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Abstract: The budding yeast Saccharomyces cerevisiae is a widely used model organism,
and yeast genetic methods are powerful tools for discovery of novel functions of genes.
Recent advancements in chemical-genetics and chemical-genomics have opened new
avenues for development of clinically relevant drug treatments. Systematic mapping of
genetic networks by high-throughput chemical-genetic screens have given extensive
insight in connections between genetic pathways. Here, I review some of the recent
developments in chemical-genetic techniques in budding yeast.
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1. Introduction

What is chemical genetics? Chemical genetics is a research approach that makes use of small
molecules to explore biological functions and processes; “chemical” indicates the use of biologically
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active chemicals, whereas “genetics” refers to the fact that this research approach is based on
principles often used in the field of genetics. Chemical-genetic screens can be used to determine the
mode of action of a given biologically active compound by identifying its cellular target. Alternatively,
a drug can be designed to specifically inhibit or activate a protein of interest; this compound can
subsequently be used in a high-throughput screen to identify novel functions of the target protein.
Typically, a compound is used that affects the function of a single gene product in the context of a
complex cellular milieu. This compound may then be employed to screen a large collection of mutants
using a specific biological effect as a read-out. Many chemical-genetic studies have made use of

protein-targeting drugs. However, chemical-genetic screens are not necessarily restricted to proteins,
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but can also be expanded to include drugs that target RNA, DNA, or even cellular metabolites. Here I
will review some of the recent publications on chemical-genetic studies in the model organism

S. cerevisiae, also known as brewer’s yeast or baker’s yeast.
2. History of Budding Yeast as a Model Organism

The vast majority of all chemical-genetic screens have made use of budding yeast, because yeast
has several important advantages. For example, it is easy and cheap to culture and it grows fast, with a
doubling time of 90—100 min under optimal conditions. It is amenable to genetic techniques, and genes
can be modified or deleted within just a few days. Yeast cells can exist in a haploid and a diploid life
cycle, which makes it easy to combine mutations by intercrossing. The S. cerevisiae genome consists
of 16 chromosomes, totaling approximately 12.1 million basepairs. The first eukaryote to be
completely sequenced, a map of the yeast genome was released in 1996 [1].

How did budding yeast rise to prominence? The history of budding yeast as a model organism in
research basically starts with the founding of the Carlsberg brewery in 1844 in Valby, an outskirt of
Copenhagen. At the time, beer brewing was mainly conducted in small, local breweries, and the
quality of beer between the different batches was often inconsistent. The Carlsberg Laboratory was
founded in 1875 with the aim of developing scientific and industrial methods that would lead to a more
consistent quality of beer. Of particular importance to the development of yeast genetics was a
microbiologist named Emil Christian Hansen working at the Carlsberg Laboratory. Previous studies by
Louis Pasteur on wine fermentation had indicated that different microorganisms could be isolated
during the fermentation process, some of which were thought to be responsible for producing
ill-tasting byproducts that spoiled the quality of the wine. Inspired by this information, Dr. Hansen
discovered how to isolate and culture individual isolates of yeast clones in 1883. The isolation of a
pure yeast strain was an important step for beer brewing, but it was also a major advancement for science.

A second key development in yeast research came almost 50 years later, when Dr. Jjvind Winge
(also working at the Carlsberg Laboratory) discovered that yeast cells can alternate between haploid
and diploid life cycles; haploid cells can mate to form a diploid cell, which subsequently can undergo
meiosis to form four haploid cells, each of which can be isolated for phenotypic analysis. He then
showed that many genetic traits, such as colony morphology and fermentation markers, follow simple
Mendelian rules. These discoveries laid the foundation for the field of classical yeast genetics.

3. Classical Genetics

Classical yeast genetics refers to the genetic techniques commonly used before the dawn of
molecular biology in the mid-20th century, when the molecular nature of genes had not yet been
identified. Typically, genetic screens were aimed at identifying the genes responsible for a particular
phenotype, a method referred to as forward genetics. Forward genetic screens start with a given
phenotype of interest, and large collections of mutants are then screened for mutations that specifically
alter that phenotype. A well-known example is the study of eye color in Drosophila melanogaster by
Thomas Hunt in the early 1900s [2,3]. Wild-type flies have red eyes, and Morgan and his students
screened for changes in eye color in mutagenized flies, such as white and pink eyes. Crosses between
mutants revealed several mutations responsible for the altered phenotype, and Morgan proposed that
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chromosomes form the physical basis of heredity [4], even though the concept and nature of genes
remained enigmatic for several decades.

Reverse genetics, as the name implies, is a research approach that follows the opposite direction of
forward genetics; a gene is mutated and the effect of that mutation is studied by searching for a
phenotype. Thus, forward genetics is phenotype-centered and is aimed at identifying the genes
responsible for that specific phenotype, whereas reverse genetics is gene-centered and is aimed at
identifying the phenotype associated with a given gene. The advent of molecular biology, which
resulted both in a clear definition of the concept of the gene as well as development of techniques to
modify gene sequences and to modulate gene expression levels in vivo, has greatly stimulated
reverse genetics.

Before the era of molecular biology, the classical problem was to identify genes associated with a
given phenotype. Identification of these genes was often a laborious and pain-staking affair, which
involved creating a library of mutants by mutagenesis, screening for mutants with an altered
phenotype, and mapping of the mutations through genetic complementation studies. However, in the
post-genomic era, this problem has been reversed; high-throughput genome sequencing projects have
identified all the genes of numerous organisms, but the function of many of those genes remains
unclear. For instance, the genome of budding yeast, arguably the best understood eukaryotic organism,
contains approximately 6,000 genes, but the function of nearly 1,000 of them remains elusive [5].

4. Genetics in the Post-Genomic Era

A major tool in a geneticist’s toolbox to identify the function of a gene is the analysis of its genetic
network. Genes (or more exactly, their products) do not work alone in the cellular processes they
control, but rather function in intricate biological networks to fine-tune these processes in response to
cellular and environmental stimuli. These biological networks tend to be robust, and removing one
component often has minor consequences for cell viability because other components of the network
can compensate for the lost function, an effect sometimes referred to as ‘genetic buffering’ [6,7].
However, simultaneous removal of multiple network components may diminish the process controlled
by the network, with serious consequences for cell viability. This is the basis for genetic interaction
(Figure 1 and see below). Thus, combining different mutations can give insight in the function of genes.

