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Abstract

Over the past decade, the development and application of chemical genomic assays using the
model organism Saccharomyces cerevisiae has provided powerful methods to identify the
mechanism of action of known drugs and novel small molecules in vivo. These assays identify
drug target candidates, genes involved in buffering drug target pathways and also help to define
the general cellular response to small molecules. In this review, we examine current yeast
chemical genomic assays and summarize the potential applications of each approach.
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1. Introduction

Current approaches to drug discovery are typically target-oriented, making use of validated
targets as the starting point for discovery and development efforts. In practice, promising
targets are selected based on several criteria including: 1) prior knowledge of a targets
biological role(s) and potential for therapeutic intervention 2) proven value based on
approved drugs (i.e. “me too” targets) 3) a target’s essentiality for cell growth and 4)
druggability (Hopkins & Groom, 2002). As a consequence of these constraining criteria, the
selection of targets is biased toward well-characterized proteins or pathways. Once a target
has been selected in this manner, biochemical assays are developed so the target can be
screened in a high-throughput assay. Because these assays are performed in vitro using
purified components, once an identified lead compound is assessed for cellular activity, the
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contributions and consequences of other potential protein-compound interactions are not
predictable.

During the past two decades, target-based approaches to drug discovery have produced
novel lead compounds and therapeutic candidates, yet the overall approval rate for new
chemical entities has remained flat despite the exponential increase in research development
costs (Higgins & Graham, 2009). Due in part to this lack of increased productivity, cell-
based phenotypic screens have gained renewed interest. Advantages of cell-based screens
include 1) identified compounds are cell-permeable and 2) sophisticated tools are available
to screen a wide range of desired phenotypes. However, a major challenge for cell-based
assays is that once a compound producing the desired phenotype is identified, the cellular
target of the compound must be determined (Chan, Nislow, & Emili, 2009). New
technologies and experimental approaches for identifying drug targets have been developed
including in silico docking approaches (Teotico, et al., 2009), computational predictions
(Keiser, et al., 2009; Song, Lim, & Tong, 2009), novel compound derivation strategies
(Schreiber, 2000; Stockwell, 2004), chemical proteomics (Rix & Superti-Furga, 2009) and
many others which have been the subject of several recent reviews (E. C. Butcher, Berg, &
Kunkel, 2004; J. W. Li & Vederas, 2009; Mandal, Moudgil, & Mandal, 2009; Quon &
Kassner, 2009; Wagner & Clemons, 2009). However, most of these approaches are not yet
amenable to genome-wide approaches to identify targets in vivo. This review focuses on the
in vivo chemical genomic assays developed in the yeast Saccharomyces cerevisiae and how
these tools allow the relative sensitivity of all potential drug targets to be measured
simultaneously, to identify candidate drug-target interactions.

The model organism Saccharomyces cerevisiae has been a test bed for the development of
virtually all “omics” techniques (Bader, et al., 2003; Costanzo, Giaever, Nislow, &
Andrews, 2006; Dixon, Costanzo, Baryshnikova, Andrews, & Boone, 2009; Provart &
McCourt, 2004; Rual, Hill, & Vidal, 2004; Sidhu, Bader, & Boone, 2003; Snyder &
Gallagher, 2009). The S. cerevisiae genome and proteome is extremely well-characterized
(Pena-Castillo & Hughes, 2007) due to its rapid generation time, inexpensive cultivation and
facile genetics. Recent molecular genetics efforts have produced a complete molecular-
barcoded gene deletion collection (Giaever, et al., 2002; Winzeler, et al., 1999). Because of
these experimental attributes, S. cerevisiae will continue to be a major player in biological
studies aimed at understanding proteins and pathways that can be modulated to ameliorate
disease (Dixon & Stockwell, 2009). Yeast can also be used to model processes in
metazoans, e.g. approximately 45% of the genes in yeast are homologous to mammalian
genes (BLAST e-value <10719) (Hughes, 2002), encouraging efforts aimed at translating
assays and results from yeast to metazoans (Chervitz, et al., 1998).

Despite its numerous advantages, yeast assays are not without limitations for the purposes of
drug discovery. Principal among these is the high concentration of compound often required
to produce a biological response, likely due to the barrier presented by the cell wall, and the
presence of numerous active efflux pumps and detoxification mechanisms (Cowen &
Steinbach, 2008; Leppert, et al., 1990; Miyahara, Mizunuma, Hirata, Tsuchiya, &
Miyakawa, 1996; Molin, Norbeck, & Blomberg, 2003; Wehner, Rao, & Brendel, 1993). In
addition, although many core processes are conserved between yeast and human, several
“metazoan-specific” processes are not. Nonetheless, a number of labs have designed clever
screens to study processes such as neurodegeneration (Miyano, 2005), diabetes (Kohlwein,
2010), and angiogenesis (McGary, et al., 2010) in yeast models.
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2. Drug-induced Haplolnsufficiency Profiling (HIP)

