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Integration of chemical-genetic and genetic interaction
data links bioactive compounds to cellular

target pathways

Ainslie B Parsons!2, Renée L Brost?, Huiming Ding?, Zhijian Li"»2, Chaoying Zhang?, Bilal Sheikh?,
Grant W Brown?, Patricia M Kane?, Timothy R Hughesl’2 & Charles Boonel>2

Bioactive compounds can be valuable research tools and drug leads, but it is often difficult to identify their mechanism of action
or cellular target. Here we investigate the potential for integration of chemical-genetic and genetic interaction data to reveal
information about the pathways and targets of inhibitory compounds. Taking advantage of the existing complete set of yeast
haploid deletion mutants, we generated drug-hypersensitivity (chemical-genetic) profiles for 12 compounds. In addition to a

set of compound-specific interactions, the chemical-genetic profiles identified a large group of genes required for multidrug
resistance. In particular, yeast mutants lacking a functional vacuolar H*-ATPase show multidrug sensitivity, a phenomenon

that may be conserved in mammalian cells. By filtering chemical-genetic profiles for the multidrug-resistant genes and then
clustering the compound-specific profiles with a compendium of large-scale genetic interaction profiles, we were able to identify
target pathways or proteins. This method thus provides a powerful means for inferring mechanism of action.

For the yeast Saccharomyces cerevisiae, each of the [1,000 potential
genes characterized by the genome sequencing project has been
deleted, identifying [11,000 essential genes and [5,000 viable deletion
mutants!. Testing the viable mutants for hypersensitivity to a target-
specific compound identifies a chemical-genetic interaction pro-
file, which, for highly specific compounds, consists of a set of genes
that buffer the cell from defects in target activity (Fig. 1a). Because
a loss-of-function mutation in a gene encoding the target of an
inhibitory compound models the primary effect of the compound?~*,
crossing such a mutation into the set of viable mutants and scoring
the resultant double mutants for reduced fitness should generate a
genetic interaction profile for the target gene that resembles the
chemical-genetic interaction profile of its inhibitory compound
(Fig. 1b). We therefore expected that a comprehensive compendium of
global genetic interaction profiles would provide a key for deciphering
the pathways and targets of growth-inhibitory compounds. To estab-
lish this proof of concept, we applied a four-step strategy to link sev-
eral well-characterized compounds to their target pathways and
proteins.

1. Wescreened 12 inhibitory compounds against the S. cerevisiae via-
ble deletion set to generate chemical-genetic interaction profiles.
2. We identified sets of genes that occur in multiple chemical-genetic
interaction profiles and thus may contribute to general multi-
drug resistance. Filtering the multidrug-resistant genes from the

chemical-genetic interaction profiles enabled us to generate com-
pound-specific profiles.

3. We generated genetic interaction profiles for genes encoding com-
pound targets by conducting synthetic genetic array (SGA) analy-
sis> with query mutations in target genes.

4. We carried out clustering analysis of chemical-genetic profiles
with a compendium of genetic interaction profiles and thereby
grouped several compounds with their known target pathways or
proteins.

RESULTS

Generation of chemical-genetic interaction profiles

We screened [#,700 viable yeast deletion mutants for hypersensitivity
to 12 diverse inhibitory compounds (see Supplementary Tables 1 and
2 online). These compounds included benomyl, a microtubule
depolymerizing agent® FK506 and cyclosporin A (CsA), immuno-
suppressant drugs that inhibit calcineurin’; hydroxyurea, an inhibitor
of ribonucleotide reductase®; camptothecin, a topoisomerase I inhi-
bitor?; fluconazole, an antifungal drug that inhibits Ergll, a cyto-
chrome P450 required for ergosterol biosynthesis!®!!; cycloheximide,
an inhibitor of protein synthesis; rapamycin, an inhibitor of TOR
kinase signaling!?; tunicamycin, an inhibitor of protein glycosyla-
tion!3; wortmannin, an inhibitor of phosphatidylinositol kinase
signaling!4; sulfometuron methyl, an inhibitor of amino acid biosyn-
thesis!%; and caffeine, an inhibitor of cAMP phosphodiesterasesm. The
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hypersensitive mutants were identified by arraying strains onto agar
plates containing semi-inhibitory concentrations of each compound
and scoring reduced colony formation. These putative chemical-
genetic interactions were then confirmed by serial-dilution spot assays
in a second round of analysis, such that the final data set should con-
tain few false positives.
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Figure 1 Chemical-genetic interactions can be modeled by synthetic genetic
interactions. (a) In a chemical-genetic interaction (at left), a deletion
mutant, lacking the product of the deleted gene (represented by a black X),
is hypersensitive to a normally sublethal concentration of a growth-inhibitory
compound. In a synthetic lethal genetic interaction (right), two single
deletions lead to viable mutants but are inviable in a double -mutant
combination. Gene deletion alleles that show chemical-genetic interactions
with a particular compound should also be synthetically lethal or sick with