4.1. Defining Genetic Interactions

Various forms of genetic interaction can be defined. For instance, a negative genetic interaction
occurs when the combination of two mutations results in a worse phenotype than expected based on
either single mutation alone. This may happen when two redundant genes function in parallel pathways
to control a certain process, and combining mutations in these genes may cripple the process and lead
to reduced fitness of the yeast cell, leading to a synthetic growth defect. In the example shown in
Figure 1A, two genes (gene A and gene B) encode two proteins that function in parallel pathways to
regulate a specific biological process. Cells that have a wild-type copy of both genes have high fitness
and are viable.
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Figure 1. Defining different forms of genetic relationships between genes. (A) Negative
genetic interaction; (B) Depiction of cell viability of the example shown in (4);
(C) Epistatic genetic interaction; (D) Depiction of cell viability of the example shown in (C);
(E) Positive genetic interaction; (F) Depiction of cell viability of the example shown in (E);
(G) Negative chemical-genetic interaction; (H) Depiction of cell viability of the example

shown in (G). See text for details.
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Deleting gene A results in reduced fitness and lower cell viability because the process is carried out
less efficiently, however the mutant still survives because gene B can partially compensate for loss of
gene A. The reciprocal situation has the same result, i.e., gene A can partially compensate for loss of
gene B. However, the cell can no longer carry out the biological process when both genes are lost
simultaneously, leading to a much more severe phenotype than expected based on either single
mutation alone (Figure 1B). An extreme form of negative genetic interaction is synthetic lethality, in
which the combination of two mutations results in cell death. An example of synthetic lethality is the
combination of mutations in RAD52 and RAD27 [8]. Rad52 is involved in repair of DNA double strand
breaks by homologous recombination, whereas Rad27 is a flap endonuclease required for Okazaki
fragment processing. rad27A mutants suffer from extensive DNA replication errors and DNA double
strand breaks, which are mainly processed by Rad52-dependent DNA repair; in absence of Rad52, the
DNA damage that occurs in rad27A mutants is no longer repaired, leading to cell death [8].

When two gene products function in the same pathway to control a certain process, for example
when they form a mandatory complex, the combination of mutations in these two genes will not have a
phenotype that is significantly different than either single mutation alone. This is referred to as an
epistatic relationship, which occurs when the phenotype of one mutation is obscured by mutation of
another gene. In the example shown in Figure 1C, Gene A and gene B encode two proteins that form a
complex, and these proteins can only regulate a specific process when bound to each other. Deleting
either gene A or gene B results in loss of the active complex and the biological process no longer
occurs. Deleting both genes simultaneously will not result in a worse phenotype (Figure 1D). For
instance, the DNA double strand break repair proteins Mrell, Rad50 and Xrs2 (Nbsl in humans)
function in a mandatory complex, and the DNA damage sensitivity of mrellA rad50A double mutant
cells is not worse than that of either single mutant alone [9].

Two mutations can also have a positive genetic interaction, when the phenotype resulting from one
mutation can be rescued by additional mutation of a second gene. In the example shown in Figure 1E,
Three genes A, B and C encode proteins that regulate a specific biological process. Protein C is
negatively regulated by protein A and positively by protein B. The biological process will still be
carried out efficiently if gene A is deleted. However, deletion of gene B will tip the balance towards
inactivation of protein C by protein A, leading to inhibition of the biological process and reduced cell
fitness, which may manifest itself in slow growth or cell death (Figure 1F). Several terms have been
proposed to describe this phenomenon, such as synthetic rescue, synthetic suppression or phenotypic
repression, all with essentially the same meaning. As an example of synthetic rescue, deletion of SMLI
rescues the lethal phenotype of a meciA mutation [10,11]. MEC] is an essential gene that encodes a
checkpoint kinase involved in activation of the DNA replication checkpoint in response to DNA
replication stress [12], whereas SMLI encodes an inhibitor of ribonucleotide reductase [10,11].
Increased ribonucleotide synthesis is an essential aspect of the cellular response to DNA replication
stress, and Mecl activates a signaling pathway that degrades Smll to induce synthesis of
ribonucleotides [10,11]. In absence of Mecl, cells fail to produce sufficient ribonucleotides to survive
DNA replication stress because Smll continuously inhibits the ribonucleotide synthase, explaining
why deletion of SMLI rescues lethality of mec/A mutants.

Finally, drugs that specifically target a protein can also be used for mapping of genetic pathways.
This is particularly useful for studies of essential genes that cannot be deleted. In this case, mutants can
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be treated with the drug to specifically modulate the activity (either positively or negatively) of the
protein of interest to study relations between genes. In the example shown in Figure 1G, Gene A and
gene B encode two proteins that control a specific process (similar to the example shown in Figure 1A).
Gene B is an essential gene that cannot be deleted. However, a drug has been designed to specifically
inhibit its function, and treating mutant cells lacking gene A results in a synthetic growth defect or
synthetic lethality, a phenotype that is significantly worse than would have been expected based on
either treatment of wild-type cells with the drug or by deleting gene A (Figure 1H). Although only a
negative interaction is depicted here, epistatic and positive interactions are also possible.

4.2. High-Throughput Systematic Screens

One of the major consequences of mapping the yeast genome has been a shift in research from a
focus on individual genes to a more global view of genetic networks [13]. This was aided by the
completion of the yeast deletion collection, a library of deletion mutants lacking all non-essential
genes [14,15], and by the development of high-throughput methods to screen this library. During the
past decade, numerous high-throughput studies have systematically screened for genetic interactions.
An important methodological development was the synthetic genetic array (SGA) screen, in which a
mutation in the gene of interest is crossed into the entire yeast deletion collection [16,17]. The
resulting double mutants are then analyzed for genetic interactions, which can be either synthetic
growth defect/lethality or synthetic suppression relationships. Originally performed manually, these
screens are now usually performed in an automated format; growth of double mutants is monitored by
automated imaging of the colonies followed by processing by an algorithm to calculate relative growth
rates [18]. Alternative methods have been developed for automated analysis of genetic interactions,
such as synthetic lethality by microarray, where genetic interactions between genes are detected and
quantified by hybridizing genomic DNA of double mutants to DNA micro-arrays [19]. Together, these
high-throughput systematic screens have mapped millions of relationships between genes, allowing the
construction of a global genetic interaction map of yeast [20].