The Yeast KnockOut (YKO) collection consists of a complete set of deletion strains,
including haploid strains of both yeast mating types and heterozygous and homozygous
diploid deletions. Each strain carries a precise start to stop deletion of a single gene
(Giaever, et al., 2002; Winzeler, et al., 1999). A key feature of these collections is that each
deletion strain is tagged or “barcoded” with two unique 20 base pair sequences that serve as
strain identifiers. These collections can be pooled and grown competitively in any condition
of choice which allows the identification of genes most important for growth in a given
condition (e.g. compound/drug treatment) because strains carrying deletions of these genes
will become depleted from the pool over time. The relative abundance of each strain is
measured by the abundance of the barcodes. Specifically, following pooled cell growth,
genomic DNA is extracted from cells, barcodes are PCR amplified using the primers
common to every strain, and relative strain abundance quantified based on hybridization
signal from a DNA barcode microarray (TAG4 microarray; Affymetrix part no. 511331)
containing the barcode complements (Giaever, et al., 2004; Pierce, et al., 2006; Winzeler, et
al., 1999) (Figure 1A). Alternatively, barcodes can be detected by next-generation
sequencing (Smith, et al., 2009). Barcodes that decrease in abundance over the time course
of the experiment versus the control identify strains deleted for genes required for survival
in the tested condition.

Drug-induced HaplolInsufficiency Profiling or HIP was one of the first assays to take
advantage of this parallelized growth strategy. HIP is based on the observation that a
heterozygous deletion strain is specifically sensitized to a drug that targets the product of the
heterozygous locus (as measured by a decrease in growth rate or fitness) (Giaever, et al.,
1999). When all possible heterozygous deletion strains are screened in parallel the
heterozygous deletion strain most sensitive to a particular drug often identifies the drug
target(s) (Giaever, et al., 2004; Giaever, et al., 1999; Lum, et al., 2004). A key advantage of
this assay is that it simultaneously identifies both the inhibitory compound and its candidate
targets without prior knowledge of either. These candidate targets represent genes most
important for growth and are therefore relevant for identification of antiproliferative targets
that may have potential in antifungal or oncology indications. The feasibility and robustness
of this assay has been demonstrated by screening well-characterized and novel compounds
(Giaever, et al., 2004; Giaever, et al., 1999; Hillenmeyer, et al., 2008; Lum, et al., 2004;
Pierce, Davis, Nislow, & Giaever, 2007; Smith, et al., 2009; St Onge, et al., 2007; Yan, et
al., 2008). In addition, screens in which the direct target does not exist in yeast (e.g.
neuropleptic agents), provide insight into the off-target mechanism of action (Ericson, et al.,
2008).

An alternative to the competitive pooling approach is to pin the heterozygous (or other)
yeast strain collections onto agar plates that contain a compound of interest and to monitor
fitness based on colony size (Baetz, et al., 2004; Carroll, et al., 2009). A drawback of plate-
based assays is that they require significantly more compound (1 to 2 orders of magnitude)
versus miniaturized, pooled liquid assays. Although it is still a matter of debate how well
growth data obtained from liquid or solid media correlate, recent data show that genetic
interactions monitored by growth in liquid media correlate well with interactions identified
on solid media when using robotic plating combined with sophisticated data analysis
(Costanzo, et al., 2010).

Despite the successes of HIP, in some cases, reducing gene copy by half (in heterozygotes)
may be insufficient to identify drug targets and gene dose must be further decreased. To
address this, Yan et al. (2008) barcoded a yeast allele collection of haploid essential gene
mutants, the DAmP (Decreased Abundance by mRNA Perturbation) where a drug resistance

Pharmacol Ther. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith et al.

Page 4

marker is placed upstream of the 3 UTR (UnTranslated Region) of each gene. These DAmP
truncations or strains have been shown to express, on average, about 10% of the wild type
protein levels (Schuldiner, et al., 2005). This collection of hypomorphic alleles allowed
detection of drug-induced haploinsufficiency not observed in the heterozygote case (Yan, et
al., 2008), thereby broadening the ability of the assay to identify compound target
candidates. Because the collections of heterozygote and DAmP essential alleles carry non-
overlapping barcode sequences, both assays can be performed in parallel (and hybridized to
the same microarray), resulting in an increase in the dynamic range and sensitivity of the
pooled assays. If, however, the target of a drug requires a dosage decrease beyond that of the
heterozygous case this suggests that the target that is well-characterized does not represent
the primary mechanisms of drug action. Alternatively, inhibiting the primary target may
induce sensitivity in a large number of additional strains, thereby confounding interpretation
of the screen.

