is followed by
a screen for those colonies that fluoresce (full-length expression; growing and green). Thus, the tool
can map the residues (or domain) of the expressed protein that are necessary for the growth inter-
ference phenotype. (B) The mutagenesis tool is applied to a nuclear receptor, CPF, that causes growth
interference when expressed in yeast. The total number of colonies of a strain bearing CPF on SC-His
glucose plates (CPF expression not induced) shows that, over time, the plasmid is mutated to such a
degree that it no longer supports transformation ability or propagation in yeast. However, at shorter
exposures to the mutagen, there are a large number of viable colonies. The mutants were chosen at
those times when there were viable colonies. (C) Further analysis of the colonies shows that at early
times of exposure to mutagen, colonies can be identified that are able to grow and that are fluorescent
when CPF is induced (SC-His galactose plates). Sequencing of these mutants reveals that these colonies
contain alleles of CPF carrying mutations that restore growth to yeast by mutation of CPF’s DNA-
binding domain.
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tions). The glowing colonies were visualized on plates using a
light source and filters as described by Cronin and Hampton
(1999).

Using this technique, we mapped the domains of several
different proteins (indicated in Table 2, last column [Valid.],
as R; S. Tugendreich, unpubl.), including the nuclear receptor
CPF (CYP7A promoter binding factor [Nitta et al. 1999]). Fig-
ure 4B shows that as the CPF-GFP fusion construct was sub-
jected to increasing lengths of exposure to the mutagen, the
total number of colonies growing on non-cDNA-inducing
conditions (glucose) declines such that by 30 min few colo-
nies were growing. We attribute the sharp decrease in colony
number to the mutation of the auxotrophic markers and
other key elements of the plasmid required for efficient trans-
formation and selection. Conversely, Figure 4C shows that on
cDNA-inducing media, the number of colonies increases on
exposure to mutagen at early time points (5–25 min). This is
the result of mutations that destroy the interference activity
encoded by the CPF ORF. The colonies that are glowing are
shown in Figure 4C to be a subset of the total colonies ap-
pearing on the inducing plates.

To determine the nature of the mutations, the plasmids
in the glowing and nonglowing colonies were recovered into
E. coli, the inserts were sequenced, and the mutations were
mapped onto the full-length CPF protein. The mutant plas-
mids were also reintroduced into yeast to confirm the absence
of growth interference and the gain of green fluorescence. As
discussed below, the “glowing growers” have missense muta-
tions in the CPF ORF, whereas the nonglowing colonies have
stop codons in CPF.

In Figure 5A the domain struc-
ture for CPF is depicted. Many of
the chemically induced single base
pair mutations obtained map to the
key cysteines that form the zinc fin-
ger DNA-binding domain (Fig. 5B).
Thus, the growth interference ob-
served in yeast from expression of
CPF can be reversed by destruction
of its DNA-binding function. We
speculate that CPF causes growth
interference in yeast by binding in-
appropriately to promoters of yeast
genes essential for cell viability and
somehow disrupting their tran-
scription.

Further analysis indicates that
the glowing CPF mutants are ex-
pressed stably as full-length pro-
teins of the correct size as detected
by immunoblotting with anti-GFP
antibodies. As predicted, loss-of-
function mutants deriving from
stop codons (that result in trunca-
tion before the GFP moiety) are not
visualized on the immunoblot (Fig.
6A, lanes 49 and 51). Importantly,
the unmutagenized fusion protein
is localized properly in the nucleus
in yeast (Fig. 6B), as one would ex-
pect for a DNA-binding protein.