a mutation in the compound target gene. (b) Comparison of a chemical-
genetic profile to a compendium of genetic interaction (synthetic lethal)
profiles should identify the pathways and targets inhibited by drug
treatment. In this hypothetical figure, chemical-genetic and genetic
interactions are both designated by red squares. For example, deletion
mutants 34, 54, 6A and 7A are hypersensitive to compound X and a
mutation in query gene A leads to a fitness defect when combined with
deletion alleles IA, 2A, 3A and 4A. Here, the chemical-genetic profile of
compound X resembles the genetic profile of gene B, thereby identifying
the product of gene B as a putative target of compound X.

To address potential false negatives, we compared the results from our
rapamycin screen to those published previously (see Supplementary
Table 3 online). Our deletion mutant array contains 85 strains charac-
terized previously as rapamycin sensitive, 39 of which we identified
within our total set of 246 rapamycin-sensitive strains. Of the remain-
ing 46 published interactions, we were able to confirm 22 strains as
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Figure 2 The set of viable gene deletion mutants
were screened for hypersensitivity to each of 12
inhibitory compounds (cyclosporin A, FK506,
tunicamycin, sulfometuron methyl, wortmannin,
caffeine, rapamycin, fluconazole, camptothecin,
hydroxyurea, cycloheximide and benomyl).

(a) Two-dimensional hierarchical cluster plot of
chemical-genetic profiles. Genes are represented

Wortmannin on the horizontal axis and compounds on the
Tunicamycin @ Cell structure vertical axis, with chemical-genetic interactions
Caffeine Chromosome/ shown in red. Both compounds and genes are
;mma“"_s"“c‘“’e clustered together based upon the similarity of
. repair . . .. . .
Rapamycin their chemical-genetic interactions. (b) A section

of the cluster plot (red bar, labeled ‘B’ on the
horizontal axis of a) is enlarged to highlight
gene deletions that lead to benomyl sensitivity
specifically. Genes involved in tubulin folding
(CINI, CIN2, CIN4), the prefoldin actin/tubulin
chaperone complex (GIM3, GIM4, GIM5, PAC2,
PAC10, PFD1, YKEZ2), the mitotic spindle
checkpoint (MAD1, MAD2, BUB3) and tubulin
structure (TUB3) showed chemical-genetic
interactions with benomyl. (c) A section of

the cluster plot (green bar, labeled ‘C’ on the
horizontal axis of a) is enlarged to show the
overlap between the CsA and FK506 chemical-
genetic interaction profiles. (d) Several different
sections of the cluster plot (blue bars, labeled
‘D', ‘Dii’, ‘Diii’, ‘D iv’ on the horizontal axis of
a) are enlarged to show the multidrug sensitivity
associated with gene deletions in ERG2, ERG3,
ERG4, ERG5, ERG6 and PDR5.
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slightly or moderately sensitive to rapamycin
by spot assay. For the remaining 24 strains, we
did not detect any sensitivity, which may
reflect differences associated with the sensitiv-
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profile of benomyl, a microtubule depoly-
merizing agent, was unique because it was
the only compound we examined with inter-
actions enriched for genes involved in cell
structure, chromosome structure and mitosis
(Fig. 2b). In contrast, the calcineurin inhi-
bitors CsA and FK506 cluster together on the
vertical axis because they have highly similar
chemical-genetic interaction profiles. Their
profiles are enriched for genes involved in cell
wall organization and vacuolar structure and
function (Fig. 2¢), reflecting the established
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Figure 3 To classify multidrug resistance genes, we identified 65 deletion strains that were sensitive to
at least four of ten diverse compounds: wortmannin, benomyl, tunicamycin, rapamycin, sulfometuron
methyl, fluconazole, cycloheximide, FK506, caffeine and hydroxyurea. The camptothecin chemical-
genetic profile was excluded from this analysis because it overlaps extensively with the hydroxyurea
profile and the CsA profile was excluded because it overlaps extensively with that of FK506. In the
network diagram, edges indicate a chemical-genetic interaction and nodes represent either compounds
or genes, with the genes color-coded from a defined subset of GO functional attributes.

role of calcineurin in cell wall homeostasis
and vacuolar function!’.

