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A molecular barcoded yeast ORF library enables
mode-of-action analysis of bioactive compounds
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We present a yeast chemical-genomics approach designed to identify genes that when mutated confer drug resistance, thereby
providing insight about the modes of action of compounds. We developed a molecular barcoded yeast open reading frame
(MoBY-ORF) library in which each gene, controlled by its native promoter and terminator, is cloned into a centromere-based
vector along with two unique oligonucleotide barcodes. The MoBY-ORF resource has numerous genetic and chemical-genetic
applications, but here we focus on cloning wild-type versions of mutant drug-resistance genes using a complementation strategy
and on simultaneously assaying the fitness of all transformants with barcode microarrays. The complementation cloning was
validated by mutation detection using whole-genome yeast tiling microarrays, which identified unique polymorphisms associated
with a drug-resistant mutant. We used the MoBY-ORF library to identify the genetic basis of several drug-resistant mutants and
in this analysis discovered a new class of sterol-binding compounds.

Identifying the cellular targets of a chemical compound is a critical
challenge in drug discovery. Because many medicinally important
drugs target fundamental, conserved biological processes, chemical-
genomic approaches in the budding yeast Saccharomyces cerevisiae
represent a useful means for elucidating the modes of action (MOAs)
of a broad spectrum of compounds. These approaches include drug-
induced haploinsufficiency!, dosage-dependent suppressor screens?™
and chemical-genetic profiling of single-gene deletion mutants®.
Despite the impressive potential of these assays, however, each has limi-
tations. Haploinsufficiency-based approaches are unlikely to identify a
drug target that is the product of an enzyme rather than the enzyme
itself. Dosage-dependent suppressor screens often pick up spurious
genes associated with off-target effects or physiological responses to the
drug, which confound efforts to identify the primary drug target. The
approaches based upon clustering of chemical-genetic profiles are
somewhat difficult to implement because they depend upon the
assembly of a relatively large compendium of reference profiles.
Thus, further development of new chemical-genomics resources and
methodologies remains an important goal.

An alternative strategy uses drug-resistant mutations to identify
genes encoding components of the targeted pathway®~!°. For example,
mutations in tumor cells to the gene encoding B-tubulin have been
shown to confer resistance to the chemotherapeutic agent taxol'®, and

mutations in the yeast FKSI, which encodes a cell wall 1,3-B-p-glucan
synthase, have been associated with resistance to caspofungin, an
antifungal drug that inhibits this enzyme directly'®!”. Because many
drug-resistant mutations are recessive, cloning by complementation
(that is, by introducing a wild-type copy of the gene to complement
the drug-resistant phenotype) is often feasible®~!>1%, Typically, in these
assays, the drug-resistant mutant strain is transformed with a library
of random fragments of the yeast genome and each of the resulting
transformants is screened for drug sensitivity. Although effective, this
procedure is labor intensive and often requires prohibitive amounts of
the drug, making the approach generally unsuitable for large-scale
analysis when only a limited amount of the compound is available.
Here we present a comprehensive strategy for identifying drug-
resistant mutations in yeast. We constructed a MoBY-OREF library that
enables the effects of introducing individual genes into a mutant strain
to be efficiently assayed. The DNA barcodes allow simultaneous
measurements using microarrays of the fitness of cells in hetero-
geneous populations transformed with the entire library, thereby
minimizing the amount of the drug required for the complementation
assay. We attempted to validate the complementation cloning by using
whole-genome yeast tiling microarray (YIM) to identify all unique
polymorphisms in the drug-resistant mutants. In proof-of-principle
studies with four different drug-resistant mutants, we explored the
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utility of this chemical-genomics approach. In particular, we dis-
covered a new class of sterol-binding chemicals by linking the natural
product theopalauamide to its cellular target in yeast, ergosterol.

RESULTS

Construction of a library of molecular barcoded yeast ORFs

The MoBY-OREF library consists of plasmids that each carry a pair of
oligonucleotide barcodes and a single yeast ORF that is flanked by its
native upstream and downstream genomic sequences. The plasmid
vector p5472 carries a URA3 selectable marker and a yeast centromere,
which maintains one to three copies of the plasmid per cell (Fig. 1).
The vector was designed to be compatible with an in vivo bacterial
cloning method, mating-assisted genetically integrated cloning
(MAGIC)'8, which facilitates the rapid construction of recombinant
DNA molecules, enabling the barcoded clones to be transferred
efficiently to other vector backbones, such as a high-copy vector.
The barcodes were obtained from the yeast deletion mutant collec-
tion!” and comprise two unique 20-nucleotide DNA sequences
(labeled the UPTAG and DNTAG) flanking a dominant selectable
marker (KanMX) that confers resistance to the drug G418/kanamycin.
The barcodes can be amplified with universal primers, enabling cells
carrying a specific ORF to be quantitatively detected with a microarray
having probes that hybridize to the barcode sequences®.