We also used this technique to
investigate RCC1, which is a gua-
nine nucleotide exchange factor for

the small GTPase Ran (Gorlich et al. 1996; Carazo-Salas et al.
1999; Nemergut and Macara 2000). RCC1 has a symmetrical
seven-bladed propeller structure (Fig. 7B; Renault et al. 1998),
in which only one face interacts with Ran (Azuma et al. 1999).
Interestingly, the mutations that reverse the growth interfer-
ence in yeast depicted in Figure 7A map to the face of RCC1
known to interact with Ran (Fig. 7B). These data indicate that
the RCC1 phenotype is due to appropriate interactions be-
tween the mammalian protein and endogenous yeast pro-
tein(s). Furthermore, the mutants were tested for nucleotide
exchange activity and all showed reduced exchange when
compared with wild-type RCC1 (M. Hetzer and I. Mattaj, pers.
comm.). The one mutation that mapped away from the Ran-
binding face (G364D) appears to result in instability of the
protein as assessed by immunoblot analysis (S. Tang, unpubl.).

DISCUSSION
Many of the new genes identified as a result of sequencing the
human genome belong to established gene families with a
successful history as drug targets (e.g., kinases, phosphatases,
and GPCRs). Thus, there is a pressing need to establish a high-
throughput and rapid means for assay development to enable
screening for small molecule inhibitors of these new family
members. Indeed, the kinase family alone has approximately
600 members (Venter et al. 2001). To meet this demand, we
have developed a scheme that allows the uniform and parallel
processing of mammalian cDNAs to obtain HTS compatible
yeast cell-based assays.

Our ability to use the in vivo biochemical activity of
mammalian or viral proteins to generate a generic growth

Figure 5 Analysis of the mutants that “grow and glow” shows that they are expressing full-length
alleles of the human CPF gene that contain mutations in the DNA-binding domain. (A) Schematic of
the domain structure of the nuclear receptor, CPF. CPF contains a DNA-binding domain and a ligand-
binding domain. The Cs indicate the location of the zinc fingers within the DNA-binding domain. (B)
The selected mutations are mapped to the gene sequence and indicate that most of the mutations are
in the zinc fingers. (Inset) Alleles of CPF carrying stop codons result in white colonies, whereas the
fluorescent colonies encode missense mutations in the CPF ORF.
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interference assay in yeast whose reversal allows the identifi-
cation of small molecule inhibitors is highlighted in this pa-
per. Although the use of growth interference for this purpose
has been published in the past, such a process was applied to
a few specific targets on a “case by case” basis (Kurtz et al.
1995). These low-throughput studies were performed in many
different genetic backgrounds and were not optimized for re-
sponsiveness to small molecule inhibitors, or for expression
levels. To adapt yeast to high-throughput screening, several
issues had to be addressed: eliminating uncontrolled varia-
tions in the genetic background between strains in different
screens, decreasing compound efflux, obtaining high-level ex-
pression of foreign proteins, stabilizing plasmids carrying the
expressed gene, and correlating phenotype with the activity
of the expressed protein. We have addressed these issues and
developed a systematic and homogenous set of assays such
that the inhibitors identified during the screening of each
assay are cataloged and compared with prior screening results
to determine selectivity. Importantly, as a screening tool,
growth interference assays have an advantage over comple-
mentation assays in that hits restore growth, and therefore
toxic compounds don’t act as false positives.

Furthermore, to make use of the abundance of full-
length cDNAs and partial Expressed Sequence Tags available
in nonyeast host vectors (such as those in clone repositories
like at Incyte Genomics: http://www.incyte.com), we devel-
oped a rapid means to transfer them into yeast expression
vectors. This procedure, referred to as GRIPP recombinational
cloning, is accomplished without PCR amplification of the

ORFs. Instead, the ORF-containing insert is released from its
host vector by restriction digestion and cotransformed into
yeast with a PCR-amplified yeast vector. The vector has been
modified during the amplification to contain short tails of
sequence identical to the ends of the heterologous ORF. In-
terestingly, we have found that the restriction digest is not
absolutely required, but rather improves the efficiency of ob-
taining correct recombinants (S. Tugendreich, unpubl.). The
GRIPP method is a highly scalable and parallel process be-
cause the same vector is PCR-amplified for each ORF. That is,
the PCR conditions are uniform and result in one product
size, that of the template vector. An E. coli variation of this
process was published after completion of our work in yeast
(Zhang et al. 2000).