Identification of a multidrug-resistant gene set

The hierarchical clustering revealed a number of genes associated with
sensitivity to multiple compounds with diverse modes of action. Drug
efflux pumps and members of the ATP-binding cassette protein family,
such as Pdr5, Yorl and Snql, protect yeast from a range of drugs and
confer multidrug resistance when overexpressed!8. Membrane lipid
composition also affects drug susceptibility in yeast, as deletion mut-
ants defective for ergosterol biosynthesis have high membrane fluidity
and show hypersensitivity to numerous drugs'®. Indeed, we found that
pdr5A cells were hypersensitive to cycloheximide, fluconazole and
wortmannin and that cells deleted for genes encoding ergosterol bio-
synthetic enzymes such as ERG3, ERG4 and ERG6 were sensitive to
wortmannin, rapamycin, camptothecin, hydroxyurea and cyclohexi-
mide (Fig. 2d). We also identified a number of new strains as multidrug
sensitive (see, for example, VPH?2 in Fig. 2c). To define a multidrug-
resistant gene set, we constructed a chemical-genetic interaction
network of the 65 genes associated with sensitivity to four or more com-
pounds (Fig. 3). This network was enriched for genes involved in vac-
uolar protein sorting (VPS16, VPS25, VPS36, VPS67, VAM7, VAMS,
STP22, SNF7, DID4, IES6) and genes encoding subunits of the yeast
vacuolar H*-ATPase complex (VMA2, VMA4, VMAS5, VMAG6, VMA7,
VMAS, VMA10, VMA13, VMA22, PPA1, VMAI1I, VPH2), a proton
pump that maintains the low vacuolar pH (gene data obtained from
the Saccharomyces Genome Database, www.yeastgenome.org). These
findings are consistent with previous observations identifying vmma and
vpsmutantsas sensitive to staurosporine, vanadate and hygromycin B2,

64

Some of the highly conserved genes in the yeast multidrug-resistant
gene set may also control drug resistance in mammalian cells. Indeed,
three lines of evidence suggest that the role of the vacuolar H*-ATPase
in multidrug resistance may be conserved. First, in mammalian cell
culture, changes in intracellular pH can alter drug accumulation?!.
Second, the gene encoding vacuolar H™-ATPase subunit C is overex-
pressed in multidrug-resistant HL60 cells??, and exposure to con-
canamycin A, an inhibitor of vacuolar H*-ATPases?3, can restore the
sensitivity of drug-resistant cells to several anticancer drugs, including
daunomycin, doxorubicin and epirubicin?*, Third, we found that the
effect of the actin depolymerizing agent latrunculin A on mammalian
cells was enhanced by inhibition of the vacuolar H*-ATPase with con-
canamycin A (see Supplementary Figs. 1 and 2 and Supplementary
Methods online).

Generation of genetic interaction profiles for compound targets

To compare chemical-genetic interaction profiles with genetic interac-
tion data derived from genes encoding compound targets, we first per-
formed SGA analysis with a query mutation in ERG11, which encodes
the target of the antifungal drug fluconazole. Because ERGI1I is an
essential gene, we created a temperature-sensitive query mutation
using the heat-induced degron system?® and then screened for syn-
thetic genetic interactions at a permissive temperature. SGA analysis
enables a query mutation to be crossed into the set of viable deletion
mutants such that the resultant double mutants can be screened for
synthetic lethal or sick (slow-growing) interactions’. Figure 4 shows a
comparison of the fluconazole chemical-genetic interactions and the
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Figure 4 Overlap between the chemical-genetic profile of fluconazole and the genetic interaction
profile of ERG11. Edges indicate either a chemical-genetic or a genetic interaction and nodes
represent either compounds or genes, with the gene nodes color-coded from a defined subset of GO
functional attributes. (a) Network of the chemical-genetic interactions with fluconazole and the genetic
interactions with ERG11. (b) Venn diagram summarizing that 75 genes showed a chemical-genetic
interaction with fluconazole, 27 genes showed a genetic interaction with ERG11 and 13 genes were in
the overlap set. Red bracketed numbers indicate the number of genes, in each group, classified as

multidrug resistant.