Each plasmid was constructed in a three-step process. First, each
yeast ORF was PCR amplified from an average of ~900 bp upstream
of the start codon to an average of ~250 bp downstream of the stop
codon using a DNA template isolated from the sequenced S288C
strain. The primers used are listed in Supplementary Tables 1 and 2
online. In addition, the KanMX barcode sequences that uniquely
identify the ORF were PCR amplified from the appropriate strain in
the yeast deletion collection. Second, the plasmid was assembled by
homologous recombination by transforming yeast with the ORE the
barcode PCR products and linearized p5472 (Fig. 1 and Supplemen-
tary Fig. 1 online). Third, recombinant plasmids were recovered and
used to transform bacteria to facilitate plasmid DNA isolation and
subsequent diagnostic restriction digests to confirm the sizes of
both fragments.

Each clone in the MoBY-OREF library was sequenced to confirm the
3’ portion of the gene and the barcodes (summarized in Supplemen-
tary Table 3 online). We identified 4,396 ORFs (88.7%) with two
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Figure 1 Construction of the MoBY-ORF library by homologous
recombination in yeast. Yeast cells are co-transformed with a PCR product
encoding an ORF, a KanMX cassette, which confers G418/kanamycin
resistance, and an Xhol-linearized vector that carries a selectable marker
(URA3) and a yeast centromere sequence (CEN). Transformants are grown
on synthetic medium that selects for recombinant plasmids. The KanMX
cassette is flanked by two different molecular barcodes, labeled UPTAG and
DOWNTAG, each of which are flanked by common primer sites, indicated in
red and green. The KanMX barcode cassette for each gene was amplified
from the corresponding deletion mutant for that gene. The vector backbone
was designed to be compatible with the MAGIC system for manipulating
plasmid inserts by homologous recombination in Escherichia coli.

Filled yellow circles represent MAGIC recombination sites flanking the
MoBY-ORF inserts.

unique barcodes, but 560 with only one barcode (344 with only an
UPTAG and 216 with a DNTAG), as the other barcode was either not
unique within the collection (that is, multiple clones contained the
same barcode sequence), or it had no corresponding sequence on the
Affymetrix TAG4 microarray?®. In summary, the MoBY-ORF library
version 1.0 contains 4,956 uniquely barcoded ORFs, representing
~90% of all non-dubious ORFs annotated in the Saccharomyces
Genome Database (SGD). This collection will be available from
Open Biosystems.

To assess the functionality of our clones, we first introduced 254
different MoBY-ORF plasmids into a synthetic genetic array (SGA)?!
query strain. We then used the SGA method to cross the plasmids into
a set of corresponding temperature-sensitive mutants covering alleles
of the same 254 essential genes, and tested the transformants for
functional complementation at the restrictive temperatures. In total,
17 clones failed to rescue the temperature sensitivity of the corre-
sponding mutant strain, suggesting that ~93% of the clones in the
library should be functional (Supplementary Table 4 online).

Combining MoBY-ORF complementation cloning and YTM

The method we used to clone drug-resistant genes by complementa-
tion with the MoBY-ORF library is shown in Figure 2. First, a
recessive drug-resistant mutant associated with a single gene is
isolated. Second, the drug-resistant mutant is transformed with the
plasmid library—a starting culture of 2 x 10° cells should include
400 clones of each of the ~ 5,000 different transformants in a pooled
culture. Third, the transformants are pooled and grown in either the
presence or the absence of the drug. Fourth, the plasmids from the two
pools are extracted and their barcodes are PCR amplified and then
hybridized to a barcode microarray. This pooled growth strategy
allows for simultaneous measurement of all transformants!®?2,
Because the wild-type copy of a drug-resistant gene will complement
a recessive drug-resistant phenotype, its corresponding barcodes
should be depleted relative to the others in the pool after growth in
the presence of the drug.

To further pinpoint a high-confidence genetic locus associated with
the drug-resistant mutation, we scanned for mutations across the
genomes of both the parental strain and the drug-resistant mutant
using a yeast tiling microarray (YTM) and the SNPScanner algorithm
to identify single-nucleotide polymorphisms (SNPs)?>. The YTM
contained overlapping oligomers that cover the entire S. cerevisiae
$288C reference genome enabling detection of ~85% of all SNPs?3,

Mapping cycloheximide- and rapamycin-resistant mutants

Cycloheximide is a well-characterized inhibitor of protein synthesis
that binds to the ribosome. Mutations of glutamine-37 in Rpl28p, a
component of the 60S ribosomal subunit, confer resistance to
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cycloheximide'*** and provided an excellent test case for our assay. As
a proof of principle, we selected for spontaneous cycloheximide-
resistant (cycR) mutants and mapped the drug-resistant mutation
through the combination of MoBY-ORF cloning by complementation
and SNP scanning with the whole-genome YTM.