Haploinsufficiency Profiling is a timely and powerful approach, particularly in light of
recent studies in which it has become apparent that few drugs target single gene products
(e.g. imatinib (Gleevec) (Buchdunger, et al., 1996; Druker, et al., 1996)), therefore, an in
vivo view of the relative sensitivity of all targets in the cell is invaluable to understand the
complete mechanism of drug action. Yeast cells obviously differ from human cells,
accordingly any human targets that lack a yeast homolog will not be identified. Moreover,
the HIP assay relies on a growth phenotype resulting from drug/target binding; targets
whose inhibition does not affect growth will not be identified. Despite these caveats, based
on our screening of >2000 compounds, we have not yet failed to identify a target in yeast
when that target is 1) well-characterized and 2) target inhibition impairs cell growth. We do
observe off-target effects that likely reflect actual in vivo interactions. As mentioned,
decreasing gene dosage by a single copy may not be sufficient to reveal drug-induced
haploinsufficiency for a particular target. In principle, further lowering gene dose may
reveal the true target when simply raising the compound concentration would not, due to
general cellular toxicity which could obscure the results. However, the failure to detect a
target as a heterozygote (and only in a more severe DAmP or temperature-sensitive allele)
may imply that the suspected/known target is actually not the major mechanism of action of
a particular compound. For example, 5-FU is thought to act by inhibiting Cdc21. However,
yeast lacks thymidine kinase and therefore the inhibition of Cdc21 can only occur indirectly
through a series of metabolic interactions (Goodman, Hardman, Limbird, & Gilman, 2001).
Indeed, genome-wide yeast assays reveal primary mechanism of action is via
misincorporation of fluorinated nucleotides into RNA(Giaever, et al., 2004; Goodman, et al.,
2001; Lum, et al., 2004; Scherf, et al., 2000). Finally, targets that are either not essential
and/or are highly redundant are unlikely to be detected in the loss of function assays because
inhibition of all homologs would be required.

3. Homozyous Profiling (HOP)/Haploid deletion chemical-genetic profiling

Homozygous profiling (HOP) is analogous to the HIP assay, except that the strains are
completely deleted for non-essential genes in either haploid or diploid strains. Relative
growth rate, in the condition of choice (e.g. drug treatment), is measured by microarray
signal intensity as described above.

In the HOP or haploid assays (Hillenmeyer, et al., 2008; Lee, et al., 2005; Parsons, et al.,
2004; Parsons, et al., 2006), strains most sensitive to a drug become depleted from a pool
over time, as in the HIP assay. However, because these strains carry complete deletions of
non-essential genes they do not identify the target directly because the target is absent.
Rather, these assays identify genes that act to buffer the drug target pathway and are
therefore required for growth in the presence of compound. This assay can be particularly
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informative for compounds that lack a direct protein target. For example, genes involved in
the DNA damage response, while non-essential under standard growth conditions, are
required for survival when challenged with DNA damaging agents (Birrell, Giaever, Chu,
Davis, & Brown, 2001; Chang, Bellaoui, Boone, & Brown, 2002; Lee, et al., 2005;
Workman, et al., 2006; L. Yu, et al., 2008). For example, one study (Lee et al., 2005)
defined the relative importance of different DNA-repair modules for resistance to 12 DNA
damaging agents and revealed functional interactions that comprise the DNA-damage
response. While many of these compounds share similar mechanisms of actions (e.g. a
subset were alkylating agents), each compound produced a unique genome-wide profile, or
“signature”. By screening a collection of compounds across non-essential genes, these
genome-wide profiles can be clustered which allow one to infer the mechanism of action
(Parsons, et al., 2004; Parsons, et al., 2006) when compared to those profiles obtained from
drugs with well-characterized mechanisms. Like HIP, this assay can be performed either
competitively in pools using barcode-based assays (Giaever, et al., 2004; Giaever, et al.,
1999; Hillenmeyer, et al., 2008; Parsons, et al., 2006; Pierce, et al., 2007; Smith, et al., 2009;
St Onge, et al., 2007; Xu, et al., 2009; Yan, et al., 2008) or on agar plates where drug
sensitivity is measured by colony size (Parsons, et al., 2004).

A related approach for identifying drug-target interactions involves correlating HOP profiles
with Synthetic Genetic Analysis (SGA) profiles (Tong, et al., 2001; Tong, et al., 2004)
where a conditionally essential gene is used as a query gene to create comprehensive double
mutant collections (Costanzo, et al., 2010). In this case, genetic interactions identified often
correlate with non-essential deletion strains detected by HOP in the presence of drug, and
the essential gene used as a query can be inferred to be the drug target (Figure 1B). A recent
example of the power of this approach indentified Erol as the target of a novel small
molecule (Costanzo et al., 2010). In a variation of this approach, Carroll et al. (2009)
screened a yeast mutant collection to probe the mechanism of action of the yeast K28 toxin.
In this screen, the inhibition of growth by secreted K28 toxin was monitored using a
traditional halo assay to identify novel genes involved in cellular pathways essential for the
response to this toxin (Carroll, et al., 2009).