and CsA profiles, 15 genes were members of
multidrug-resistant gene set; however, 12 of
these also showed a genetic interaction with
CNBI (Fig. 5b), including nine vacuolar
H'-ATPase (vma) mutants, which reflects an
established synthetic lethal relationship!”-28,
Because vma mutants do not seem to be iden-
tified commonly in SGA screens (ref 5 and
A.H.Y. Tong, G. Lesage, G. Bader, H.D., H. Xu,

ERGI1 genetic interactions. In total, 27 genes were identified as syn-
thetic lethal or sick with ERGI1, of which 13 were also fluconazole
sensitive. Genes involved in lipid metabolism (PDR16, ARV1I), cell
wall organization and morphogenesis (RMD7, SLT2) and uncharac-
terized function (YHR045W) were identified in both the genetic and
chemical-genetic screens (Fig. 4a, Supplementary Table 4 online).

We next examined calcineurin, a highly conserved protein phos-
phatase required in yeast under a number of environmental condi-
tions such as ionic stress, high pH and exposure to prolonged mating
pheromone?. Calcineurin can be inactivated genetically, by deletion
of CNBI, which encodes its regulatory subunit?’, or chemically,
by treatment with the immunosuppressant drugs FK506 or CsA’.
From SGA analysis with a cnbIA query mutation, we identified 3 of
the 4 nonessential genes known to be synthetically lethal with CNB1
(refs. 17,28; FKSI, CUP5, VPH2) and identified 35 new synthetic
genetic interactions (see Supplementary Table 4 online). Comparison
of the CNBI synthetic genetic interactions with the FK506 and
CsA chemical-genetic interactions showed that they largely overlap
(Fig. 5a). Of the 38 genes that interacted genetically with CNBI,
23 were hypersensitive to both FK506 and CsA and a further 5 were
hypersensitive to FK506 alone.

For all three drugs, the overlap between the chemical-genetic and
genetic interaction profiles was found to be highly significant when
compared to random data sets. For example, it is highly unlikely that

NATURE BIOTECHNOLOGY VOLUME 22 NUMBER 1 JANUARY 2004

X. Xin et al., unpublished data), this may be a

rare example where the chemical-genetic
interactions observed for genes within the multidrug-resistant gene
set actually reflect a target gene specificity. Nevertheless, even with the
12 multidrug-resistant genes removed from the FK506 and CsA pro-
files, the overlaps with the CNBI genetic interaction profile remain
highly significant (P = 4.4 x 10753 and P = 2.7 x 107, respectively).

Clustering of chemical-genetic and genetic interaction profiles

To assess whether a comparison of chemical-genetic to genetic interac-
tion profiles can be used to identify the target pathways of inhibitory
compounds, we performed two-dimensional hierarchical clustering of
a combined data set. We focused on the chemical-genetic screens for
FK506, CsA, fluconazole, benomyl, hydroxyurea and camptothecin,
and we collected genetic interaction data either for the gene encoding
the drug target or for functionally related genes whose products func-
tion within the pathway affected by the compound. These chemical-
genetic screens were compared to a compendium of 57 genetic inter-
action screens, derived from query genes with roles in DNA synthesis
and repair, secretion, cell wall biosynthesis, actin assembly, polarized
morphogenesis, and microtubule structure and function (ref. 5 and
AH.Y. Tong, G. Lesage, G. Bader, H.D., H. Xu, X. Xin et al., unpub-
lished data). To identify specific chemical-genetic interactions, we first
filtered the multidrug-resistance genes from the chemical-genetic pro-
files. In the resultant plot (Fig. 6a), the profiles associated with com-
pounds and query genes are clustered on the vertical axis and those of
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Figure 5 Overlap between the chemical-genetic profiles of FK506 and CsA and the genetic interaction
profile of CNB1. Edges indicate either a chemical-genetic or a genetic interaction and nodes represent
either compounds or genes, with the gene nodes color-coded from a defined subset of GO functional
attributes. (a) Network of the chemical-genetic interactions of FK506 and CsA and the genetic
interactions with CNB1. (b) Venn diagram summarizing that 35 genes showed a chemical-genetic
interaction with FK506, 28 genes showed a chemical genetic interaction with CsA and 38 genes
showed a genetic interaction with CNB1, with 24 interactions common to all three screens. Red
bracketed numbers indicate the number of genes, in each group, classified as multidrug resistant.