In the presence of cycloheximide, a MoBY-ORF transformed yeast
strain that contained RPL28 was depleted ~ 13-fold (that is, the strain
grew poorly in the drug-treated culture relative to the untreated
control) whereas the second-highest signal showed only ~ 1.3-fold
depletion (Fig. 3a). YTM-based identification of SNPs in a cyc®

Figure 3 Mapping a drug-resistant mutant by
MoBY-ORF complementation cloning and yeast

Direct sequencing identified a single-nucleotide

substitution at nucleotide 623 of RPL28. 3k
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Figure 2 Identifying a recessive spontaneous drug-resistant mutant by
MoBY-ORF complementation cloning. (a) Isolate a drug-resistant mutant. A
chromosomal mutation in gene B leads to a drug-resistant allele (designated
b). (b) Transform mutant with the MoBY-ORF library. In the example,
plasmids carry wild-type copies of genes A, B, C and D. (c) Grow the pool of
transformants in the absence and presence of a drug. The wild-type B allele
complements the drug-resistant allele, causing the transformant that
received B to be depleted from the pool with drug. (d) Extract plasmid DNA,
PCR amplify and fluorescently label the barcode sequences. (e) Hybridize
labeled barcode DNA to an Affymetrix TAG4 microarray. (f) Identify the
transformant most depleted in the drug treated pool, in this case B.

mutant detected three signals that fulfilled the established prediction
criteria for significant SNPs (Supplementary Table 5 online). One
peak was located within the RPL28 locus in the region encoding
glutamine 37 (Fig. 3b). We sequenced the RPL28 locus and identi-
fied a single-base substitution in residue 625, which generates a
glutamine-37 substitution?®, Thus, the YTM results support those
of the MoBY-ORF library and together they provide independent
evidence that a mutation in RPL28 confers cycloheximide resistance.

To further characterize our mapping system, we isolated a mutant
resistant to rapamycin, a natural product isolated from Streptomyces
hygroscopicus with antifungal and immunosuppressant activities?®
Rapamycin binds to the FKBP12 peptidyl-prolyl cis-trans isomerase
(PPlase) to form a complex that inhibits TOR kinases, which regulate
a wide range of functions including cell growth, proliferation and
protein synthesis'>?*28, Mutations in FKBP12 (encoded by FPRI in
yeast) and in the TOR kinases (encoded by TORI and TOR2 in yeast)
confer resistance to rapamycin'®. Genetic analysis showed that our
rapamycin-resistant (rapR) mutant was recessive and associated with a
single gene (data not shown).

Using MoBY-ORF complementation cloning, we found that cells
transformed with a plasmid carrying FPRI were depleted by ~ 28-fold
in the presence of rapamycin, whereas the strain with the
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Figure 4 MOA analysis of theopalauamide and stichloroside. (a) Correlation
plot of chemical-genetic profiles of theopalauamide and stichloroside
(correlation coefficient (R) = 0.859). Points on the plot correspond to the
logy ratio of control/drug-treated signal for each strain of ~5,000 viable
haploid yeast deletion mutants (data are from ref. 9). (b) Barcode depletion
plot for the theopalauamide- and stichloroside-resistant (theo) mutant
grown in medium containing theopalauamide (2 pug/ml). MVDI was the
most depleted ORF. (c) Genetic evidence that theopalauamide and
stichloroside do not inhibit Mvd1p. Growth after 16 h at 30 °C of a
temperature-sensitive mutant of MVDI (mvdI-ts) and wild-type (WT)
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control in cultures containing theopalauamide (2.5 pg/ml), stichloroside (5 pg/ml), or ketoconazole (10 pg/ml). Bars show the means of three independent
experiments. Error bars indidate s.d. (d) Ergosterol rescues the toxicity of theopalauamide and stichloroside. Growth after 16 h at 30 °C of WT cells in the
presence of ergosterol (100 pg/ml) and either amphotericin B (10 pg/ml), theopalauamide (2 pg/ml), stichloroside (5 pg/ml), or ketoconazole (10 pg/ml).
Number of replicates and error bars are as in c. (e,f) Theopalauamide permeabilizes liposomes containing ergosterol. Leakage of calcein, a fluorescent
marker, from phosphatidylcholine liposomes containing ergosterol (40% in e, or a range of concentrations in f) after exposure to theopalauamide (a range
of concentrations in e, or 10 ug/ml in f). Leakage was quantified relative to 100% calcein release from liposomes exposed to Triton-X 100. Bars show the

averages of the two highly correlated replicates (Supplementary Fig. 6a,b).