The analysis of growth interference phenotypes elicited
by the expression of heterologous cDNAs in yeast resulted in
an average net success rate of about 30%. Notably, represen-
tatives of diverse classes of proteins yielded screening-
competent phenotypes in yeast. For those cDNAs whose ex-
pression as an integrated copy did not result in measurable
growth interference in the yeast cell-based assay, we found
that, in some cases, engineering specific mutations into the
yeast genetic background exacerbated the phenotype caused
by expression of the heterologous cDNA. For example, al-
though p38 expression in wild-type yeast causes a growth in-
terference of ∼ 70% when expressed from a high-copy epi-
some, it is almost negligible when expressed from a genomi-
cally integrated copy in the wild-type background. However,
we found that deletion of PTP2 and PTP3 (Wurgler-Murphy et
al. 1997) sensitized the yeast strain to the lower expression of
p38. These results indicate that it might be possible to gener-
ally increase the success rate at which cDNAs cause interfer-
ence phenotypes in yeast by manipulating the yeast genetic
background (Guarente 1993). These types of synthetic lethal
or synthetic dosage lethality effects have been observed pre-
viously to enhance the severity of phenotypes from overex-
pression of yeast genes (Kroll et al. 1996), and here we observe
a similar synergistic effect for a heterologous gene. The entire
collection of yeast nonessential genes has been deleted and
“bar-coded” individually, providing a means to assay syn-
thetic dosage lethality across the entire yeast genome in par-
allel (Winzeler et al. 1999).

For those cDNAs that we scored as positive for growth
interference in yeast, we showed that the phenotype was due
to the activity of the expressed gene product by analyzing the
effect of mutations and/or known small molecule inhibitors.
In several cases we used a random mutagenesis scheme as a
proteomic tool both to correlate the protein’s structure with
its activity in yeast and to help validate the assay as a screen
for small molecule inhibitors. In all cases the missense muta-
tions mapped to recognizable functional domains of the pro-
teins (S. Tugendreich, unpubl.).

Although random mutagenesis methods have been cited
in the literature before the method reported here, we are not
aware of any that simultaneously correlate the structure/
activity of the protein with a cell-based phenotype and pro-
vide a method to screen for only those mutations that retain
expression of the full-length gene (Belfort and Pedersen-Lane
1984; Patterson and Spudich 1995; Harms et al. 1999; Blaesing
et al. 2000; Lanio et al. 2000).

Our findings confirm the potential use of yeast cell-based
assays to characterize new genes and screen for small mol-
ecule inhibitors of genes involved in key cellular pathways.
The assay development process described here is a valuable

Figure 6 Selected mutants that were screened for expression of
full-length CPF (glowing), or for truncated CPF (nonglowing) are con-
firmed by immunoblot analysis using anti-GFP antibodies. (A) Immu-
noblot probed with anti-GFP antibody shows the expression of several
selected CPF constructs containing mutations that restore growth to
yeast. Two lanes that were loaded with cellular extracts from white
colonies carrying stop codons (isolates 49 and 51, labeled “Stop”)
showed no protein bands as predicted. (B) The cellular localization of
CPF was determined using a fluorescent phase contrast microscope at
100� magnification. (Top) Phase contrast; the large organelle in the
cell body is the vacuole; (bottom) CPF-GFP localized properly in the
nucleus.

Profil ing Heterologous cDNAs in Parallel in Yeast

Genome Research 1907
www.genome.org



means to screen potential therapeutic targets homoge-
neously, rapidly, and on a genomic scale.

