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From drug to protein: using yeast genetics for high-throughput

target discovery

Christopher D Armour and Pek Yee Lum

The budding yeast Saccharomyces cerevisiae has long been an
effective eukaryotic model system for understanding basic
cellular processes. The genetic tractability and ease of
manipulation in the laboratory make yeast well suited for large-
scale chemical and genetic screens. Several recent studies
describing the use of yeast genetics for high-throughput drug
target identification are discussed in this review.
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Introduction

The inhibitory and stimulatory effects of organic small
molecules are fundamental to the therapeutic interven-
tion of disease states. Although effective therapeutic
agents can be developed and successfully administered
without knowledge of the underlying mechanism of
action, elucidation of drug target proteins can lead to
the design of new compounds with improved safety and
efficacy profiles [1]. However, identification of small-
molecule targets remains one of the most difficult and
challenging tasks that researchers face. Traditional bio-
chemical approaches for target identification rely mainly
on 7z vitro binding assays that are both time consuming
and labor intensive. Powerful new approaches that com-
bine model organism genetics with new techniques in
molecular biology and computational genomics are potent
alternatives to these older technologies as a first step in
the target discovery process.

The yeast Saccharomyces cerevisiae has been used success-
fully for many years as a model organism for mammalian
diseases and pathways [2]. In fact, the cellular target
of rapamycin, an immunosuppressant used as an anti-
rejection drug in tissue transplants, was first discovered in
yeast and subsequently verified in humans [3,4]. The

availability of large, well-characterized mutant strain col-
lections and gene libraries make yeast particularly well
suited to large-scale chemical-genetic screens. Comple-
tion of the yeast genome sequence in 1996 led to an effort
to systematically disrupt each gene in the genome by
gene replacement [5]. The resulting strain collection
consists of isogenic homozygous and heterozygous
mutants, each being deficient in one of the nearly 6000
genes encoded in the yeast genome. A unique DNA
sequence tag embedded in the genome of each strain
can be used to quickly genotype any mutant strain by
PCR. The application of innovative technologies such as
DNA microarrays provides new avenues for genetic
screens using these mutant strain collections [6-9]. In
this review, we focus on three highly scalable approaches
using yeast genetics for drug target discovery.

Drug-induced haploinsufficiency

The use of gene dosage effects to isolate drug targets in
yeast was first documented over 20 years ago [10]. In that
pivotal study, the protein targets of two compounds,
compactin and tunicamycin, were identified by screening
a genomic library for genes that confer drug-resistance
when overexpressed. Yeast clones harboring multiple
copies of a target gene were less sensitive to the com-
pound than those expressing non-target genes. In princ-
iple, this approach can be applied to any compound
targeting a yeast protein, but the broad application of
this method is partially limited by the fact that some
genes are toxic when overexpressed. This necessitated
the development of a complementary method that would
allow identification of genes that sensitize a yeast cell to a
drug by reducing target gene dosage. In contrast to over-
expression studies where the desired phenotype is select-
able, drug sensitivity screens present a unique challenge
to classical genetic strategies. With standard yeast genetic
screens, a mutagenized yeast strain is transferred from
rich to drug-containing media by replica plating. Hyper-
sensitive colonies are then transformed with a genomic
library to identify clones that rescue the phenotype by
functional complementation of the mutated gene. This
process requires a series of subsequent validation steps
and can yield a large number of false positive genes that
do not encode the actual drug target.

Strain collections consisting of single gene deletion
mutants for all of the nearly 6000 genes in the yeast
genome now make it possible to quickly assess drug-
sensitivities on a large scale [11°°,12°13]. The use of
heterozygotes has proven to be particularly powerful for
drug target-identification 7z vivo. In a landmark study,

Current Opinion in Chemical Biology 2005, 9:20-24

www.sciencedirect.com



From drug to protein: using yeast genetics for high-throughput target discovery Armour and Lum 21

Figure 1

0
Cell divisions

20
Cell divisions

A

Current Opinion in Chemical Biology

Drug-induced haploinsufficiency. Reduction of target gene copy number can sensitize diploid cells to a drug. Competitive growth experiments
can exploit the drug-dependent growth differences between heterozygotes and wild-type cells.

Giaever et al. demonstrated that simply reducing the copy
number of a drug target gene from two to one can
significantly sensitize a diploid cell to drug [14]. This
phenomenon, known as drug-induced haploinsufficiency,
was used to identify the known targets of a few well-
characterized compounds using competitive growth
experiments with small pools of heterozygous deletion
mutants (Figure 1). Strain-specific molecular tags hybri-
dized to DNA microarrays were used to monitor the
growth of individual heterozygotes before and after drug
treatment. Recently, this approach has been extended to
larger strain pools and diverse compound libraries to
identify novel drug targets. In a study by Lum ez a/.,
a pool of nearly 4000 heterozygotes was tested against 78
diverse chemical treatments [11°°]. Statistical analysis of
the resulting microarray data revealed a small number of
highly specific drug-sensitive strains for about 50 of the
compounds tested. Targets were correctly identified for
most of the compounds with known protein interactions.
Novel candidate targets of two therapeutic compounds,

Figure 2

the anti-anginal compound molsidomine and the anti-
proliferative agent 5-fluorouracil, were uncovered and
later confirmed with conventional molecular biology
and biochemical methods. In a parallel study by Giaever
et al., a smaller set of 10 compounds was analyzed againsta
pool consisting of heterozygotes representing nearly
every gene in the yeast genome [12°]. Most of the
compounds that were profiled in both of these studies
yielded similar target candidates, demonstrating the
robustness and scalability of this assay. Slightly different
applications of the approach using laboratory automation
and robotics can also be used for large-scale screens of
drug-induced haploinsufficiency [13].