second-highest signal showed only ~ 1.7-fold depletion (Fig. 3c). To
confirm that the wild-type copy of FPRI restored the rapamycin
sensitivity of the drug-resistant mutant we directly transformed the
rap® mutant with an individual FPRI plasmid (data not shown). We
also detected six significant SNPs in the rap® mutant using the YTM
(Supplementary Table 5), including a single peak at the FPRI locus
(Fig. 3d). Sequencing of the FPRI locus from the rap® mutant
identified a 29 base-pair deletion spanning nucleotides 282 and 310
of FPRI, which coincided with the peak signal from the YITM. Thus,
the combined results of the MoBY-ORF complementation cloning and
the YIM analysis identified FPRI as the mutant gene conferring
rapamycin-resistance.

Mapping a sordarin-resistant mutant

Sordarin is a natural product produced by a species of fungus in the
genus Sordaria®®3. In budding yeast, it specifically inhibits fungal
translation by binding to and stabilizing the eEF2-GDP-ribosome
complex“’“. Mutations in EFT2, which encodes elongation factor 2,
have been shown to confer resistance to sordarin!!. We did not isolate
spontaneous sordarin-resistant mutants using our standard protocol.
Therefore, to enrich for mutants, we attempted to isolate sordarin-
resistant mutants in a yeast strain carrying an msh24 mutation, which
deletes a gene involved in mismatch repair and leads to a higher rate of
mutation®’. Using the msh2A strain, we routinely isolated drug-
resistant mutants using approximately tenfold fewer cells compared
to the wild-type strain. We examined one sordarin-resistant mutant in
detail and confirmed that the drug-resistant phenotype was recessive
and associated with a single gene (data not shown).

Using MoBY-ORE, the strongest signal was obtained from a yeast
strain transformed with a plasmid carrying EFT2, which was depleted
approximately twofold in the competitive growth assay (Fig. 3e).
This modest depletion, near the limit of detection in this assay,
may reflect the fact that the EFT2 gene is associated with only one
unique barcode, which moreover contains a single-nucleotide mis-
match to the probe on the array. To be confident of this result, we
confirmed the complementation result by individual transformation
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(Supplementary Fig. 2 online). The YTM analysis of sor® mutant
identified five significant SNPs throughout the genome, but did not
detect a polymorphism in EFT2 (Supplementary Table 5). This is
probably because the majority of the probes covering EFT2 are not
unique on the YITM. The sequence of the paralog EFTI is virtually
identical to EFT2, which means there would be substantial cross-
hybridization, confounding detection. Direct sequence analysis of the
EFT2 locus from the sor® mutant identified a single base-pair
substitution mutation at nucleotide 1568 of EFT2. This mutation
leads to an altered protein where serine 523 of Eft2p is substituted with
tyrosine (Eft2p-S523Y), a result that is consistent with previous
observations that substitutions in this region of Eft2p, encompassing
residues 517 to 524, confer sordarin resistance!l. Thus, the MoBY-
ORF approach enables us to identify and, at least in some cases,
distinguish drug-resistant mutations in paralogs.

Theopalauamide and stichloroside have a common target
Theopalauamide and stichloroside are two natural products with
potent antifungal activities but uncharacterized MOAs’. Theopalau-
amide was isolated from a bacterial symbiont of a marine sponge from
Indonesia, whereas stichloroside was isolated from a marine sea
cucumber from The Commonwealth of Dominica’. Previously, we
showed that these two compounds display highly similar chemical-
genetic profiles when testing the set of ~ 5,000 viable deletion mutants
for hypersensitivity (Fig. 4a), which suggested that they have the same
MOA®. This is a surprising result because theopalauamide and
stichloroside have highly dissimilar chemical structures’. Nevertheless,
consistent with a common MOA, we isolated a mutant resistant to
stichloroside and found that the same mutant was also resistant
to theopalauamide’.

Because we had only a limited amount of these two natural
products, the MoBY-ORF library was critical for cloning the gene
associated with the drug-resistant phenotype of theopalauamide/
stichloroside-resistant (theo®) mutant. Using the MoBY-ORF comple-
mentation assay, we identified a plasmid carrying MVDI (Fig. 4b
and Supplementary Fig. 3 online), which encodes mevalonate
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pyrophosphate decarboxylase—an essential enzyme involved in an
early step of the ergosterol biosynthesis pathway. YTM analysis failed
to detect a polymorphism in MVDI, probably because this particular
region of the YIM is unusual and lacks the probe density required for
the SNPScanner algorithm. In this case, we did not detect any other
polymorphisms in the theoR mutant compared to the parental strain
(Supplementary Fig. 4 online and Supplementary Table 5). Sequen-
cing of the theo®MVDI locus identified a single nucleotide substitu-
tion within the active site of the enzyme that results in lysine to
asparagine mutation at residue 18 (Mvd1lp-K18N).