METHODS

Batch PCR Primer Design
A PERL script to design PCR primers automatically from text
files containing an indefinite number of FASTA-formatted se-
quences is an important element of our process. The pro-
gram’s parameters were as follows: For fixed primers (primers
that must start either with the ATG or the stop codons) the
program started with a 19-mer and extended it in 1-nt incre-
ments until the predicted Tm (Tm = 81.5 + 0.41[%GC] �
675/N � %mismatch [N = primer length]) was at least 60°C.
The program also required that the 3� end be G or C but not
a row of five or more G/Cs. For nonfixed primers, the program
scanned in an inchworm-like fashion for primers with lengths
between 20 and 25 nt or as specified. These primers also fol-
lowed the requirements listed above for fixed primers.

Depending on whether our source material was genomic
cDNA or a previous plasmid construct, we either PCR ampli-
fied the coding region or the entire expression vector using a
method referred to as GRIPP (patent pending). In the first
case, our PERL script designed two primers that yielded the
following PCR product: tgaagcaagcctcctgaaagATG . . . (CD-
S) . . . TAAgagatctatgaatcgtagatac (TAA could be replaced by
TGA or TAG depending on the gene).

This product was then adapted for recombination by ex-
tending the tails to at least 45 nt using universal primer adapt-
ers or “extendamers”, such that the final product ready for re-

combinational insertion was as fol-
lows: atcaacaaaaaattgttaatatacc
tctatactttaacgtcaaggtgaagcaagcc
tcctgaaagATG . . . (CDS) . . . TAAgag
atctatgaatcgtagatactgaaaaaccccgc
aagttcacttc. The program was also
used to design two other primers
within the coding region for con-
struct confirmation purposes.

For inverse PCR (GRIPP), the
program was used to design primers
that polymerized the entire expres-
sion plasmid. The primers included
a vector-specific region (shown in
lower-case letters below) as well as
45-nt tails that were homologous to
the beginning and the end of the
ORF such that the PCR product was
as follows: CDS(45 nt)TAAgagatcta
tgaatcgtagatactg . . . (vector) . . . gt
taatatacctctatactttaacgtcaagga
atataATG-CDS(45 nt). Similar
primer batch design scripts were
used for planning protein fusions.

Primers for GFP tagging were
designed automatically as follows:
The 5� primer was a chimeric
primer starting with the last 42 nt
of the ORF (excluding the stop
codon) and ending with the first 24
nt of GFP (atgagtaaaggagaagaactt
ttc). The 3� primer (gatgtataaatgaa
agaaat tgagatggtgcacgatgcaca
gttgtggatggcggcgttagtatcg) anneals
to the KanMX marker and has a 45-
nt tail to recombine with the GAL4
terminator of the pARC yeast ex-
pression vector (see below).

Construction of the pARC25B Vector
A brief summary will be presented in lieu of a detailed de-
scription of the steps used to construct the pARC series of
vectors. The vectors are derived from the pRS series of vectors
(Sikorski and Hieter 1989; Christianson et al. 1992). The basic
elements of the pARC plasmids include a 713-bp SphI/BamHI
fragment containing the S. cerevisiae GAL1 promoter and a
243-bp BglII/HindIII fragment containing the GAL4 termina-
tor region. This region surrounds a 45-bp polylinker that con-
tains unique sites for PstI, SalI, SpeI, XhoI, and AvaI and re-
places the pRS polylinker: The base vector and polylinker of
the pRS vectors is pBluescript II. Both CEN- and 2µ-based vec-
tors were generated with 44 bp of the 5� end of the LYS2 gene
(bp 8 –52 of the LYS2ORF) and 43 bp of the 3� end of the LYS2
gene (bp 4133–4176 of the LYS2 ORF) flanking the CEN-
ARSH4 element or the 2µ replication origin. In addition, SfiI
sites flank the CEN-ARSH4 or 2µ elements such that digesting
with this restriction enzyme liberates the elements and allows
the subsequent integration into the endogenous LYS2 locus
via a � deletion mechanism (Sikorski and Hieter 1989). For
this work, integrants were selected for �-aminoadipate resis-
tance and by marker prototrophy, that is, Leu+ or Ura+. Inte-
gration was confirmed by PCR. The sequence for the 2µ ver-
sion of the vector (pARC25B), which is the only one actually
used in this work, has been deposited into GenBank with
accession number AF359244.