Because HIP and HOP assays are complementary, combining the results of both
heterozygous and homozygous/haploid loss-of-function chemical genomic screens can be
particularly powerful for understanding the mode-of-action (MOA) of compounds. A caveat
of all HIP and HOP-based screens (and other cell-based screens) is that while these assays
screen compound against all potential targets simultaneously, definitive demonstration of a
drug-target interaction requires independent confirmatory approaches such as in vitro
binding or activity assays (Chan, et al., 2009).

4. Multi-copy Suppression Profiling (MSP)

One approach to identify or confirm a drug-target interaction is to demonstrate that
overexpression of the target in vivo confers resistance to drug (R. A. Butcher, et al., 2006;
Hoon, et al., 2008; X. Li, et al., 2004; Rine, Hansen, Hardeman, & Davis, 1983). In a
feasibility study demonstrating that drug targets can be identified de novo, Rine et al. (1983)
used a high copy plasmid carrying randomly generated yeast genomic inserts to identify
genes that, when overexpressed, conferred resistance to tunicamycin when plated on solid
media containing this compound. Plasmids were then isolated from resistant colonies and
sequenced to identify ALG7, which encodes the known target of tunicamycin. This approach
has been miniaturized to use pools of strains in liquid culture screened in parallel in a
manner analogous to the HIP assay (Hoon, et al., 2008). Specifically, a high copy plasmid
collection containing yeast genomic DNA fragments (with genes expressed from native
promoters) is screened in yeast at high inhibitory concentrations of compounds (e.g. doses
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that inhibit wild type yeast by ~90%). Strains are grown competitively in compound, such
that only one or a few strains that confer resistance are selected from the population.
Plasmids are then isolated from resistant cells, and inserts are amplified by PCR and
hybridized to a DNA TAG4 microarray carrying probes complementary to each yeast open
reading frame (ORF). Microarray signal intensities are determined (Hoon, et al., 2008) (see
Figure 1C) and resistance scored by comparing strain abundance between drug treatment
pools and untreated reference pool. This approach correctly identified Dfr1, Erg11 and Torl
as the targets of methotrexate, fluconazole and rapamycin, respectively. A caveat when
using this approach as currently described is that drug pumps or other “indirect” targets may
dominate the set of strains resistant to compound. Creating similar overexpression libraries
in diverse drug pump resistant mutants can alleviate this challenge (Paulsen, Sliwinski,
Nelissen, Goffeau, & Saier, 1998).

Several recently constructed libraries offer advantages over the traditional genomic DNA
library used by Hoon et al. (2008). The Yeast Genome Tiling collection (Jones, et al., 2008)
contains overlapping fragments of the yeast genome (~10Kb in size) cloned into high-copy
2u vectors. The ends of each insert of this library have been sequenced, and the plasmids
organized in a tiling fashion across the yeast genome, ensuring near-saturation (97.2%)
coverage of the yeast genome. However, because each insert contains multiple genes, once a
resistant fragment is identified, the exact gene target must be subcloned and confirmed.
Another library consists of 3,900 yeast strains, each carrying a plasmid containing a single
yeast ORF under expression of the GAL1 promoter (available from
http://www.hip.harvard.edu/). Butcher et al. (2006) performed a proof-of-principle
experiment with this library using the immunosuppressant rapamycin and found that
plasmids carrying the Target Of Rapamycin (TOR) genes were correctly identified as
conferring the greatest level of resistance (R. A. Butcher, et al., 2006; Chiu, Katz, & Berlin,
1994). Sopko et al. (2006) created a yeast library consisting of over 80% of all yeast ORFs,
with gene expression controlled by a galactose-inducible promoter (Zhu, et al., 2001), such
that high-levels of expression can be obtained (Johnston, 1987). A benefit of using an
inducible system is that gene expression can be induced at specific times during the course
of an experiment. On the other hand, galactose induction often does not accurately reflect
endogenous gene expression levels, and overexpression can cause toxicity to the host cell
(Sopko, et al., 2006). Because PCR was used to create this library, the ORFs may contain
PCR-induced mutations, a concern addressed with a new, fully sequenced library (Hu, et al.,
2007). Arguably, the optimal ORF library for MSP is the Molecular-Barcoded Yeast Open
Reading Frame (MoBY-ORF) collection where each plasmid includes individual yeast
OREFs flanked by their endogenous 5’ and 3’ UTRs, representing 90% of all yeast ORFs
(Ho, et al., 2009). Because these plasmids are CEN-based, copy number is low (1-3 copies/
cell) and predictable (Apostol & Greer, 1988), minimizing instances of overexpression
toxicity. Each ORF in the MoBY collection is linked to the same two DNA barcodes
associated with the corresponding deletion strain from the YKO permitting abundance
measurements by microarray hybridization or sequencing (Ho, et al., 2009) (see Table 1 for
a summary of yeast ORF libraries).