We tested two hypotheses for the MOAs of theopalauamide and
stichloroside that could explain why the theo® Mvd1p-K18N substitu-
tion leads to a drug-resistant phenotype. First, these drugs may
directly inhibit the enzymatic activity of Mvdlp by binding to its
active site in a K18N-dependent manner®. Alternatively, these drugs
may target the products of the Mvdlp pathway—mainly ergosterol—
and the active site mutation may decrease Mvd1p activity, resulting in
lower levels of ergosterol that render the cells drug resistant. This
second hypothesis is consistent with the MOA of other natural
products that bind specific lipids and kill cells by disrupting the
integrity of the plasma membrane’.

To distinguish between these two hypotheses, we examined a

temperature-sensitive yeast strain, mvdI-ts, that contains a
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hypomorphic allele of MVDI that is mutated outside the active site
pocket (Mvdlp-135K)*. If theopalauamide and stichloroside target
Mvdlp directly, a strain carrying an MVDI hypomorph should be
more sensitive to the drugs. Conversely, if the drugs target a product of
the MVDI pathway, a hypomorphic mutant should show more drug
resistance than wild type. Consistent with the product-targeting
hypothesis, mvdI-ts grown at a semi-permissive temperature was
resistant to both theopalauamide and stichloroside (Fig. 4c). Similarly,
a strain carrying a different MVDI hypomorphic allele—an mvdI-
DAmP mutant expressing less wild-type protein owing to a deletion of
the 3’ untranslated region of MVDI that reduces mRNA tenfold*»3>—
was also resistant to theopalauamide (data not shown). In contrast,
the DAmP alleles of genes directly targeted by drugs are often
hypersensitive to the drug®®, presumably because there is less of the
drug target in the cell. Taken together, our results indicate that reduced
Mvdlp activity, which should lower cellular ergosterol levels, appears
to lead to the drug-resistant phenotype.

To lend further support to the hypothesis that theopalauamide
targets a product of the MVDI pathway, we tested whether the theoR
mutant was resistant to other compounds that bind sterols, such as
amphotericin B and nystatin. Indeed, we found that theoR was partially
resistant to amphotericin B, although we failed to detect nystatin
resistance (Supplementary Fig. 5 online). Moreover, as Mvdlp is

theo!?

theof
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required early in the ergosterol biosynthetic pathway, the product-
targeting hypothesis would predict that defects in later biosynthetic
stages should also confer theopalauamide resistance. Indeed, we
confirmed that deletion mutants, erg24 and erg34, which participate
in third and the fourth last steps of ergosterol biosynthesis, were
resistant to theopalauamide (data not shown).

To indirectly test whether theopalauamide and stichloroside bind to
ergosterol, we added exogenous ergosterol to cultures containing toxic
levels of these compounds (Fig. 4d). We also examined, as controls for
this experiment, the effect of exogenous ergosterol on the toxicity of
amphotericin B, a sterol-binding antifungal compound, and ketoco-
nazole, an antifungal compound that inhibits Ergl1p, another ergos-
terol biosynthetic enzyme (Fig. 4d). Exogenous ergosterol rescued the
toxicity of theopalauamide, stichloroside and amphotericin B, but had
no effect on ketoconazole’s toxicity, suggesting that, like amphotericin
B, both theopalauamide and stichloroside may interact physically with
ergosterol. Interestingly, cholesterol behaved similarly in this assay,
indicating that the general sterol backbone is responsible for the
activity (data not shown).

To further show that theopalauamide and stichloroside interact
with ergosterol, we studied the effect of these compounds on fluor-
escent marker release from phosphatidylcholine liposomes that con-
tained various levels of ergosterol. Theopalauamide (10 pg/ml) caused
a maximal ~30% leakage of liposomes containing 20% ergosterol,
whereas it had no effect on liposomes lacking ergosterol (Fig. 4e,f and
Supplementary Fig. 6a,b online). Although we could not detect more
than ~30% leakage, this effect was highly specific to ergosterol.
Stichloroside caused ergosterol-enhanced leakage (Supplementary
Fig. 7a,b online), but it was more potent, as was nystatin, another
sterol-binding antifungal compound (data not shown). Thus, both
theopalauamide and stichloroside disrupt ergosterol-containing mem-
branes specifically.