helicase domain HSA. The SANT domain
was first identified based on its homology to
the DNA binding domain of c-Myb?® but is a
common domain found in chromatin remod-
eling enzymes®), indicating a possible role
for Vid21 in chromatin remodeling after
DNA damage. Additionally, the uncharacter-
ized ORF YBR094W was identified as highly
sensitive to both camptothecin and hydroxy-
urea and also interacts genetically with CDC2,
which encodes a subunit of DNA polymerase
IIT; ELG1, whose product forms an alternative
replication factor C (RFC) complex impor-
tant for DNA replication31’32; ESC2, a gene
involved in establishing silent chromatin; and
SGS1, which encodes a DNA helicase inv-
olved in DNA replication and maintenance of
genome stability. The YBR094W product
contains a tubulin tyrosine ligase domain®3,
suggesting that it may encode an enzyme
responsible for post-translational modifica-
tion of proteins involved in the DNA damage
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Taken together, these results demonstrate the
potential for integration of chemical-genetic
profiles and genetic interaction profiles to
provide information about the pathways and
targets affected by bioactive compounds. A
chemical-genetic profile can be generated for
any compound that is inhibitory to the
growth of wild-type yeast or a subset of the
deletion mutants. As the compendium of

the 803 interacting genes are clustered on the horizontal axis. The gen-
etic interaction profile of ERG11 clustered with the chemical-genetic
profile of fluconazole and the genetic interaction profile of CNBI clus-
tered with the chemical-genetic profiles of FK506 and CsA. Similarly,
the chemical-genetic interaction profile for benomyl clustered with
TUB2 and other genes encoding proteins with roles in microtubule
structure and function, such as GIM3, a component of the prefoldin
complex involved in tubulin folding; CIN1, a tubulin folding cofactor;
KAR3, a minus end—directed kinesin; and MAD?2, a spindle check-
point protein. In the case of hydroxyurea and camptothecin, the chem-
ical-genetic profile clustered with genes whose products have roles in
DNA synthesis, such as POL32, a subunit of DNA polymerase delta,
and RAD27, a 5'-to-3' exonuclease required for Okazaki fragment
processing, linking these compounds with the cellular function they
inhibit, even though the actual target genes were not represented in the
cluster. Thus, a compendium of genetic interaction profiles provides a
key for interpreting chemical-genetic interaction profiles and can link
compounds to their cellular pathways and/or targets.

Overlapping chemical and genetic datasets can provide corrobora-
tive evidence to implicate uncharacterized genes in specific roles
(Fig. 6b). For example, the uncharacterized open reading frame (ORF)
VID21 was identified as sensitive to camptothecin and hydroxyurea
and showed a genetic interaction with POL32. Domain analysis of the
Vid21 sequence revealed a SANT domain and the SANT-associated

66

yeast genetic interaction profiles grows and
ultimately covers most cellular pathways, it
will become a more powerful tool for assess-
ing compound function. From large-scale mapping of genetic interac-
tions with the set of deletion mutants, we find that clustering genes
showing similar patterns of genetic interactions identifies pathway
components but often does not distinguish their order within the
pathway (ref. 5 and A.H.Y. Tong, G. Lesage, G. Bader, H.D., H. Xu,
X. Xin et al., unpublished data). Consequently, direct application of
this approach may link compounds to a target pathway, but identifica-
tion of the precise target would be likely to require specific analysis of
the pathway components. To screen compounds that are in limited
supply, parallel fitness tests with pooled deletion mutants and a
microarray readout?* could be used to generate chemical-genetic
profiles. Indeed, results similar to those detailed here were obtained by
this method (data not shown). Mutations in genes encoding the mul-
tidrug-resistant gene set or compounds that inhibit their targets, such
as the vacuolar H*-ATPase inhibitor concanamycin A, could be used
to generate a sensitized assay. Chemical-genetic profiling complements
other yeast genomic methodologies, such as gene expression profiling
experiments>? and chemically induced haploinsufficiency analysis3?,
that also tackle the problem of linking drugs to their targets. The
chemical-genetic screening described here offers some unique advan-
tages over these methods. For example, it generates a rich set of func-
tional information about the pathways normally required to buffer the
effects of the compound. In this regard, chemical-genetic screening is
also particularly valuable in cases where a compound does not inhibit

VOLUME 22 NUMBER T JANUARY 2004 NATURE BIOTECHNOLOGY



@ © 2004 Nature Publishing Group  http://www.nature.com/naturebiotechnology

ARTICLES

RVS161

Cyclosporin A
FK50!