A caveat (and occasional advantage) of these yeast clone banks is that a subset of genes,
which when overexpressed, are toxic to yeast. 15% of yeast genes are toxic to the cell when
overexpressed (Sopko, et al., 2006). This cohort of toxic genes can be informative regarding
how regulation of gene products can alter cell physiology and they can be used as a starting
point for chemical suppressor screens to identify compounds that suppress the toxicity and
which, by extension, may interact with that toxic gene product. Chemical suppression has
been successfully employed to find inhibitors of the bacteria Pseudomonas aeruginosa by
overexpressing Pseudomonas genes in yeast (Arnoldo, et al., 2008). Tugenreich et al.
(2001), similarly identified human genes that, when expressed in yeast, result in a growth
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defect (Tugendreich, et al., 2001). The authors selected a p38 overexpressing strain from a
collection of “toxic” human genes to screen commercial libraries to identify chemical
suppressors of the fitness defect which represent potential p38 inhibitors.

An additional application of the MoBY-ORF library is the identification of recessive genes
responsible for drug resistance (Ho, et al., 2009). After a recessive drug resistant mutant
strain is identified, it is transformed with the MoBY-ORF collection (Ho, et al., 2009) and
complementation by one or more wildtype alleles from the collection that restores drug-
sensitivity identifies the recessive gene(s) conferring drug resistance (see figure 1D). The
feasibility of the assay was demonstrated by identifying fprl as a mutant resistant to the drug
rapamycin (Heitman, Movva, & Hall, 1991; Sabatini, Erdjument-Bromage, Lui, Tempst, &
Snyder, 1994). This assay complements the MSP assay in that it identifies drug targets in
cases where the compound must interact with another protein to become toxic. In this case,
rapamyecin binds to Fprl to form a toxic complex, which, in turn, inhibits the Torl protein
(Heitman, et al., 1991; Sabatini, et al., 1994). Complementation of recessive drug resistant
alleles can also be used to systematically uncover general and specific resistance
mechanisms. For example, Ho et al. (2009) used MoBY-ORF complementation to identify
an essential enzyme in the ergosterol biosynthesis pathway as resistant to the natural product
theopalauamide. Subsequent confirmations indicated that theopalauamide binds to
ergosterol, defining a novel class of sterol-binding compounds.

MSP is flexible in that it can be used with diverse genomes. For example, ORF libraries
exist for several organisms, all of which can be cloned into yeast expression vectors and
expressed in yeast. As a test case, we used a genomic DNA library from Candida albicans
expressed in Saccharomyces cerevisiae to identify a Candida ortholog of Saccharomyces
cerevisiae Glc7 (a type 1 protein phosphatase) as resistant to the phosphatase inhibitor
calyculin A (Hoon, et al., 2008). Indeed, yeast mutants have been rescued using human
genes by several groups to identify human gene function by complementation (Mushegian,
Bassett, Boguski, Bork, & Koonin, 1997; Osborn & Miller, 2007; Tugendreich, et al., 2001;
Zhang, et al., 2003).

5. Comparative expression profiling

The transcriptional response of yeast cells to drug can correlate with the transcriptional
response of strains deleted for the drug’s target. In a proof-of-principle study, Marton et al.
(1998) demonstrated that the expression profile of cells treated with 3-amino triazole (an
inhibitor of the His3 protein) correlates with that obtained from a his3A mutant (Marton, et
al., 1998). This correlation does not, however, always hold, for example the authors found
that FK506 treatment manifested a gene expression profile that correlated poorly (r = -0.23)
with that observed for a fprl mutant, the known protein target of FK506 (Marton, et al.,
1998). In a subsequent study, this transcriptional comparison approach was performed
systematically using 300 mutant expression profiles and several dozen drug treatments, to
create a compendium of gene expression profiles (Hughes, et al., 2000). The authors
demonstrated that transcription profiles obtained from mutants correlated with the
expression profiles of several well-characterized drugs. An advantage of this assay is that
the drug does not necessarily need to inhibit yeast growth to cause a transcriptional
response. However, the environmental stress response can often overwhelm an expression
profile, particularly when samples are collected shortly after the drug is applied. To be
comprehensive, this method would require transcription profiles for all deletion alleles and
drug profiles under a variety of concentrations to be robust and predictive. Moreover, the
biological differences between a knock-down (characteristic of drug inhibition or RNA
interference) versus a knockout are significant.
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Recently, Golub and colleagues completed a comprehensive study that analyzed the
transcriptional response of diverse human cell lines to a library of small molecule inhibitors,
to produce “The connectivity map” (C-map) (Lamb, et al., 2006). The authors used pattern
matching to examine these transcription profiles for commonalities and demonstrated they
could identify transcriptional signatures shared by drugs with common MOAs. This original
C-map suggested novel connections between human genes and therapeutic compounds. The
success of the C-map (and its on-going efforts) demonstrates another example of how
concepts and methods are originally developed in yeast and more importantly, are
transferable to assays in other organisms. For a complete summary of advantages of
different yeast chemogenomic approaches see Table 2.