However, one problem of these high-throughput genetic screens is that essential genes are
underrepresented, because they are absent from the yeast deletion collection. This problem may be
circumvented by using partial-loss-of-function mutations. For instance, one study made use of a
promoter replacement approach, in which the endogenous promoter of 575 essential genes was
replaced with the tetracylin-repressible tet promoter [21,22]. Query mutations are then crossed into this
library and the double mutants are spotted on plates containing doxycycline (a tetracyclin analog) to
repress transcription of essential genes, and genetic interactions are scored by monitoring growth rates
of the double mutants. Analysis of the genetic interaction network of these tet-repressible essential
genes revealed that it has an interaction density five times that of non-essential genes [21], indicating
that current maps of genetic networks (which are almost entirely based on screens with non-essential
genes) significantly underestimate the size of the actual genetic network of the yeast genome. One
potential complication of this strategy is that the expression levels of some essential genes may be
more consequential for cell viability than that of other essential genes, and the concentration of
doxycycline that will block growth of these tet-repressible strains will be much lower than that of other
strains. Therefore, it may be challenging to titrate doxycycline to a concentration window that targets
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all essential genes, i.e., high enough for genetic interactions to occur, but low enough to permit a level
of transcription that allows growth of the tet-repressible single mutants (too much doxycycline will
completely inhibit transcription of the tet-repressible essential genes, thus blocking growth of the
mutant regardless of genetic interactions).

Another popular loss-of-function mutant phenotype is temperature sensitivity, in which a mutant is
viable at permissive temperature but very sick or inviable at non-permissive temperature. Most
temperature-sensitive mutants display a partial loss-of-function phenotype at semi-permissive
temperatures, allowing them to be used in SGA screens. Large collections of temperature-sensitive
mutants of essential genes have recently been developed, paving the way for further exploration of the
genetic interaction networks of essential genes [23,24]. However, the heat-shock response resulting
from the elevated temperatures needed for inactivation of these alleles can have a confounding effect,
potentially complicating the interpretation of such screens. Furthermore, some temperature-sensitive
mutations inhibit only one specific function of a protein, with less or no effect on other functions of
that protein. For example, some temperature-sensitive alleles of the cyclin-dependent kinase CDC28
(also known as CDKI), which regulates the cell cycle in budding yeast [25], specifically block the
function of Cdc28 early in the cell cycle (e.g., cdc28-4, which blocks cell cycle progression at late G1
under restrictive temperature), whereas others act late in the cell cycle (for example cdc28-IN and
cdc28-13, which block the cell cycle at G2/M phase). Screening for genetic interactions with these
alleles may only give information on very specific functions of CDC28. Therefore, while informative,
there are disadvantages to the use of temperature-sensitive alleles in genome-wide screens.

Inhibiting essential genes, either by reducing their expression levels or by temperature-sensitive
inactivation, can lead to a complete loss of all the functions of the protein. This is a potential
disadvantage, because enzymes can have non-catalytic functions in addition to their enzymatic
activity. For example, there are numerous reports in the literature of kinase-independent roles of
kinases in signal transduction; just to name a few, ERK1/2, aurora, ZAP-70, FAK and Cdkl1 all have
kinase-independent functions in addition to their catalytic activity [26-30]. Therefore, more
sophisticated methods are required to be able to differentiate between kinase-dependent and
kinase-independent functions of kinases, such as chemical-genetics.

4.3. High-Throughput Chemical-Genetic Screens

A powerful chemical-genetic tool has been developed to specifically inhibit the catalytic activity of
kinases without affecting their expression levels [31]. This strategy exploits the gatekeeper residue
(generally a conserved hydrophobic amino acid) in the ATP binding site of the kinase. The ATP
binding pocket can be modified by substituting the gatekeeper residue with a smaller amino acid like
glycine or alanine, such that it can accommodate a sterically bulky ATP analog that is inhibitory to
kinase activity [31]. Because of its bulkiness, it cannot bind and inhibit any of the other kinases in the
cell, and therefore this approach is highly specific. One example of an engineered, analog-sensitive
kinase allele is cdc28-asi, in which the gatekeeper residue (a phenylalanine at position 88) has been
replaced with a glycine, such that the Cdc28-asl protein can be inhibited with the bulky ATP
analog 1-NM-PP1 [31].
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CDC28 is an essential gene, and therefore it cannot simply be deleted to study its genetic network.
However, titration of 1-NM-PP1 gradually inhibits growth of cdc28-as] mutants, and sub-lethal doses
of 1-NM-PP1 that reduce the growth rate of cdc28-as1 mutants have been used to screen for mutations
that aggravate the phenotype of the cdc28-asl allele [32]. This screen revealed numerous novel
functions of Cdc28, in particular in regulation of the basal transcription machinery and cell cycle
progression [32-34]. This strategy can be used for any other kinase to specifically explore
kinase-dependent functions.

By far most of the high-throughput genetic screens have been performed under conditions of
steady-state loss-of-function (by using deletion mutants as a query, or continuous reduction of activity
of a specific protein). While informative, the cells may adapt to the cellular conditions under which
these query genes are inactive. One advantage of a chemical-genetic approach is that the consequence
of just briefly inhibiting the kinase of interest can now be investigated. This will be particularly
interesting when combined with specific cellular challenges, like nutrient starvation and DNA damage.

Of course, chemical-genetic methods are not restricted to just mapping of genetic networks, but can
also be used to characterize the biochemical functions of a given protein. Numerous studies have used
chemical-genetic methods to identify novel protein functions, and here I will only highlight a few
recent reports.