Theopalauamide belongs to a novel class of sterol-binding
compound

Sterol-binding compounds fall into two well-characterized classes. The
polyene class is the most common (Fig. 5a) and includes amphoter-
icin B and nystatin®’. Another is the saponin class (Fig. 5a), which
includes steroidal glycosides and steroidal glycoalkaloids, such as
a-tomatine®®*°, Saponins are often derived from plants and they
interact with sterol-containing membranes causing membrane per-
meabilization, which is thought to be partly responsible for defending
against fungal pathogens®>#0. Closer examination of the stichloroside
structure revealed that it is, in fact, a member of the saponin class,
containing a lanostane-type triterpene framework?!. Interestingly,
theopalauamide does not resemble any known sterol-binding chemical
and therefore may represent a novel class of sterol-binding compound.

Theopalauamide is structurally related to theonellamides
(Fig. 5a)*>*3 and theonegramide**, compounds isolated from other
marine sponges of the genus Theonella. This family of antifungal
metabolites shares an unusual bicyclic structure bridged by a histidi-
noalanine residue. Evidence to support the possibility that these
metabolites represent a new class of sterol-binding compound was
obtained from an independent study in which it was discovered that
theonellamide targets sterols in the fission yeast, Schizosaccharomyces
pombe (S.N. and M.Y., unpublished data).

To investigate whether theonellamide also binds to ergosterol in
S. cerevisiae, we found that fluorescently labeled theonellamide A
(Supplementary Fig. 8 online) bound to ergosterol specifically in an
in vitro lipid-binding assay (Fig. 5b). In addition, we found that, our
previously isolated theopalauamide-resistant strain (theo®) was
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resistant to theonellamide A, which is toxic to wild-type S. cerevisiae
(Fig. 5¢). Finally, to test whether theonellamide binds to ergosterol in
the yeast plasma membrane, we found that fluorescently labeled
theonellamide A stained the cell surface of wild-type budding yeast
(as expected)®®, with a polarized staining pattern to the shmoo tip
consistent with the localization pattern of filipin, a fluorescent sterol-
binding compound*®, but only weakly stained the plasma membrane
of theo® mutant cells (Fig. 5d). Quantification revealed that staining
was reduced to ~15% wild-type levels (data not shown). Taken
together, our results suggest that theopalauamide and theonellamide
define a novel class of sterol-binding compound. However, further
analysis is required to fully characterize the specificity of their lipid-
binding properties and the mechanism of their antifungal activity.

DISCUSSION

We developed an efficient chemical-genomic approach for linking
bioactive compounds to aspects of MOAs, including targets. An
essential element of this approach was the construction of the
MOoBY-ORF library, designed in part to facilitate the cloning of
wild-type versions of drug-resistant mutant genes by complementa-
tion with a minimal amount of bioactive compound. This library
contains four important features. First, expression of every ORF is
driven by its endogenous promoter and its normal 3'UTR, which
should preserve its normal expression pattern. Second, most of the
plasmids are barcoded by two unique 20-bp oligonucleotides, which
enables measurement of the relative abundance of a specific transfor-
mant using a barcode microarray and facilitates parallel analysis of all
transformants in a pool simultaneously. Third, the majority of the
MoBY-ORF clones contain only a single ORF, which streamlines
analysis compared with genomic DNA libraries derived from random
fragments>*’. Fourth, the gene fragment and the barcodes of each
clone can be transferred efficiently to another plasmid backbone, such
as a high-copy vector, using the MAGIC system!8,

This study validates the use of the MoBY-OREF library for cloning by
complementation with a barcode microarray readout. But there are
several potential variations of this method. For example, measuring
barcode abundance by deep sequencing may increase the resolution of
the barcode assay*®*°., The ORF fragment itself could be PCR
amplified and used as an identifier in combination with an ORF-
based microarray format. Complementation cloning has been carried
out with a galactose-inducible yeast ORF library, using the ORF
fragment as an identifier, but this system is not ideal because the
genes are highly expressed in a deregulated manner, which is often
associated with a dosage lethality phenotype®3!,

Cloning by complementation requires that the drug-resistant
mutant be at least partially recessive. In theory, we may not be able
to identify a drug-resistant mutant that carries a fully dominant
mutation, such as one that occurs in the primary drug target and
prevents drug binding. However, two observations suggest that the
potential dominance problem is not a major concern. First, in most
cases, recessive mutations can be identified in drug-target genes®'°.
Also, many proteins function in complexes and thus when cells carry
both a mutated and a wild-type copy of the gene, both drug-sensitive
and drug-resistant complexes would exist, leading to increased drug
sensitivity. For example, most of the mutations conferring resistance
to drugs that target the ribosome and prevent drug-binding are
recessive. Second, most dominant mutations actually display some
recessive character. Because the cloning by complementation in a
pooled format involves competitive growth, strains with as little as a
5% slower growth-rate difference should be cleared from the popula-
tion within twenty generations®2. Thus, as long as the ‘recessiveness’ of
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the mutation means that the cells carrying a wild-type copy
of the gene show reduced fitness compared to those with
other unrelated genes, the barcode microarray assay should be
sensitive enough to identify the complementing gene. Finally, for
dominant mutations that cannot be identified with our MoBY-ORF
approach, YITM analysis, deep sequencing*®*’ or high-resolution
genetic mapping® offer other potential ways to identify a dominant
drug-resistant mutation.