6. Looking ahead: Yeast chemical genomics and its translation to other
model systems

Chemical genomic tools developed in yeast have contributed to our understanding of
compound and drug mechanisms. Given current progress, chemogenomic methods, yeast-
based and otherwise, are advancing the field of drug discovery. Table 3 describes several
examples where yeast chemogenomic approaches were used to identify different compound
targets. There are numerous additional examples of these assays identifying novel chemicals
that are effective tools to probe biological function (e.g. Dorer, et al., 2005). A more difficult
question to answer with certainty, is how many compounds, identified as yeast inhibitors
have been developed into approved drugs? A complete answer to this question would
require access to privileged Pharmaceutical and Biotech Company programs. Several small
and large drug discovery companies licensed key yeast assay patents (Davis, Giaever and
Shoemaker, USPTO 6,046,002 and Roemer et al., USPTO 6,783,985) so one can infer that
these assays have been utilized for discovery purposes. An often-cited example of yeast
contributing to a novel drug, is rapamycin, which targets yeast Torl/Tor2 (Heitman, et al.,
1991) and more recently, a yeast assay was essential in establishing the target of AN260, an
antifungal agent that acts against tRNA synthetase and currently in phase 2 clinical trials
(Rock, et al., 2007).

The past two decades have been enormously fruitful for yeast functional genomics, due in
large part, to the rich genetic history of this model organism. We speculate that one feature
of the next decade of yeast “omics” especially as it relates to our understanding of human
disease will come from the integration of the diverse genomic datasets that have been
generated. Indeed the discipline of “interactomics” (H. Yu, et al., 2008) and the concept of
the “diseaseome” (Goh, et al., 2007) are combining to help predict the global effects of
cellular perturbations and remedies at a systems level.

The primary advantage of yeast in contributing to drug discovery is the ability to identify the
mechanism of action of compounds where they are not known. An additional advantage is
the ability to assess all targets in the cell simultaneously in vivo; yeast is currently the only
system where this is possible. This is of particular importance in repurposing already
approved drugs and identifying novel, specific compounds. These compounds would not
identify drug candidates themselves, but certainly have potential to be developed into drug
candidates by medicinal chemistry and pharmacokinetic optimization. A second strength of
yeast with respect to drug discovery is the unbiased identification of novel targets that are
presumed “undruggable” by the pharmaceutical industry and are therefore not actively
perused in other venues.

The identification of novel chemical probes in yeast assays will provide tools to probe novel
biology. Accordingly, one of the key contributions from yeast may not necessarily be drugs
in the clinic, but the starting point for development efforts. Specifically, such chemical
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probes that exhibit a high degree of specificity (but which require optimization by medicinal
chemistry beyond the scope of many academic labs (Frye, 2010)) will, 1) identify novel
druggable targets, 2) identify novel chemical scaffolds for medicinal chemical consideration
3) encourage efforts to investigate conserved targets and target pathways in human cells and
4) allow for modeling of such processes in human cells. Indeed, the movement away from
therapeutic “magic bullets” which may be too specific and result in on-target toxicities
(Liebler & Guengerich, 2005) towards magic shotguns where multiple targets are
simultaneously targeted (Liebler & Guengerich, 2005), has led to a renewed interest in both
multi-target drugs and combination drug therapies (Cirstea, Vallet, & Raje, 2009; Potti, et
al., 2006). Given the enormous number of combinatorial possibilities to test, yeast is poised
to make significant contributions in the area as thousands of potential combinations can
systematically be tested in diverse sensitized backgrounds quite rapidly (Lehar, Stockwell,
Giaever, & Nislow, 2008).

Recently, methods originally developed in yeast have been applied to other cellular systems.
As described above, MSP has been used successfully with libraries of yeast ORFs to detect
resistance to compounds. MSP can be expanded to other organisms, for example the human
ORFeome collection (Lamesch, et al., 2007; Rual, Hirozane-Kishikawa, et al., 2004) can be
overexpressed in yeast to identify human genes that confer resistance to compound
(unpublished data). Recently, a collection of Escherichia coli overexpressing essential genes
has become available and used in an MSP assay in E. coli by Pathania et al. (2009) to
identify targets of growth inhibitory compounds. This method is advantageous because it
overexpresses genes in the native host, allowing for proper post-translational modifications.