ERG11-DHFR
Fluconazole

Benomyl
TUB2-403

*
* e S

IS Nt moﬁo Zoo

v—(HHCOHQ\JV\ﬁm B HADDHOBN0SSHS < o

N LLU)_AE(ELLUODDDDD:WD_AUJDDDQ;_(/)WD:DCLUCILLLLLLUUD na

L/)}f kmua(woﬂﬁg;<;<a§<om<<<<kmjmm<okkk04<w0004
XereIrs >>

Camptothecin
Hydroxyurea

RpZ =]
20fwER323%2F00m
ZZDZIZO0Z0WWrZZX
$233302R88K%872

8]
2

~
~—<NN"I~—<(V)N

Figure 6 Two-dimensional hierarchical clustering analysis of chemical-genetic and genetic interaction profiles. (a) Six chemical-genetic profiles (FK506,
CsA, fluconazole, benomyl, hydroxyurea and camptothecin) were clustered with 57 genetic interaction profiles. Chemical-genetic or genetic interactions are
represented in red. Interacting genes are plotted on the horizontal axis, with the gene cluster tree above. Compounds and query genes are plotted on the
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DNA synthesis and repair. Sources of genetic interaction data include this study (CNB1, ERG11-DHFR, TUB2-403); ref. 5 (ARC40, ARP2, BNI1, BIM1,
RADZ27, SGS1); and (A.H.Y. Tong, G. Lesage, G. Bader, H.D., H. Xu, X. Xin et al., unpublished data) (RVS161, RVS167, SMY1, CLA4, CHS3, CHS7,
CHS6, YUR1, PHO85, FKS1, GAS1, RIC1, YPT6, ALG6, DIE2, ALGS, ROT2, BIK1, CIN4, RBL2, TUB3, CIN1, CIN2, MAD2, DYN1, PACI1, NUM1,
KAR3, KAR9, GIM3, CTF4, CTF8, POL32, DBF4, CDC2-1, CDC45-1, ELGI, CDC7-1, MMS4, MUS81, RTT107, RAD50, RAD52, RAD24, HOG1,
RAS2, SKN1, ERV29). All genetic interaction data are available at http://biodata.mshri.on.ca/grid. (b) Overlap of the chemical-genetic screens of
camptothecin and hydroxyurea and genetic interaction screens for the set of query genes involved in DNA synthesis and repair. A section of the cluster plot
(orange box in a) is enlarged. VID21 and YBRO94W are marked with an asterisk to indicate that these previously uncharacterized genes were identified by

both chemical-genetic and genetic screens.

a specific protein target because it will highlight the primary pathways
and cellular functions affected by the drug treatment. Finally, the con-
cept of modeling chemical-genetic profiles with global genetic interac-
tion profiles should be readily applicable to higher organisms. For
example, large-scale RNA-mediated interference, transposon-based
mutagenesis or morpholino-modified antisense oligonucleotide app-
roaches can be used to generate large collections of defined mutants in
Drosophila melanogaster, Caenorhabditis elegans, zebrafish and mam-
malian cell lines*®*7 and should allow for similar studies to be carried
out in these systems.