Cloning by complementation with the MoBY-ORF library is a
portable assay that can be carried out with any S. cerevisiae strain.
Different genetic backgrounds that increase either the spontaneous
mutation rate or drug sensitivity>* should enhance the efficiency of the
procedure because they reduce the amount of compound required for
the assay. There is also the potential for identifying compound-specific
hypersensitive strain backgrounds for drug-resistant mutant analysis
by first conducting chemical-genetic profiling with the set of ~ 5,000
viable deletion mutant strains.

We expect that the MoBY-ORF collection will facilitate other assays
beyond MOA studies. In principle, our complementation method is
amenable to any recessive phenotype. This collection should also
enable studies of gene dosage phenotypes in which the number of
copies of each gene can be controlled with much greater precision. For
example, dosage resistance analysis could be carried out with the
MoBY-OREF library, monitoring the drug resistance phenotype asso-
ciated with one extra copy of each gene. Moreover, a growing body of
literature has pointed to the selective advantage of amplified genomic
fragments under different conditions®>=7, and the targets of selection
within these amplified fragments might be identified by following the
fitness profiles of a pooled population of transformants under the
same conditions.

Yeast chemical-genomic approaches have been shown to be effective
for deciphering MOAs and targets and may be especially effective for
studying natural products, which are often complicated molecules
with highly selected targets. Here, we discovered that theopalauamide
and theonellamide represent a new class of sterol-binding compound,
providing a chemical means for exploring the cellular localization and
function of sterols. Large-scale application of yeast chemical-genomics
approaches should expand our catalog of specific chemical probes for
research and drug discovery.

METHODS

The MoBY-ORF collection will be available through Open Biosystems. The
Supplementary Methods online lists the strains used in this study, growth
media, plasmid pool preparation method, MoBY-ORF clone construction
methods and analysis, procedures for sequencing of the MoBY-ORF collection,
procedures for functional complementation analysis of essential genes with
MOoBY-ORF plasmids and preparation of Theonellamide-AMCA.

Chemicals. Cycloheximide (C1988), sordarin (S1422) and ergosterol (E6510)
were purchased from Sigma. Rapamycin (R1018) was purchased from AG
Scientific. Theopalauamide and stichloroside were purified from natural
extracts using methanol extraction®®. Theonellamide was a kind gift from
S. Matsunaga. Cycloheximide was dissolved in water as a 10 mg/ml stock.
Rapamycin, sordarin, theopalauamide and stichloroside were dissolved in
DMSO as a 10 mg/ml stocks. Theonellamide was dissolved in 70% aqueous
DMSO as 1 mg/ml stock.

Cloning by complementation with the MoBY-ORF library. Each drug-
resistant mutant was transformed with MoBY-ORF v1; ~50,000 individual
transformants were obtained and pooled together. Each transformant pool was
frozen in 20% glycerol. A sample of the frozen transformant pool was
subsequently grown in 50 ml of YEPD with G418 (100 pg/ml), either in the
presence or absence of compound, with a starting ODggg = 0.0625. A standard
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growth assay was performed on wild-type and drug-resistant mutants at
different drug concentrations. The concentration of the compound that
produced the largest difference in the growth rate between the wild-type and
drug-resistant mutant was chosen for the complementation assay. Each pool
was grown for 7 generations and then diluted in fresh medium to ODgyy =
0.0625 (50 ml). After 13 more generations, the cells derived from the saturated
cultures were harvested and stored frozen in ~20% glycerol at —80 °C.

Plasmid isolation from yeast. The plasmids from the transformant pool were
extracted by a modified miniprep protocol using the Qiagen miniprep kit
as described.

Yeast barcode microarray hybridization and data analysis. PCR amplification
of the barcodes and microarray hybridization were performed as described®’.
Each drug-treated array was quartile normalized against the solvent-treated
array. The fold-change (log, solvent/drug) was calculated using the normalized
data. The UPTAGs and DOWNTAGs were normalized separately and the tag
with the highest log, ratio was chosen to represent that particular clone. Two
biological replicates were performed for each experiment. The mean log, ratio
of each clone was calculated from the maximum value from each replicate. A
reference key file for the Affymetrix TAG4 microarray MoBY-ORF barcode
annotation can be found in Supplementary Table 6 online.