To understand human biology by direct observation in the relevant cellular context, loss-of-
function assays, analogous to the HIP assay, have been developed for mammalian cells.
Various RNAIi (RNA interference) assays have been employed to knock down gene
expression to understand gene function (Moffat, et al., 2006; Silva, et al., 2005). Because the
number of siRNA (small interfering RNAS) is quite large (50,000-100,000+), several
laboratories have adopted various pooled screening strategies (Schlabach, et al., 2008; Silva,
et al., 2008). These screens have proven useful for identifying and assigning gene function.
For example, a screen of diverse human cell lines using a pooled RNA. library identified
many genes that, when knocked-down, showed anti-proliferative effects, some of which
were cell line specific and others that were universal across many cell lines (Schlabach, et
al., 2008; Silva, et al., 2008). While these screens are, not surprisingly, more labor-intensive
than those in yeast (they require long culture times and analyzing the effects of SIRNA
knockdowns is more complex than that required for complete knockout alleles) the success
of yeast chemogenomic screens inform the design and encourage the development of these
mammalian screens. Using this approach, McManus et al. (2009), demonstrated that yeast
synthetic lethal interactions could be used to prioritize human genetic interactions by testing
for interactions amongst homologous genes in human cell lines (McManus, Barrett, Nouhi,
& Hieter, 2009).

A recent application of pooled RNAI technology was demonstrated in a series of chemical
synthetic lethality screens in human cancer cell lines (Luo, Emanuele, et al., 2009; Scholl, et
al., 2009). Luo et al. (2009) screened a cell line whose oncogenic phenotype depended on
the k-Ras mutation with a pool of interfering ShRNAs to identify potential synthetic lethal
gene pairs (Luo, Emanuele, et al., 2009). The genes identified represent potential cancer-
specific vulnerabilities, which can be mimicked with drugs that specifically inhibit these
proteins. The authors demonstrated that a PLK1 inhibitor had selectivity toxicity in this cell
line, in both in vitro and in vivo models (Luo, Emanuele, et al., 2009). Synthetic lethality
screens, pioneered in yeast, have recently been harnessed for developing novel therapeutic
interventions in the treatment of cancer. Fong et al. (2009) exploited tumor-specific

Pharmacol Ther. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith et al.

Page 10

mutations in BRCAL or BRCA2 genes, both of which are involved in DNA repair. The PARP
family of enzymes (also involved in DNA repair) has is synthetically lethal with BRCA
mutations (Fong, et al., 2009). The benefits of these types of studies to conventional
chemotherapy are encouraging and will have a great impact on our understanding of cancer
specific vulnerabilities (Luo, Solimini, & Elledge, 2009).

In summary, yeast assays have provided an unprecedented amount of information regarding
gene-gene and gene-drug interactions and we are now witnessing the transfer of these
technologies to mammalian cell assays. Yeast will continue, however, to be invaluable in the
contribution of these studies with respect to confirmation of results, importantly, continuing
to provide an important test-bed for feasibility of unique approaches to understanding the
biology of the cell.
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YKO Yeast KnockOut collection
HIP Haplolnsufficiency Profiling
MSP Multi-copy Suppression Profiling

Pharmacol Ther. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith et al.

SGA Synthetic Genetic Array

ORF Open Reading Frame

MoBY-ORF Molecular-Barcoded Yeast Open Reading Frame
MOA Mode-Of-Action

C-MAP Connectivity Map
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Figure 1.

A) Diagram of the HIPHOP assay

(1) The yeast deletion collection is pooled and each strain is included at approximately equal
abundance. (2) The pool is grown competitively in a compound of choice. (3) Genomic
DNA is isolated from the pooled compound treated sample. (4) Up and down barcodes are
PCR amplified in 2 separate reactions. (5) The PCR product is hybridized to a TAG4
barcode microarray to assess relative abundance of each strain by hybridization intensity.
The intensity on the microarray serves as a proxy for strain abundance, intensities that are
significantly reduced compared with the control identify strains sensitive to compound.

B) Comparison of genetic interactions and compound-gene interactions

(1) A query strain consisting of a mutation in Your Favourite Gene (yfg4) is crossed into an
ordered array of ~4,000 non-essential deletion strains (designated as 1-40004) of the
opposite mating type using the Synthetic Genetic Array (SGA) protocol and (2) the resulting
double mutant haploid progeny are selected on plates containing the appropriate media
(Tong & Boone, 2006). Colony size is used to identify those strains that are reduced in sized
and represent genetic interactions. (3) The same ordered array of ~4,000 non-essential
deletion strains, as in (1), is pinned onto plates containing drug targeting Yfg. (4) Colony
size is used to identify those colonies that are reduced in sized and therefore identify
deletion mutants sensitive to compound.