METHODS

Strains and media. Yeast deletion strains derived from BY4741 (MATa his3A1
leu2A0 met1500 ura3A0) and generated by the S. cerevisiae deletion consor-
tium! were maintained in an ordered array on agar plates at a density of 768
strains (384 unique strains arrayed in duplicate) per plate and manipulated
robotically with a colony arrayer (Bio-Rad)>.
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For the chemical-genetic screens, drugs were added from concentrated
stocks to autoclaved rich (YPD; 2% peptone, 1% yeast extract, 2% glucose and
2% agar) or synthetic complete (SC; 0.67% yeast nitrogen base without amino
acids, 0.2% amino acid add back, 2% glucose and 2% agar) medium cooled
to [0 °C. Most drugs were screened and confirmed by spot assays at the
same concentration; some were confirmed at a lower concentration, as noted:
FK506 (2 pg/ml in SC; gift of M. Cyert and purchased from AG Scientific), CsA
(100 pg/ml in SC; AG Scientific), hydroxyurea (100 mM in YPD; Sigma), camp-
tothecin (15 pg/ml in YPD; gift of S. Brill and purchased from AG Scientific),
fluconazole (15 pg/ml in YPD; gift of J. Anderson), tunicamycin (5 pg/ml
and 0.5 pg/ml in YPD; AG Scientific), wortmannin (1.3 pg/ml in YPD;
AG Scientific), caffeine (0.15% in SC; Sigma), rapamycin (0.015 pg/ml and
0.01 pg/ml in YPD; AG Scientific), benomyl (15 pg/ml in YPD; Sigma); sul-
fometuron methyl (3 pg/ml in SC; Sigma) and cycloheximide (0.1 pg/ml in
YPD; Sigma).

For the synthetic genetic (SGA) screening, we used as sporulation med-
ium 2% agar, 1% potassium acetate, 0.1% yeast extract and 0.05% glucose,
supplemented with uracil, histidine and leucine. Filter-sterilized solutions of
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L-canavanine (50 mg/l; Sigma), G418 (200 mg/l; Invitrogen Life Technologies)
and clonNAT (100 mg/l; Werner Bioagents) were added to cooled media where
indicated. In cases where SC medium was supplemented with clonNAT or
G418, the ammonium sulfate was replaced with monosodium glutamate and
the medium termed SC/MSG (0.17% yeast nitrogen base without amino acids
and ammonium sulfate, 0.1% monosodium glutamic acid, 0.2% amino acid
add back, 2% glucose and 2% agar).

Chemical-genetic screens. Genome-wide chemical-genetic profiles were gener-
ated by robotically pinning arrayed yeast strains onto solid medium containing
drug at a semi-inhibitory concentration (a concentration where wild-type yeast
growth is slightly compromised as compared to the no-drug control). All plates
were incubated at 30 °C. The sensitivity of each of the [}4,700 haploid deletion
strains to a particular drug was assayed by comparing colony size on drug plates
versus a no-drug control. Each chemical was screened against the complete
array at least three times; each interaction that was identified at least twice by
manual scoring or by computer-based scoring was confirmed using serial-
dilution spot assays. For the spot assays, deletion strains were grown overnight
to saturation at 30 °C in 130 pl of YPD or SC liquid in a 96-well plate. Using a
multichannel pipettor, each culture was diluted by five serial 100-fold dilutions
and 2 pl of each dilution was spotted onto medium containing drug and a no-
drug control medium. Plates were incubated at 30 °C for 2—4 d and scored for
drug sensitivity. Mutants inviable at all dilutions on drug plates as compared to
a no-drug control were designated as strongly sensitive and given a score of 3,
mutants viable at only the first one or two dilutions were designated as moder-
ately sensitive and given a score of 2, and mutants that grew at all dilutions, but
more slowly, were designated as mildly sensitive and given a score of 1.
Approximately 50-80% of interactions identified as putatively sensitive from
the array screens were subsequently confirmed with spot assays. For the FK506,
CsA, fluconazole and benomyl screens, all deletion mutants identified as syn-
thetic lethal or synthetic sick with the appropriate drug target were also tested
for chemical sensitivity by spot assay. All deletion mutants sensitive to camp-
tothecin were also tested for sensitivity to hydroxyurea and all deletion mutants
sensitive to hydroxyurea were also tested for sensitivity to camptothecin.