GRIPP Recombination
Approximately 10 ng of vector was PCR amplified with the

Figure 7 Application of the random mutagenesis tool to yeast expressing the human guanine
nucleotide exchange factor RCC1 identifies mutations in the seven-bladed propeller. (A) Shows the
seven-bladed propeller sequence of the guanine nucleotide exchange factor RCC1 and maps the
mutations to B1 (A), B2, B6, B7, and B1 (B). The mutation circled in the B7 region is one that
destabilizes the RCC1 protein. (B) Crystal structure of RCC1 (Renault et al. 1998) from two different
angles; the residues shown by space filling molecules indicate the location of the mutations that
eliminate the growth interference phenotype caused by RCC1 expression. All the mutations, with the
exception of one (see rightmost structure), map to a single surface of the protein. The exception is
G364D, which we have found to destabilize the protein. The other mutations line the face of RCC1 that
interacts with the small G protein Ran (Azuma et al. 1999).

Tugendreich et al.

1908 Genome Research
www.genome.org



Bio-X-Act polymerase mixture (Bioline) as per the manufac-
turer’s instructions. After an initial denaturing step of 2 min
at 94°C, a cycle of 20 sec at 94°C, 35 sec at 55°C, and 10 min
at 68 °C was repeated 32 times. Recombination was performed
by first mixing ∼ 100–300 ng of vector PCR product (5 µL of
the reaction) with ∼ 500–1000 ng of digested insert/host vec-
tor (10 µL of a 15 µL digest). This mixture was then trans-
formed into competent EIS20-2B yeast by the standard LiAc
procedure (Ito et al. 1983), followed by growth on SC-Leu
plates containing 2% glucose. The genotype of the W303-
derived EIS-20-2B is MATa, ade2-1 his3-11, 15 leu2-3, 112
trp1-1 ura3-1 can1-100 pdr5� snq2�. Typically about 100 colo-
nies appeared on transformation with the PCR amplified vec-
tor alone (presumably because of reclosure of the PCR-
amplified vector and carryover from the intact vector tem-
plate), whereas transformation with the mixture of the
digested insert and the PCR-amplified vector resulted in
∼ 500–5000 colonies.

Cloning from cDNA Libraries
ORFs were cloned with PCR using automatically designed
primers and “extendamers” as described above. Reactions
were performed in an MJ-research PTC-200 thermocycler, in
25 µL containing 600 nM extendamer primers, 6 nM ORF-
specific primers, 200 µM each dNTP, and 0.1 units/µL Taq-
plus precision polymerase (Stratagene) under the buffer con-
ditions recommended by the supplier. The normal cycling
conditions were as follows: (2 min/94°C), 23�(30 sec/94°C,
30 sec/59°C, 1 min/72°C), (10 min/72°C), (4°C) with the ex-
ception of the extension step at 72°C that varied depending
on the length of the template (∼ 1 min/1000 nt). Long ORFs
were often polymerized in two overlapping segments. PCR
products were added directly to gapped expression vectors for
yeast transformation. Recombination into the vector was
highly efficient as described by others (Raymond et al. 1999),
either as a double recombination for single PCR products or
triple recombination for overlapping PCR products.