Yeast whole-genome tiling microarray. We prepared genomic DNA from a
single clonal isolate using the Qiagen Genomic-Tip 500/G according to the
manufacturer’s guidelines. Genomic DNA was randomly fragmented using
sonication and labeled subsequently with a biotinylated nucleotide using
random primed Klenow labeling, at 25 °C for 16 h with a Bioprime Labeling
Kit (Invitrogen). Labeled DNA was hybridized to the S. cerevisiae Tiling 1.0R
Array (Affymetrix) as described?®. The data were analyzed using the SNPScan-
ner algorithm??.

Isolation of drug-resistant mutants. A culture containing a total of 2 x 107
wild-type cells was spread on a YEPD + drug agar plate (10 pg/ml for
cycloheximide, 50 pg/ml for rapamycin and 50 pg/ml for sordarin). Resistant
colonies were usually apparent after 2 or 3 d at 30 °C. In each case, a single
mutant was subject to standard yeast genetic analysis, which confirmed that the
mutations were recessive and associated with a single gene.

Yeast fitness assays. All yeast growth assays were performed in 96-well
microtiter plates in YEPD, either with or without drug. The starting ODgg
was 0.0625 and the volume was 100 pl. The yeast strains were grown, shaking,
for 16 h at 30 °C and the ODg(, was recorded after 16 h.

Liposome leakage assay. Large unilamellar vesicles (LUVs, 100 nm diameter)
were prepared by filter extrusion through 100 nm polycarbonate filters in the
presence of 5 mM calcein, a fluorescent compound that self-quenches at high
concentrations. LUVs were prepared from phosphatidylcholine (PC, from egg
yolk, Type XVI-E, Sigma-Aldrich) with 0 to 40% ergosterol (Sigma-Aldrich)
and dialyzed overnight to remove external, untrapped calcein. Leakage of
calcein from the liposomes was measured by increase in fluorescence (reduction
of quenching upon dilution) at 23 °C in 2 ml of TNE (10 mM Tris-Cl pH 7.4,
154 mM NaCl, and 0.1 mM EDTA) containing ~50 pg LUVs. Base-line
fluorescence of LUVs was determined before stichloroside or theopalauamide
addition and 100% leakage determined by addition of Triton X-100 to 0.1%
after 3 min of incubation with stichloroside or theopalauamide.

In vitro ergosterol binding assay. Binding of theonellamide (TNM), as a
TNM-AMCA derivative, to various lipids was evaluated in a 96-well microtiter
plate. The wells of the microtiter plates (Immulon 1B, Thermo Fisher
Scientific) were coated with 50 pl of lipid solution (10 pM of PC, PE (1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine), PS (1,2-dimyristoyl-sn-gly-
cero-3-phospho-L-serine), sterols, or 10 pg/ml of SM (chicken egg yolk
sphingomyelin) in ethanol by evaporating at 30 °C for 2 h. After blocking
the wells with Tris-buffered saline (TBS, 10 mM Tris-HCl, pH 7.4, 150 mM
NaCl), containing 1% of BSA for 1 h at 30 °C, the wells were incubated with
TNM-AMCA (0.5 uM) in TBS containing 1% BSA for 2 h at 30 °C. After
washing the wells two times with TBS containing 1% BSA, the bound TNM-
AMCA was dissolved with 50 pl of DMSO, 40 pl of which was transferred to
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another 96-well plate (FIA black module plate, Greiner Bio-One) to measure
the bound fluorescence (ex., 345 nm; em., 450 nm) using a microplate reader
SpectraMax M2e (Molecular Devices). PC (1,2-dimyristoyl-sn-glycero-3-phos-
phocholine) and PE were purchased from Wako Pure Chemical Industries. PS
and SM were from Sigma. Ergosterol was from Nacalai Tesque.

In vivo staining of yeast cells with theonellamide-AMCA. Overnight cultures
of wild-type yeast cells were diluted to ODggg = 0.1 and grown at 30 °C for 2 h.
For a-factor treatment, a-factor was added to the culture medium to a final
concentration of 5 pM and the cells were grown for another 2 h. Cells were
stained with Theonellamide-AMCA (10 pg/ml) for 15 min (for a-factor
treatment) or 1 h (with no a-factor treatment). Cells were then washed with
low-fluorescence medium and images were taken with a Quorum Wave FX
spinning Disc Confocal System microscope using a 63X objective. Fluores-
cently-bound theonellamide-AMCA was detected using the DAPI channel
(ex., 345 nm; em., 450 nm).

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