SGA analysis. Genome-wide synthetic lethal screens were performed using
synthetic genetic array (SGA) analysis as described previously®. The MATq
starting strains, cnbIA:URA3 mfalA:MFAIpr-HIS3 canl (Y3404), ergll
DHFR-ts::natR canlA:MFA1pr-HIS3-MFalpr-LEU2 (Y4830) and tub2-403::
URA3 can1::MFA1pr-HIS3-MFalpr-LEU2 (Y4499), were derived from wild-
type strain BY4742 (ref. 38). For SGA analysis, first the ordered array of [4,700
MATa XXXA::kanR strains, where XXXA::kanR designates one of the [4,700
deletion alleles, was crossed to a starting strain; second, the resultant diploids
were selected; third, the diploids were pinned onto sporulation medium to
induce meiosis; fourth, MATa meiotic progeny were germinated specifically;
fifth, MATa XXXA::kanR meiotic progeny were selected; and sixth, MATa dou-
ble mutants were selected. Diploids were selected on SC —Ura—Lys plates or
YPD plates supplemented with G418 and clonNAT for 1 d at 30 °C and then
sporulated for 5 d at room temperature. In particular, to select for MATa can1/:
MFA1pr-HIS3::MFa1pr-LEU2 meiotic progeny, spores were germinated on SC
—His—Arg medium supplemented with L-canavanine for 2 d at 30 °C and then
transferred onto a fresh plate of the same medium for another day of growth at
30 °C. The MATa meiotic progeny were then transferred to SC/MSG —His—Arg
supplemented with L-canavanine and G418 to select for MATa XXXA::kanR
meiotic progeny. Finally, cells were transferred to either SC/MSG —His—Arg—Ura
supplemented with L-canavanine and G418 or SC/MSG —His—Arg supple-
mented with L-canavanine, G418 and clonNAT, to select for MATa double-
mutant meiotic progeny. MATa double-mutant progeny with growth defects
were identified by scoring colony area as compared to that of progeny derived
from wild-type control screens. Synthetic sick or synthetic lethal interactions
were confirmed by tetrad dissection or random spore analysis.

For random spore analysis, spores were inoculated in 3 ml of liquid haploid
selection medium (SC medium lacking histidine and arginine but containing
canavanine; SC —His —Arg +canavanine) and incubated at 30 °C for 2 d. The
germinated MATa spore progeny were diluted in sterile distilled, deionized
water and plated out on medium that selects for the query-gene mutation
(SC/MSG —His—Arg +canavanine/clonNAT), the deletion mutant array (DMA)
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mutation (SC/MSG —His—Arg +canavanine/G418) or both the query-gene and
DMA mutations (SC/MSG -His—Arg +canavanine/clonNAT/G418), then
incubated at 30 °C for [2 d. Colony growth under the three conditions was
compared and the double mutants were scored as synthetic sick (SS), synthetic
lethal (SL) or no interaction (No).

Alternatively, spores were resuspended in sterile distilled, deionized water
and plated out on the haploid selection medium (SC —His—Arg +canavanine)
and medium selecting for the query-gene mutation, the DMA mutation and
both the query-gene and DMA mutations, then incubated at 30 °C for [2 d.
Colony growth under the four conditions was compared and double mutants
were scored as synthetic sick ( SS), synthetic lethal (SL) or no interaction (No).

Data analysis and visualization. Colony size on yeast array plates was deter-
mined using an automated scoring system (H.D., A.Y.H. Tong, M.D. Robinson,
H. Xu and C.B., unpublished data). Colony area was measured from digital
images of the plates. For the purpose of computer-based scoring, the values of ¢
statistics and P values were calculated by comparing colony growth on drug
medium to that on no-drug control medium. Clustering was executed using
MATLAB (Mathworks) and standard hierarchical agglomerative clustering of a
binary matrix (a matrix of 1s and 0s). Interaction maps were created using the
network visualization system Osprey>®. The probability of overlap by chance
between chemical-genetic and genetic profiles was estimated by

_ PNgp Nti) P(Ngrug Niit)
PN, Nyi) PN, Nyio)

where Ny, is the number of genetic interactions, Ny is the number of
chemical-genetic interactions, Ny; is the number of overlapping interactions
and N is the number of interactions tested (the number of strains in the array)
and P(N,M) = NI/(M!/(N — M)!). A defined subset of Gene Ontology (GO)
functional annotations®’ relevant to the pathways highlighted in this study was
used to annotate each gene in the genetic interaction dataset for color coding in
network diagrams (see Supplementary Table 5 online). Genes not falling into
any of these categories were designated as ‘other’. For genes assigned multiple
functional annotations, we chose one that we considered the most probable on
the basis of a review of published abstracts for studies concerning the gene.
References for all genes in this study can be found at the Saccharomyces
Genome Database (SGD; (www.yeastgenome.org), the Yeast Proteome Data-
base (YPD; www.proteome.com) and the Comprehensive Yeast Genome
Database (CYGD) at MIPS (http://mips.gsf.de/)*!. All genetic interaction data
is available at the General Repository for Interaction Datasets (GRID;
http://biodata.mshri.on.ca/grid)*2.

Note: Supplementary information is available on the Nature Biotechnology website.
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