Whole-Cell PCR to Check Recombinants
Yeast recombinants were analyzed by transferring colonies
into 100 µL of SC-Leu 2% glucose in 96-well dishes and al-
lowing the cells to grow to saturation overnight at 30°C with-
out shaking. Twenty-five microliters of this culture was pi-
peted into 100 µL of water in a 48-well PCR reaction plate (MJ
Research) and centrifuged in a swinging platform centrifuge
at 2000 rpm for 5 min. The supernatant was then removed by
a vigorous shake of the hand and blotted inverted on a paper
towel. Twenty-five microliters of Bio-X-Act PCR cocktail con-
taining the primers IPI_178 (GTTAAAGTGGTTATGCAGCT
TTTCC) and IPI_179 (CGATGCACAGTTGAAGTGAACTT
GCG), which flank the site of the insertion, was added to the
cells. The thermocycling programwas as for GRIPP (see above)
except the extension time was 2.5 min and was performed for
40 cycles total.

Plasmid Rescue into E. coli
To rescue insert-containing recombinant plasmids from yeast
into E. coli for amplification, the yeast was patched on one
sixth of an SC-Leu 2% glucose plate and grown 24–48 h at
30°C and scraped into 1 mL of water. The cells were centri-
fuged briefly, then washed again. The cell pellet was then
resuspended in 100 µL of buffer containing 2% Triton X-100,
1% SDS, 100 mM NaCl, 10 mM Tris-HCl (pH 8), 1 mM EDTA.
One hundredmicroliters of 425- to 600-µm glass beads (Sigma
G-8772) and 100 µL of phenol:chloroform was added, and the
mixture was vortexed for 10 min on an Eppendorf vortexer
and centrifuged for 5 min at 15,000 rpm in a microfuge. Ap-
proximately 40 µL of the supernatant was then removed to a
fresh tube, and 10 µL of this supernatant was float dialyzed

against 10% glycerol for 20 min on either Millipore VS filter
discs (cat#: VSWP 025 00, pore size: 0.025 µm) or 96-well
Multiscreen-VM plates (Millipore, cat# MAVMN0510). Three
to five microliters of the dialysate (containing the yeast DNA)
was then electroporated into 50–75 µL of DH5� electrocom-
petent cells by standard methods and selected on LB ampicil-
lin plates.

Liquid Growth Assays
Individual transformants and controls transformed with vec-
tor alone were inoculated into 200 µL of selective medium
(SC-Leu 2% glucose) in 96-well microtiter dishes (Greiner
LaborTechnik #655198/plates and #656197/lids). They were
allowed to grow to saturation overnight at 30°C. The cultures
were then diluted 1:400 in triplicate into new 96-well microti-
ter dishes containing 100 µL of four different types of SC-Leu
media containing increasing amounts of galactose inducer
(2% glucose, 2% raffinose + 0.02% galactose, 2% raffi-
nose + 0.2% galactose, and 2% galactose) using a Beckman
Multimek 96 Automated 96-channel pipetter. Plates were in-
cubated at 30°C wrapped in plastic to prevent edge effects
caused by evaporation. Growth was monitored at approxi-
mately 24 h, 36 h, and 48 h, although the ideal time de-
pended on each particular strain and vector type. At each of
these time points plates were shaken vigorously for at least 1
min using a titer plate shaker (LAB-LINE Instruments) at speed
setting 8, to disperse the cells uniformly. They were then ana-
lyzed immediately in a Molecular Devices Spectra Max 340
plate reader set to measure absorbance at 600 nm. Results
were shown as percent inhibition relative to the vector con-
trol provided that the vector control itself grew to an OD600 of
at least 0.1. The % inhibition = 100 (1 � SICu/CISu) where
SI = sample induced, Su = sample uninduced, CI = control in-
duced, and Cu = control uninduced.

Determining the Robustness and Sensitivity
of the Yeast Cell-Based Assay for Testing
of Small Molecule Inhibitors
Those yeast strains expressing cDNAs that generated an inter-
ference phenotype of 55% or greater (using the semiauto-
mated liquid microtiter assay; mentioned above) were opti-
mized further for screening of small molecule inhibitors. This
was accomplished by varying the starting inoculum and
growth end point to produce a signal-to-noise ratio of 3.0 or
higher. Achieving such a ratio was an indication that the phe-
notype was qualified to screen with small molecule inhibitors.
Signal-to-noise is defined by the ratio of the final OD600 of
yeast containing integrated vector control to yeast expressing
the heterologous cDNA. For example, a signal-to-noise ratio
of 3.0 translates to an OD value of 0.075 for yeast expressing
the integrated cDNA and a value of 0.225 for those with the
integrated vector control.