Pattern matching

Another useful development in target discovery has been
the marriage of large-scale experiments and computa-
tional analysis to link complex biological patterns gener-
ated by chemical and genetic perturbations (Figure 2).
For instance, Hughes ez a/. described the use of a large
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Complex phenotype pattern matching. Drug-sensitivity profiles of gene deletion strains can be matched to synthetic lethal patterns of drug
target genes by clustering analysis. Profiles can be generated from a variety of cellular readouts including gene expression or strain fitness.
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compendium of gene expression profiles to identify genes
and pathways affected by bioactive compounds [15]. This
approach used two-dimensional hierarchical clustering of
a diverse collection of 300 full-genome expression profiles
to match drug treatments with yeast mutants deficient in
a target protein.

More recently, the concept of complex pattern matching
was expanded to comparing patterns of genetic- and
compound-induced synthetic lethality. In a compelling
proof-of-principle study, ordered arrays of ~4700 yeast
deletion mutants [16] were used to generate synthetic
lethal profiles for several known drug target genes [17°°].
The expression levels of essential genes were lowered
conditionally via a titratable promoter [18]. T'en chemical
treatments were done in parallel with the same set of
mutant strains to generate drug-sensitivity profiles. Clus-
tering of the synthetic lethal profiles with the chemical
profiles resulted in the identification of the known target
(ERG11) of the antifungal drug fluconazole. In addition,
clustering analysis revealed a set of multi-drug resistance
genes that were filtered out in subsequent analyses. When
expanded to the full-genome level, synthetic lethal pro-

Figure 3

files of every gene in the genome could theoretically be
used to query compounds with unknown mechanisms of
action. In addition to target discovery, complex pheno-
types such as gene expression signatures and synthetic
lethal profiles can be exploited to understand gene func-
tion by network analysis [17°°,19°,20].

Small-molecule three-hybrid

In a more direct approach to mammalian target discovery,
the yeast three-hybrid approach exploits molecular and
genetic tools developed for the detection of protein—
protein interactions with the yeast two-hybrid system
[21]. 'This method can be used to directly query the
mammalian proteome for small-molecule targets. With
the three-hybrid system, a hybrid compound consisting of
two small molecules is used to reconstitute a functional
transcription factor that drives expression of a reporter
gene (Figure 3). Dimerization of the transcriptional com-
ponents occurs through two independent small-molecule
protein interactions. A known ligand-receptor interaction
such as dexamethasone-glucocorticoid receptor can be
used as an anchor from which a test compound can be
screened for interacting proteins. Binding of a target
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Small-molecule three-hybrid for the detection of compound-protein interactions. Activation of a reporter gene is dependent on an interaction
between a test compound and an unknown target protein. AD, transcriptional activation domain; BD, DNA binding domain.
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protein to the test compound results in expression of the
reporter construct.

Several proof-of-principle experiments have demon-
strated the potential utility of small molecule three-
hybrid systems [22°23-25] and recent work has
employed one version of this system to successfully
screen ¢cDNA libraries for novel compound—protein
interactions [26°°]. Becker ¢ @/. used methotrexate as
an anchor to identify known and novel targets of cyclin-
dependent kinase inhibitors from several human cDNA
libraries. In this approach, the L.exA DNA binding
domain and the GAL4 activation domain formed the
basis of a positive selection scheme using the selectable
auxotrophic marker HIS3 as a reporter. Several candi-
date targets resulting from the screen were indepen-
dently confirmed using conventional biochemical
methods. Variations using different combinations of
reporter genes, anchor interactions and transcriptional
domains provide an array of options available to the
experimental design of three-hybrid screens. An abun-
dance of cDNA libraries constructed specifically for use
with the two-hybrid system are widely available for use
here. Careful selection and construction of system com-
ponents such as anchor compound-protein interactions
and yeast strain background are important determinants
of assay sensitivity and specificity. Although it is unclear
how broadly this method can be applied to chemically
and structurally diverse compounds, the three-hybrid
strategy promises to be a valuable tool in future drug-
development efforts.

Conclusions

Several high-throughput 7z vivo screening approaches
have been developed for the identification of drug targets
in yeast. These approaches enable researchers to identify
protein targets and pathways of bioactive compounds
without a priori knowledge of the underlying mechanisms
of action. For example, yeast proteins targeted by com-
pounds can be identified by methods such as drug-
induced haploinsufficiency and complex phenotype pat-
tern matching. These strategies have been validated
through successful identification of known and novel drug
targets. However, these techniques do have shortcomings
that are inherent to yeast genetics. For example, some
drug targets may not be encoded in the relatively small
yeast genome and target gene phenotypes may be
masked by genetic and functional redundancy. In addi-
tion, results may not translate to more complex cukar-
yotes, hence additional validation steps are required.
Alternative approaches such as three-hybrid analysis do
allow direct identification of mammalian targets through
positive selection strategies. Small molecule three-hybrid
circumvents the need for cross-species validation of tar-
gets, but it depends on custom syntheses of chemical
probes. Ectopic expression of proteins can also be pro-
blematic in some cases. Although we have highlighted

some obvious drawbacks, the unbiased nature of these
in vivo detection systems are most powerful when applied
in combination with complementary genomic and pro-
teomic approaches in a systems biology setting [27,28].
Hypotheses generated by modern applications in yeast
genetics will no doubt contribute valuable insights to the
spectrum of cellular activities induced by small-molecule
therapeutics.
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