C) Multi-copy suppression profiling

(1) An ORFeome library constructed by one of several methods (See Table 1) is transformed
en masse, into a wildtype yeast strain. (2) The resulting pool is grown in a compound of
choice. (3) Plasmid DNA is isolated. (4) Inserts are amplified using plasmid primers that
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flank each insert. (5) Amplicons are then labeled using a biotin labeling mix and a Klenow
fragment, to generate short strands of labeled DNA molecules (denoted as coloured
trapezoids), that are hybridized to a TAG4 microarray carrying the complementary ORF-
specific probes. The trapezoid generated from the ORFs are used to distinguish them as ORF
probes from the rectangular barcode amplicons in Figure 1A. In this scenario, intensities that
are significantly increased on the array compared to the control identify ORFs that confer
drug resistance.

D) Complementation of compound resistant mutants

(1) A haploid drug resistant (resistance designated as the red-hue in the yeast) strain is
isolated and confirmed that the resistant phenotype is recessive by crossing to a wildtype
haploid strain to verify that drug sensitivity is restored. (1) The original resistant strain is
transformed with the MoBY-ORF library. (2) The resulting pool is grown in a high
concentration of drug; strains that are sensitive due to complementation by plasmid are
depleted from the pool. (3) Plasmid DNA is isolated. (4) Barcodes are amplified using
universal primers that flank each barcode. (5) Amplicons are hybridized to a TAG4
microarray carrying the complementary barcode probes. Intensities that are significantly
reduced compared with the control identify strains that harbor the ORF carried by plasmid
responsible for drug resistance. In a complementary approach, dominant compound-
sensitive strains can be transformed with the MoBY-ORF library and those ORFs that render
the mutant compound-sensitive can be identified.
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MoBY-ORF library | Yeast Tiling Collection Random Galactose inducible libraries

genomic
fragment
libraries

Sequence verified J Vil - N

PCR free - A . -

Native promoter and terminator a a a -

High Copy plasmid - . a .

Low Copy plasmid a - - -

Inducible promoter - - - a

Barcoded ' - - -

Percent genome coverage 90% 97.2% ~85% 80%

Average fragment size 2Kb 10Kb 5Kb 1.5Kb

Number of genes per fragment 1 4-6 2-3 1

References (Ho, et al., 2009) (Jones, et al, 2008) (Hogg(,)g; al., (Hu, etal., 2007; Zhu, et al., 2001)

i?barcodes/partial ORFs sequenced

+
clones end-sequenced

*
library of Hu et al. (2007) has been fully sequenced, but other libraries are only partially sequenced including Zhu et al. (2001) and Ho et al.

(2009).
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Table 3

Known drug-target pairs confirmed using yeast chemical genetic methods
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Compound Protein Target Method used Reference
cerivastatin Hmg1l (Bischoff, et al., 1998) Bar-seq (Smith, et al., 2009)
tunicamycin Alg7 (Kuo & Lampen, 1974) MSP/HIP (Giaever, et al., 1999; Rine, et al., 1983)
methotrexate Dfrl (Cayley, Dunn, & King, 1981) HIP (Giaever, et al., 2004; Hoon, et al., 2008)
fluconazole Ergll (Lazar & Wilner, 1990; HIP/MSP (Giaever, et al., 2004; Hoon, et al., 2008;
Richardson, et al., 1990) Parsons, et al., 2004)
rapamycin Torl (Heitman, et al, 1991; Sabatini, et HIP/MSP (Hoon, et al., 2008)
al., 1994)
calyculin A Glc7 (Suganuma, et al., 1990) HIP/MSP (Hoon, et al., 2008)
fenpropimorph Er924* HIP (Giaever, et al., 2004)
alverine citrate Erg24™ HIP (Giagver, et al., 2004)
lovastatin Hmg1l (Alberts, et al., 1980) HIP (Hillenmeyer, et al., 2008)

FK506& cyclosporin A

Cnb1 (Liu, et al., 1991)

Chemical genetic profiling

(Parsons, et al., 2004)

theopalauamide

Ergosterol (Ho, et al., 2009)

Resistance clone mapping

(Ho, et al., 2009; Parsons, et al., 2006)

cycloheximide

Rpl28 (Crouzet, Perrot, Nogueira, &
Begueret, 1978)

Resistance clone mapping

(Ho,et al., 2009)

dhMotC Sphingolipid biosynthesis (Baetz, etal., | HIP (plate assay) (Baetz, et al., 2004)

2004)
DNA damage agents Rad proteins HOP (Birrell, et al., 2001; Lee, et al., 2005)
erodoxin™* Erol (Costanzo, et al., 2010) SGA and HIP (Costanzo, et al., 2010)

*
proposed target

Fk

novel compound and target
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