Gatekeeper mutations are particularly suitable for identification of kinase targets. For example, by
performing in vitro kinase assays with Cdc28-asl on an arrayed library of affinity tag-coupled yeast
proteins, numerous potential Cdc28 targets were identified [35]. Many of these substrates were also
identified in a combined chemical-genetic/proteomic approach that mapped Cdc28-dependent
phosphorylation sites in vivo [36]. These studies predicted many putative Cdc28 targets, including the
DNA damage checkpoint protein Rad9. Furthermore, in a chemical-genetic screen CDC28 was
previously found to have extensive genetic interactions with DNA damage checkpoint genes [37],
indicating that Cdc28 may have a function in regulation of the checkpoint. Indeed, a recent study
found that Rad9 is a bona fide Cdc28 target, and that phosphorylation of Rad9 promotes checkpoint
activity [38]. Thus, chemical-genetic screens to map genetic networks of kinases, in combination with
chemical-genetic biochemical methods to predict and verify kinase targets, are a powerful tool to
identify novel signal transduction pathways and networks.

Gatekeeper mutations have also been used to study regulation of transcription. For example, several
studies have used the kin28-asi gatekeeper allele to probe the function of Kin28 in this process. Kin28
is homologous to human CDK?7, a cyclin dependent kinase that phosphorylates the C-terminal domain
(CTD) of RNA polymerase II [39]. The CTD consists of 26 (52 in humans) heptameric repeats of
the sequence Y;S,P3T4SsP¢S;, and Kin28 preferentially targets Serine at position 5. Most studies
have used temperature-sensitive alleles of KI/N28 and found that inactivation of Kin28 has
major consequences for transcription [39—41]. However, recent chemical-genetic studies that used
analog-sensitive kin28-asl mutants have shown that the kinase activity of Kin28 plays a much more
subtle role in transcription than expected based on results from studies that used temperature-sensitive
kin28 alleles, showing that only a subset of genes is affected by Kin28 kinase activity [42—44]. Rather,
these chemical-genetic studies found that Kin28 kinase activity appears to be important for mRNA
capping [44,45].
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Another example of the identification of an unexpected function of a protein comes from a
chemical-genetic study of Cdc7. Cdc7 is a kinase best known for its role in initiation of DNA
replication [46]. However, chemical-genetic analysis of the function of Cdc7 (using the analog-sensitive
cdc7-as allele) revealed that Cdc7 kinase activity also promotes meiotic progression by enabling
transcription of NDT80, a meiosis-specific transcription factor, and that Cdc7 is required for proper
orientation of sister kinetochores [47].

As a final example, a recent variant of a chemical-genetic screen aimed to characterize the pathways
that control cell-surface localization of the arginine permease Canl [48]. Canl normally transports
arginine from the extracellular environment, but it can also import the toxic arginine analog
canavanine. By screening the yeast deletion collection for mutations that conferred resistance to
canavanine (due to defects in plasma membrane localization of Canl), numerous proteins were found
to be involved in transport of Canl to and from the cell membrane, several of which not previously
known to be involved in this process [48].

Taken together, these examples illustrate the power of chemical-genetics in characterization of very
diverse cellular processes.

5. Drug Target Identification and Chemical Profiling of the Yeast Genome

Many compounds are known to have biological effects even though the molecular targets of these
compounds often remain unknown. Identification of the cellular targets of bioactive compounds is a
major bottleneck in the development of novel therapeutic agents [49]. Budding yeast has been
instrumental in unraveling the mode of action of numerous compounds. One well-known example is
the discovery of the cellular targets of the macrolide rapamycin during the early 1990s. Rapamycin is a
secondary metabolite produced by the bacterium Streptomyces hygroscopicus, and is currently used
as an immunosuppressive after organ transplantation [50]. Rapamycin also has potent antifungal
activity [51,52], and a screen for budding yeast mutants that had become resistant to rapamycin
revealed three genes required for rapamycin toxicity, i.e., FPRI, TORI and TOR?2 [53,54]. Fprl is a
proline isomerase essential for rapamycin toxicity, whereas Torl and Tor2 are two serine/threonine
kinases with high sequence similarity; upon binding to rapamycin, Fprl sequesters Torl/2 in an
inactive complex. mTOR was later identified to be the mammalian homolog of Torl/2 [55]. Thus,
budding yeast can be used to identify the mode of action of compounds that have clinical relevance.

The research field of chemical-genomics aims to identify functional relationships between specific
genes and chemical compounds through systematic analysis of all genes in a genome [49]. The
development of various mutant yeast collections and automated screening techniques allows for fast,
high-throughput analysis of large numbers of compounds with high target pathway resolution.
Typically, such screens analyze the chemical sensitivity of arrayed libraries of yeast mutants, in which
each mutant has an altered dosage of a specific gene [49]. Gene dosage may range from no expression
(the yeast deletion collection [7,8]) or very low gene expression (by decreasing mRNA stability due to
deletion of the 3' UTR, also termed DaMP, for decreased abundance by mRNA perturbation [56]), to a
mild reduction in gene expression levels (haploid insufficiency libraries, in which one of the two
copies of a gene in a diploid strain has been deleted [57]), or very high gene expression (gene
overexpression libraries [58]).
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Chemical profiling can be performed in several ways. Yeast collections can be spotted on plates
harboring the drug of interest, and numerous drugs have been profiled using this method. For instance,
pathways that mediate resistance to the DNA methylating agent MMS have been mapped this way [59].
An alternative screening method relies on competitive growth assays of pooled yeast cultures (each
pooled culture consists of a mix of known mutants). Several yeast libraries, including the deletion
collection, have been barcoded such that each mutation harbors a unique sequence tag, which can be
identified by hybridization methods or high-throughput sequencing. By growing pooled cultures of
yeast mutants in the presence of the drug of interest, one can identify mutations that confer a relative
growth advantage or disadvantage [15,57]. This method is sensitive and quantitative; for example, it
revealed additional genes required for resistance to MMS that were not identified in the previously
mentioned high-throughput screen for MMS-sensitive mutants [60]. The great advantage of analyzing
pooled cultures of barcoded mutants is that large numbers of drugs can be screened simultaneously at
various concentrations and in different combinations [61].