To determine whether known inhibitors of p38 were able
to restore growth to yeast expressing p38, 5 mL of cells was
grown overnight at 30°C in SC-Leu with 2% glucose (p38 not
induced) in a cell rotator. Cells were centrifuged, washed in
SC-Leu medium containing no carbon source, and resus-
pended to a calculated OD600 of 0.0025 in SC-Leu with 2%
galactose (p38 induced). The known p38 inhibitor PD169316
was tested from 0 to 4 µM and at 0 to 128 µM for SB203580.
The inhibitors were diluted into a final volume of 100 µL of
SC-Leu with 2% galactose, 2 mM HEPES buffer (pH 7.2), and
1% DMSO. Under these conditions the signal-to-noise ra-
tio was 4.8 at 48 h. The effect of the compounds was mea-
sured as percent of growth restoration using the following
equation: percent growth restoration = (TEST � MEDarc)/
(MEDvec � MEDarc) � 100, where TEST is OD600 of the well
with test compound, MEDarc is the median value of OD600 of
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the cells without compound, andMEDvec is the median value
of OD600 of vector-containing cells. The EC50 values were
calculated using KaleidaGraph software to fit the data to a
logistic equation using a four-parameter fit.

Hydroxylamine Mutagenesis
Four micrograms of CEN-plasmid DNA carrying both the HIS3
auxotrophic marker and a GAL1 promoter-driven fusion of
the foreign heterologous cDNA fused in-frame to GFP (see
below) was incubated in 100 µL of a freshly prepared solution
of 1 M hydroxylamine (Sigma), 50 mM sodium pyrophos-
phate (pH 7.0), 100 mM NaCl, and 2 mM EDTA at 75°C. At
various intervals (see Results), 20-µL aliquots were moved to
fresh tubes on ice and then float dialyzed for 30 min versus TE
(see above). The dialyzed lysate was then transformed into
EIS20-2B yeast by the standard LiAc procedure, split into two
aliquots, and plated to SC-His plates with either 2% glucose or
a mixture of 2% galactose and 0.005% glucose. The glucose
plate was used to count total colonies, whereas the galactose
plate (containing trace amounts of glucose) was used to select
for mutations that destroyed the toxic effect of the expressed
human cDNA. The trace glucose was added because we found
that it increased the transformation efficiency on galactose
plates, possibly by helping the cells convert to galactose use.
Green colonies were identified by visual inspection using a
slide projector light source and filter set as described by Cro-
nin and Hampton (1999).

Analysis by Immunoblot for GFP Fusion Proteins
To monitor the expression of the heterologous cDNAs in
yeast, strains carrying the integrated cDNA constructs were
tagged initially at the 3� end of each ORF using the GFP
(S65T)-KanMX (which confers G418 resistance) construct as
described previously (Longtine et al. 1998). Four G418-
resistant transformants were streaked to 2% galactose plates
to induce expression of the GFP fusion protein and were
checked for fluorescence as described previously (Cronin and
Hampton 1999). In some cases a fluorescent signal was not
observed, possibly because of low expression level and/or tox-
icity of the fusion protein. In all cases we confirmed the tag-
ging event by whole-cell PCR amplification using primers that
anneal to the noncoding strand of the GFP (gcatcaccttcaccc
tctccactg) ORF and a cDNA-specific primer approximately 500
bp from the 3� end of the cDNAs. Transformants showing the
predicted-size PCR product were selected for immunoblot
analysis.