Several bioinformatics tools have been developed to facilitate the identification of the mode of
action of a given bioactive compound. A major tool in determining a drug’s mechanism of action is
clustering analysis. First, the entire set of haploid yeast deletion mutants is treated with a compound of
interest and the response of all deletion mutants is documented (usually growth rates are monitored).
Then, all mutants that display similar behavior in response to the compound are assigned into clusters,
thereby generating a specific chemical-genetic profile; this profile is predictive of the drug’s
mechanism of action. The search for a molecular target can be further narrowed by comparing the
chemical-genetic profile of the drug to genetic interaction profiles of loss-of-function mutants. The
reasoning behind this is that a loss-of-function mutation in a gene encoding the target of an inhibitory
compound models the primary effect of the compound , and therefore the genetic interaction profile for
the target gene resembles the chemical-genetic interaction profile of its inhibitory compound [62].
Thus, one can infer the molecular target of a drug by matching the drug’s chemical-genetic profile to
the genetic interaction profile of loss-of function mutants [63]. This method is particularly powerful in
budding yeast, because the genetic interaction profiles of the vast majority of yeast genes are known [20].

However, these high-throughput drug profiling screens also show that drugs often display a much
more complex behavior in a living cell than expected from in vitro determination of a drug’s
biochemical activity [64]. One complication of these studies is that genes involved in cellular
detoxification and general stress response are commonly identified (multidrug resistance genes),
adding undesirable noise to the dataset that makes determination of the drug’s mode of action less
straightforward. Filtering these genes before clustering analysis may help remove this noise [62].
Furthermore, some drugs still have an effect on cellular fitness even when the drug target is no longer
expressed [65], although determining these off-target effects can give important information with
potential clinical relevance [66]. Finally, a recent, very large scale chemical-genomics screen revealed
that nearly all yeast genes are important for cell fitness, even though these functions are not easily
detectable in standard laboratory settings [61]. This study also revealed a large set of genes involved in
multidrug resistance, such as genes encoding the transcription factor PDRI, which is involved in
transcription of multidrug resistance genes such as the pleiotropic drug pump PDRS. Other multidrug
resistance genes were involved in regulation of membrane lipid composition and vesicular transport
of proteins.
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Due to these issues, not all high-throughput screens in haploid deletion collections may reveal the
mechanism of action of a drug. However, these studies still provide insight in cellular strategies against
chemical stress [67], and integration of data from several high-throughput studies has revealed novel
levels of complexity. For instance, recent studies have obtained large collections of chemical-genetic
drug profiles, and integration of these data with information from other high-throughput analyses, such
as kinase-substrate networks, protein-protein complexes, and structure and occupancy of promoters,
revealed several underlying buffering mechanisms that promote cell survival during chemical
stress [68,69]. For further reading on the development and applications of chemical-genomic profiling
in budding yeast, the reader is referred to several recent reviews [64,70-73].

6. Conclusions and Future Directions

From the initial isolation of pure budding yeast strains from wort in the late 1800s to modern
high-throughput automated genetic screens, yeast genetics has provided insight in numerous biological
processes, including regulation of the cell cycle, autophagy, cell polarity, and repair of DNA damage.
Recent developments in the field of chemical-genetics have provided tools to further dissect the
genetic network of the cell, and yeast will be the first eukaryotic organism in which all genetic
pathways have been mapped. Furthermore, studies in budding yeast will have clinical relevance,
because chemical-genetic screens and chemical-genomic profiling are becoming increasingly
important tools for drug discovery.

By far most of the genetic interaction studies have been performed under optimal growth
conditions. However, under conditions of cell stress, the cell may rely on very different genetic
pathways to promote cell viability, and it may rewire its biological networks to deal with the altered
conditions. For example, HSP90, which encodes the major molecular chaperone in yeast, genetically
interacts with very sets of genes under normal growth conditions than when cells are challenged with
environmental stress [74]. This is also observed in cancer cells, which rewire their signaling networks
in response to extracellular signals, such as cytokines and anti-cancer drugs, with important
implications for cancer treatment schemes [75—77]. Understanding how cells dynamically rewire their
networks during environmental challenges will be a major subject of future studies.

Acknowledgments

JME is supported by an Yngre Fremragende Forsker Award from the Norwegian Research
Council (#180499).

References

1. Goffeau, A.; Barrell, B.G.; Bussey, H.; Davis, R-W.; Dujon, B.; Feldmann, H.; Galibert, F.;
Hoheisel, J.D.; Jacq, C.; Johnston, M.; et al. Life with 6000 genes. Science 1996, 274, 563—-567.

2. Morgan, T.H. The Origin of Five Mutations in Eye Color in Drosophila and Their Modes of
Inheritance. Science 1911, 33, 534-537.

3. Morgan, T.H. Sex Limited Inheritance in Drosophila. Science 1910, 32, 120—122.
Morgan, T.H. Chromosomes and Associative Inheritance. Science 1911, 34, 636—638.



Molecules 2012, 17 9269

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Pena-Castillo, L.; Hughes, T.R. Why are there still over 1,000 uncharacterized yeast genes?
Genetics 2007, 176, 7-14.

Waddington, C.H. Canalization of development and genetic assimilation of acquired characters.
Nature 1959, 183, 1654—1655.

Hartman, J.L., IV; Garvik, B.; Hartwell, L. Principles for the buffering of genetic variation.
Science 2001, 291, 1001-1004.

Tishkoff, D.X.; Filosi, N.; Gaida, G.M.; Kolodner, R.D. A novel mutation avoidance mechanism
dependent on S. cerevisiae RAD27 is distinct from DNA mismatch repair. Cell 1997, 88, 253-263.
D’Amours, D.; Jackson, S.P. The yeast Xrs2 complex functions in S phase checkpoint regulation.
Genes Dev. 2001, 15, 2238-2249.

Zhao, X.; Muller, E.G.; Rothstein, R. A suppressor of two essential checkpoint genes identifies a
novel protein that negatively affects ANTP pools. Mol. Cell 1998, 2, 329-340.

Zhao, X.; Chabes, A.; Domkin, V.; Thelander, L.; Rothstein, R. The ribonucleotide reductase
inhibitor Smll is a new target of the Mec1/Rad53 kinase cascade during growth and in response
to DNA damage. EMBO J. 2001, 20, 3544-3553.

Weinert, T.A.; Kiser, G.L.; Hartwell, L.H. Mitotic checkpoint genes in budding yeast and the
dependence of mitosis on DNA replication and repair. Genes Dev. 1994, §, 652—665.

Dolinski, K.; Botstein, D. Changing perspectives in yeast research nearly a decade after the
genome sequence. Genome Res. 2005, 15, 1611-1619.

Winzeler, E.A.; Shoemaker, D.D.; Astromoff, A.; Liang, H.; Anderson, K.; Andre, B.; Bangham, R.;
Benito, R.; Boeke, J.D.; Bussey, H.; ef al. Functional characterization of the S. cerevisiae genome
by gene deletion and parallel analysis. Science 1999, 285, 901-906.

Giaever, G.; Chu, A.M.; Ni, L.; Connelly, C.; Riles, L.; Veronneau, S.; Dow, S.; Lucau-Danila, A.;
Anderson, K.; Andre, B.; et al. Functional profiling of the Saccharomyces cerevisiae genome.
Nature 2002, 418, 387-391.

Tong, A.H.; Lesage, G.; Bader, G.D.; Ding, H.; Xu, H.; Xin, X.; Young, J.; Berriz, G.F.; Brost, R.L.;
Chang, M.; et al. Global mapping of the yeast genetic interaction network. Science 2004, 303,
808—813.

Tong, A.H.; Evangelista, M.; Parsons, A.B.; Xu, H.; Bader, G.D.; Page, N.; Robinson, M.;
Raghibizadeh, S.; Hogue, C.W.; Bussey, H.; et al. Systematic genetic analysis with ordered arrays
of yeast deletion mutants. Science 2001, 294, 2364-2368.

Dixon, S.J.; Costanzo, M.; Baryshnikova, A.; Andrews, B.; Boone, C. Systematic mapping of
genetic interaction networks. Annu. Rev. Genet. 2009, 43, 601-625.

Ooi, S.L.; Shoemaker, D.D.; Boeke, J.D. DNA helicase gene interaction network defined using
synthetic lethality analyzed by microarray. Nat. Genet. 2003, 35, 277-286.

Costanzo, M.; Baryshnikova, A.; Bellay, J.; Kim, Y.; Spear, E.D.; Sevier, C.S.; Ding, H.; Koh, J.L.;
Toufighi, K.; Mostafavi, S.; ef al. The genetic landscape of a cell. Science 2010, 327, 425-431.
Davierwala, A.P.; Haynes, J.; Li, Z.; Brost, R.L.; Robinson, M.D.; Yu, L.; Mnaimneh, S.; Ding, H.;
Zhu, H.; Chen, Y.; et al. The synthetic genetic interaction spectrum of essential genes. Nat. Genet.
2005, 37, 1147-1152.



Molecules 2012, 17 9270

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Mnaimneh, S.; Davierwala, A.P.; Haynes, J.; Moftat, J.; Peng, W.T.; Zhang, W.; Yang, X.;
Pootoolal, J.; Chua, G.; Lopez, A.; et al. Exploration of essential gene functions via titratable
promoter alleles. Cell 2004, 118, 31-44.

Li, Z.; Vizeacoumar, F.J.; Bahr, S.; Li, J.; Warringer, J.; Vizeacoumar, F.S.; Min, R.; Vandersluis, B.;
Bellay, J.; Devit, M.; et al. Systematic exploration of essential yeast gene function with
temperature-sensitive mutants. Nat. Biotechnol. 2011, 29, 361-367.

Ben-Aroya, S.; Coombes, C.; Kwok, T.; O’Donnell, K.A.; Boeke, J.D.; Hieter, P. Toward a
comprehensive temperature-sensitive mutant repository of the essential genes of Saccharomyces
cerevisiae. Mol. Cell 2008, 30, 248-258.

Enserink, J.M.; Kolodner, R.D. An overview of Cdkl-controlled targets and processes. Cell Div.
2010, 5, 11.

Rodriguez, J.; Crespo, P. Working without kinase activity: Phosphotransfer-independent functions
of extracellular signal-regulated kinases. Sci. Signal. 2011, 4, re3.

Toya, M.; Terasawa, M.; Nagata, K.; Iida, Y.; Sugimoto, A. A kinase-independent role for Aurora
A in the assembly of mitotic spindle microtubules in Caenorhabditis elegans embryos. Nat. Cell Biol.
2011, /3, 708-714.

Au-Yeung, B.B.; Levin, S.E.; Zhang, C.; Hsu, L.Y.; Cheng, D.A.; Killeen, N.; Shokat, K.M.;
Weiss, A. A genetically selective inhibitor demonstrates a function for the kinase Zap70 in
regulatory T cells independent of its catalytic activity. Nat. Immunol. 2010, 11, 1085-1092.

Zhao, X.; Peng, X.; Sun, S.; Park, A.Y.; Guan, J.L. Role of kinase-independent and -dependent
functions of FAK in endothelial cell survival and barrier function during embryonic development.
J. Cell Biol. 2010, 189, 955-965.

Yu, V.P.; Baskerville, C.; Grunenfelder, B.; Reed, S.I. A kinase-independent function of Cks1 and
Cdk1 in regulation of transcription. Mol. Cell 2005, 17, 145-151.

Bishop, A.C.; Ubersax, J.A.; Petsch, D.T.; Matheos, D.P.; Gray, N.S.; Blethrow, J.; Shimizu, E.;
Tsien, J.Z.; Schultz, P.G.; Rose, M.D.; et al. A chemical switch for inhibitor-sensitive alleles of
any protein kinase. Nature 2000, 407, 395-401.

Zimmermann, C.; Chymkowitch, P.; Eldholm, V.; Putnam, C.D.; Lindvall, J.M.; Omerzu, M.;
Bjoras, M.; Kolodner, R.D.; Enserink, J.M. A chemical-genetic screen to unravel the genetic
network of CDC28/CDKI1 links ubiquitin and Rad6-Brel to cell cycle progression. Proc. Natl.
Acad. Sci. USA 2011, 108, 18748—18753.