Initially, yeast cells were grown under conditions that no
longer repressed transcription from the GAL1 promoter (SC-
Leu medium containing 3%glycerol, 2% ethanol, 0.2% glu-
cose to approximately 2 � 106 to 5 � 106 cells/mL). Cells
were washed one time in dH2O and resuspended in an equal
volume of 2% galactose medium to induce the expression of
an in-frame carboxy-terminal fusion protein of a heterolo-
gous gene with GFP. Induction was allowed to proceed for
approximately 6–8 h. At the end of the induction period, cells
were harvested by centrifugation and washed once in dH2O.
The resulting pellets were quick-frozen at �20°C in an etha-
nol/dry ice bath and stored at �80°C for later processing.

The samples were first thawed at 4°C and quickly resus-
pended in 10 µL of protein lysis buffer (100 mM sodium phos-
phate at pH 7.0, 1 mM EDTA [in 1� protease inhibitor solu-
tion], 0.1% SDS, and a mix of 1� protease inhibitors [Com-
plete Protease Inhibitor Cocktail tablets, Boehringer
Mannheim]). Protein concentrations of the resulting cell ex-
tracts were determined with the Bio-Rad Protein Assay Kit. In
cases in which different samples were analyzed on the same
immunoblot, they were normalized by adding the same total
number of cells per lane on the SDS–polyacrylamide gel.

SDS-PAGE was performed using the mini-PROTEAN sys-
tem and Ready Cast Gels (Bio-Rad) according to the manufac-
turer’s specifications. Electrotransfer of proteins from the
polyacrylamide gels to Immobilon PVDF membranes (Milli-
pore) was performed using the Hoeffer SemiPhor TE70 trans-
fer apparatus according to the manufacturer (Amersham
Pharmacia Biotech). The Immobilon sheet was probed with
anti-GFP antibodies to detect the fusion proteins. For detec-
tion, the Amersham Lumigen kit was used that contained a
chemiluminescent substrate and horseradish peroxidase con-
jugated to goat anti-mouse secondary antibody.

Deletion of PTP2/PTP3
Overexpression of HOG1, the yeast homolog of p38, is lethal
in yeast in the absence of the phosphatases PTP2 and PTP3. To
enhance the growth interference phenotype observed with
p38 expression we constructed a yeast strain with a ptp2 ptp3
background.

Deletion of the yeast PTP3 gene was accomplished using
the oligos 5ptp53prs (ATGaaggacagtgtagactgcccaagcattc
tacccaccgaccgcCAGAGCAGATTGTACTGAGAGTGCACC)
and 3ptp33prs (CTAttgtggcaattctttcaacttatcatccacgaatgtct
gcaaCGCATCTGTGCGGTATTTCACACCGC). These oligos
were designed to PCR amplify the yeast URA3 gene from the
plasmid pRS305 (Sikorski and Hieter 1989) followed by sub-
sequent yeast transformation and selection for uracil proto-
trophs. Following purification of URA3-containing colonies,
the �ptp3 allele was confirmed by whole-cell PCR amplifica-
tion using the oligos Ptp3chk1 (GATCTACTTATCATATAGAA
CATGAAGGACAGTG) and Ptp3chk2 (aaaatagagatcaaatac
attcatattagcctaaC).

Using the strain carrying the �ptp3 mutation, deletion
of the yeast PTP2 gene was constructed with the KanMX
G418 resistance cassette as described previously (Wach et al.
1994) using the oligos 5ptp2kan (ATGgatcgcatagcacagcaa
tatcgtaatggcaaaagagacaatCGTACGCTGCAGGTCGAC) and
3ptp2kan (CTAttaacaaggtaacgcgttctttatctgcttttgcagg
gcaaaATCGATGAATTCGAGCTCG). After purification of
G418 resistance colonies, the �ptp2 allele was confirmed by
subsequent whole-cell PCR using the oligos Ptp2kanchk (Cga
gatcactcaacctgacagacccg) and Kanfirm (Cctgtacataaccttcggg
catggc) to identify the correct recombination junction.
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