Chymkowitch, P.; Eldholm, V.; Lorenz, S.; Zimmermann, C.; Lindvall, J.M.; Bjoras, M.;
Meza-Zepeda, L.A.; Enserink, J.M. Cdc28 kinase activity regulates the basal transcription
machinery at a subset of genes. Proc. Natl. Acad. Sci. USA 2012, 109, 10450-10455.

Enserink, J.M.; Kolodner, R.D. What makes the engine hum: Rad6, a cell cycle supercharger.
Cell Cycle 2012, 11, 249-252.

Ubersax, J.A.; Woodbury, E.L.; Quang, P.N.; Paraz, M.; Blethrow, J.D.; Shah, K.; Shokat, K.M.;
Morgan, D.O. Targets of the cyclin-dependent kinase Cdk1. Nature 2003, 425, 859-864.

Holt, L.J.; Tuch, B.B.; Villen, J.; Johnson, A.D.; Gygi, S.P.; Morgan, D.O. Global analysis of
Cdk1 substrate phosphorylation sites provides insights into evolution. Science 2009, 325, 1682—1686.
Enserink, J.M.; Hombauer, H.; Huang, M.E.; Kolodner, R.D. Cdc28/Cdkl positively and
negatively affects genome stability in S. cerevisiae. J. Cell Biol. 2009, 185, 423—-437.



Molecules 2012, 17 9271

38.

39.
40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Granata, M.; Lazzaro, F.; Novarina, D.; Panigada, D.; Puddu, F.; Abreu, C.M.; Kumar, R.;
Grenon, M.; Lowndes, N.F.; Plevani, P.; et al. Dynamics of Rad9 chromatin binding and
checkpoint function are mediated by its dimerization and are cell cycle-regulated by CDKI1
activity. PLoS Genet. 2010, 6, €1001047.

Buratowski, S. Progression through the RNA polymerase II CTD cycle. Mol. Cell 2009, 36, 541-546.
Cismowski, M.J.; Laff, G.M.; Solomon, M.J.; Reed, S.I. KIN28 encodes a C-terminal domain
kinase that controls mRNA transcription in Saccharomyces cerevisiae but lacks cyclin-dependent
kinase-activating kinase (CAK) activity. Mol. Cell Biol. 1995, 15, 2983-2992.

Valay, J.G.; Simon, M.; Dubois, M.F.; Bensaude, O.; Facca, C.; Faye, G. The KIN28 gene is
required both for RNA polymerase II mediated transcription and phosphorylation of the Rpblp
CTD. J. Mol. Biol. 1995, 249, 535-544.

Qiu, H.; Hu, C.; Hinnebusch, A.G. Phosphorylation of the Pol II CTD by KIN28 enhances
BUR1/BUR2 recruitment and Ser2 CTD phosphorylation near promoters. Mol. Cell 2009, 33,
752-762.

Kanin, E.I.; Kipp, R.T.; Kung, C.; Slattery, M.; Viale, A.; Hahn, S.; Shokat, K.M.; Ansari, A.Z.
Chemical inhibition of the TFIIH-associated kinase Cdk7/Kin28 does not impair global mRNA
synthesis. Proc. Natl. Acad. Sci. USA 2007, 104, 5812-5817.

Hong, S.W.; Hong, S.M.; Yoo, J.W.; Lee, Y.C.; Kim, S.; Lis, J.T.; Lee, D.K. Phosphorylation of
the RNA polymerase II C-terminal domain by TFIIH kinase is not essential for transcription of
Saccharomyces cerevisiae genome. Proc. Natl. Acad. Sci. USA 2009, 106, 14276—-14280.
Viladevall, L.; St Amour, C.V.; Rosebrock, A.; Schneider, S.; Zhang, C.; Allen, J.J.; Shokat, K.M.;
Schwer, B.; Leatherwood, J.K.; Fisher, R.P. TFIIH and P-TEFb coordinate transcription with
capping enzyme recruitment at specific genes in fission yeast. Mol. Cell 2009, 33, 738-751.
Tanaka, S.; Araki, H. Regulation of the initiation step of DNA replication by cyclin-dependent
kinases. Chromosoma 2010, 119, 565-574.

Lo, H.C.; Wan, L.; Rosebrock, A.; Futcher, B.; Hollingsworth, N.M. Cdc7-Dbf4 regulates NDT80
transcription as well as reductional segregation during budding yeast meiosis. Mol. Biol. Cell
2008, 79, 4956-4967.

Shi, Y.; Stefan, C.J.; Rue, S.M.; Teis, D.; Emr, S.D. Two novel WD40 domain-containing
proteins, Erel and Ere2, function in the retromer-mediated endosomal recycling pathway.
Mol. Biol. Cell 2011, 22, 4093-4107.

Andrusiak, K.; Piotrowski, J.S.; Boone, C. Chemical-genomic profiling: Systematic analysis of
the cellular targets of bioactive molecules. Bioorg. Med. Chem. 2012, 20, 1952—1960.

Saunders, R.N.; Metcalfe, M.S.; Nicholson, M.L. Rapamycin in transplantation: A review of the
evidence. Kidney Int. 2001, 59, 3—16.

Vezina, C.; Kudelski, A.; Sehgal, S.N. Rapamycin (AY-22,989), a new antifungal antibiotic. I.
Taxonomy of the producing streptomycete and isolation of the active principle. J. Antibiot. 1975,
28, 721-726.

Sehgal, S.N.; Baker, H.; Vezina, C. Rapamycin (AY-22,989), a new antifungal antibiotic. II.
Fermentation, isolation and characterization. J. Antibiot. 1975, 28, 727-732.

Heitman, J.; Movva, N.R.; Hall, M.N. Targets for cell cycle arrest by the immunosuppressant
rapamycin in yeast. Science 1991, 253, 905-909.



Molecules 2012, 17 9272

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Kunz, J.; Henriquez, R.; Schneider, U.; Deuter-Reinhard, M.; Movva, N.R.; Hall, M.N. Target of
rapamycin in yeast, TOR2, is an essential phosphatidylinositol kinase homolog required for G1
progression. Cell 1993, 73, 585-596.

Loewith, R. A brief history of TOR. Biochem. Soc. Trans. 2011, 39, 437-442.

Yan, Z.; Costanzo, M.; Heisler, L.E.; Paw, J.; Kaper, F.; Andrews, B.J.; Boone, C.; Giaever, G.;
Nislow, C. Yeast Barcoders: A chemogenomic application of a universal donor-strain collection
carrying bar-code identifiers. Nat. Methods 2008, 5, 719-725.

Giaever, G.; Shoemaker, D.D.; Jones, T.W.; Liang, H.; Winzeler, E.A.; Astromoff, A.; Davis, R W.
Genomic profiling of drug sensitivities via induced haploinsufficiency. Nat. Genet. 1999, 21,
278-283.

Sopko, R.; Huang, D.; Preston, N.; Chua, G.; Papp, B.; Kafadar, K.; Snyder, M.; Oliver, S.G.;
Cyert, M.; Hughes, T.R.; et al. Mapping pathways and phenotypes by systematic gene
overexpression. Mol. Cell 2006, 21, 319-330.

Chang, M.; Bellaoui, M.; Boone, C.; Brown, G.W. A genome-wide screen for methyl
methanesulfonate-sensitive mutants reveals genes required for S phase progression in the presence
of DNA damage. Proc. Natl. Acad. Sci. USA 2002, 99, 16934—16939.

Hanway, D.; Chin, J.K.; Xia, G.; Oshiro, G.; Winzeler, E.A.; Romesberg, F.E. Previously
uncharacterized genes in the UV- and MMS-induced DNA damage response in yeast.
Proc. Natl. Acad. Sci. USA 2002, 99, 10605-10610.

Hillenmeyer, M.E.; Fung, E.; Wildenhain, J.; Pierce, S.E.; Hoon, S.; Lee, W.; Proctor, M.;
St.Onge, R.P.; Tyers, M.; Koller, D.; ef al. The chemical genomic portrait of yeast: Uncovering a
phenotype for all genes. Science 2008, 320, 362-365.

Parsons, A.B.; Brost, R.L.; Ding, H.; Li, Z.; Zhang, C.; Sheikh, B.; Brown, G.W.; Kane, P.M.;
Hughes, T.R.; Boone, C. Integration of chemical-genetic and genetic interaction data links
bioactive compounds to cellular target pathways. Nat. Biotechnol. 2004, 22, 62—69.

Hughes, T.R.; Marton, M.J.; Jones, A.R.; Roberts, C.J.; Stoughton, R.; Armour, C.D.; Bennett, H.A.;
Coffey, E.; Dai, H.; He, Y.D.; et al. Functional discovery via a compendium of expression
profiles. Cell 2000, 102, 109-126.

Roemer, T.; Davies, J.; Giaever, G.; Nislow, C. Bugs, drugs and chemical genomics. Nat. Chem. Biol.
2012, 8, 46-56.

Marton, M.J.; DeRisi, J.L.; Bennett, H.A.; Iyer, V.R.; Meyer, M.R.; Roberts, C.J.; Stoughton, R.;
Burchard, J.; Slade, D.; Dai, H.; et al. Drug target validation and identification of secondary drug
target effects using DNA microarrays. Nat. Med. 1998, 4, 1293—1301.

Dos Santos, S.C.; Teixeira, M.C.; Cabrito, T.R.; Sa-Correia, I. Yeast toxicogenomics:
Genome-wide responses to chemical stresses with impact in environmental health, pharmacology,
and biotechnology. Front. Genet. 2012, 3, 63.

Venancio, T.M.; Bellieny-Rabelo, D.; Aravind, L. Evolutionary and Biochemical Aspects of
Chemical Stress Resistance in Saccharomyces cerevisiae. Front. Genet. 2012, 3, 47.

Venancio, T.M.; Balaji, S.; Geetha, S.; Aravind, L. Robustness and evolvability in natural
chemical resistance: Identification of novel systems properties, biochemical mechanisms and
regulatory interactions. Mol. Biosyst. 2010, 6, 1475-1491.



Molecules 2012, 17 9273

69.

70.

71.

72.

73.

74.

75.

76.

77.

Venancio, T.M.; Balaji, S.; Aravind, L. High-confidence mapping of chemical compounds and
protein complexes reveals novel aspects of chemical stress response in yeast. Mol. Biosyst. 2010,
6, 175-181.

Hoon, S.; St. Onge, R.P.; Giaever, G.; Nislow, C. Yeast chemical genomics and drug discovery:
An update. Trends Pharmacol. Sci. 2008, 29, 499-504.

Lehar, J.; Stockwell, B.R.; Giaever, G.; Nislow, C. Combination chemical genetics. Nat. Chem. Biol.
2008, 4, 674—681.

Lopez, A.; Parsons, A.B.; Nislow, C.; Giaever, G.; Boone, C. Chemical-genetic approaches for
exploring the mode of action of natural products. Fortschr. Arzneimittelforsch. 2008, 66, 237,
239-271.

Smith, A.M.; Ammar, R.; Nislow, C.; Giaever, G. A survey of yeast genomic assays for drug and
target discovery. Pharmacol. Ther. 2010, 127, 156—-164.

McClellan, A.J.; Xia, Y.; Deutschbauer, A.M.; Davis, R.W.; Gerstein, M.; Frydman, J. Diverse
cellular functions of the Hsp90 molecular chaperone uncovered using systems approaches. Cel/
2007, 131, 121-135.

Lee, M.J.; Ye, A.S.; Gardino, A.K.; Heijink, A.M.; Sorger, P.K.; Macbeath, G.; Yaffe, M.B.
Sequential application of anticancer drugs enhances cell death by rewiring apoptotic signaling
networks. Cell 2012, 149, 780-794.

Janes, K.A.; Albeck, J.G.; Gaudet, S.; Sorger, P.K.; Lauffenburger, D.A.; Yaffe, M.B. A systems
model of signaling identifies a molecular basis set for cytokine-induced apoptosis. Science 2005,
310, 1646—-1653.

Janes, K.A.; Reinhardt, H.C.; Yaffe, M.B. Cytokine-induced signaling networks prioritize
dynamic range over signal strength. Cell 2008, 135, 343-354.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



