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Abstract

Meiosis is a highly regulated developmental process that occurs in all eukaryotes that engage in sexual reproduction.
Previous epidemiological work shows that male and female infertility is rising and environmental factors, including
pollutants such as organic solvents, are thought to play a role in this phenomenon. To better understand how organic
compounds interfere with meiotic development, the model organism Saccharomyces cerevisiae was exposed to 446
bioactive molecules while undergoing meiotic development, and sporulation efficiency was quantified employing two
different high-throughput assays. 12 chemicals were identified that strongly inhibited spore formation but did not interfere
with vegetative growth. Many of these chemicals are known to bind to monoamine-receptors in higher eukaryotes and are
cationic amphiphilic drugs. A detailed analysis of one of these drugs, tripelennamine, revealed that it induces sporulation-
specific cytotoxicity and a strong inhibition of meiotic M phase. The drug, however, only mildly interfered with pre-meiotic
DNA synthesis and the early meiotic transcriptional program. Chemical-genomic screening identified genes involved in
autophagy as hypersensitive to tripelennamine. In addition, we found that growing and sporulating yeast cells
heterozygous for the aminophospholipid translocase, NEO1, are haploinsufficient in the presence of the drug.
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Introduction

Meiosis is a key developmental process that occurs in all sexually

reproducing eukaryotes, including unicellular organisms, such as

the budding yeast Saccharomyces cerevisiae. It gives rise to genetic

diversity through homologous recombination between parental

DNA, and it keeps chromosome numbers constant from gener-

ation to generation by creating haploid gametes. Various studies

have indicated that environmental factors, such as organic

solvents, heavy metals, or heat can negatively impact gametogen-

esis in man [1,2]. It remains unclear, however, to what extend

exposure to organic compounds (e.g. drugs) can lead to infertility,

and which specific stages of meiotic development are compro-

mised. Such studies are difficult to conduct in humans due to

ethical issues and therefore the development of experimental

systems using model organisms would be beneficial.

Meiosis and sporulation in yeast and spermatogenesis in higher

eukaryotes are analogous developmental pathways. Characteristic

landmark events including pre-meiotic DNA synthesis, recombi-

nation, and chromosome segregation during the first and second

meiotic divisions (MI and MII) are controlled in a highly similar

fashion and rely on conserved genes, many of which display

transcriptional up-regulation during these processes [3,4,5]. These

developmental stages are followed by morphogenetic differentia-

tion events, which give rise to the formation of functional haploid

gametes (commonly referred to as spores in budding yeast).

Numerous studies have demonstrated that meiotic development

in yeast is coordinated at several levels including signal transduc-

tion [6], transcriptional regulation [7,8], meiosis-specific splicing

[9,10], mRNA turnover [11], post-translational modification [12]

and degradation [13] of regulatory proteins. Two nucleus-

associated structures, the synaptonemal complex and the spin-

dle-pole bodies, play important roles in coordinating proper

reciprocal exchange between the homologous chromosomes

during MI and packaging of meiotic products into mature gametes

(reviewed in [14]).

In addition, sporulation in yeast is also regulated on a metabolic

level. In budding yeast meiotic development is induced when

vegetative cells are transferred to a nitrogen-free medium

containing acetate as the sole carbon source (reviewed in [15]).

Sporulating yeast cells undergo strong physiological changes,

including a decrease in RNA and protein content, an accumula-

tion of the storage carbohydrates [16] and spore wall components

[17], and a large increase in oxygen consumption. Because of the

absence of external nitrogen sources, 60–70% of the pre-existing

vegetative protein is degraded to generate a supply of amino acids

essential for the synthesis of new sporulation-specific proteins [18].

Despite the aforementioned wealth of data available for

regulatory mechanisms governing yeast meiosis and sporulation,

currently only little is known about small molecules that have the

potential to interfere with these processes. Early studies demon-

strated that nitrogen-containing compounds, such as amino acids

and ammonium ions prevent yeast cells from sporulating [19].

Other work described the effects of chemicals that induce

aneuploidy in yeast undergoing meiosis [20]. Anti-neoplastic
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drugs, such as adriamycin, mitomycin C, and bleomycin were

shown to disrupt the second meiotic division leading to the

generation of diploid spores [20]. These drugs, however, are not

only effective during sporulation, but also abolish vegetative

growth.

In this study we aimed to identify chemicals that inhibit meiotic

development in yeast but do not interfere with vegetative growth.

We profiled a library of 446 drugs from the NIH clinical collection

with two sporulation assays, and generated sensitivity profiles of

growing and sporulating cells for each of these chemicals. This

approach identified 12 potent, sporulation-specific inhibitors, the

majority of which are cationic amphiphilic drugs. We have studied

the effects of one of these drugs, tripelennamine, on various

meiotic landmarks and identified genes related to autophagy as

hypersensitive to the drug using chemical genomic profiling.

Results

Two Assays for the Identification of Chemical Inhibitors
of Sporulation

To monitor sporulation efficiency, a fluorescence-based micro-

titer plate assay was developed. The transcription of CDA2, a

sporulation-specific chitin deacetylase involved in the biosynthesis

of the spore wall component chitosan [21], was used as a read-out

in this assay. Previous meiotic expression profiling analyses showed

that mRNA levels of CDA2 are not detectable in vegetative cells

but strongly increase in the middle period of sporulation, with

peak expression during spore wall formation (corresponding to ,6

to 10 hours of sporulation in SK1, the strain background used in

this study) [7,22]. To measure the transcriptional activity of the

CDA2 locus in hundreds of different chemical treatment conditions

we constructed a plasmid that encodes eGFP (enhanced green

fluorescence protein) under the control of the CDA2-promotor

(Figure 1A). We transformed SK1 with this plasmid and

monitored GFP expression in real-time using a Tecan Safire, a

fully modular monochromator-based detection system. Steadily

increasing fluorescence signals were detected starting at 5 hours

after transfer into sporulation media (Figure 1B). To test the

sensitivity of this detection system we added varying concentra-

tions of ammonium sulfate, which is known to inhibit entry into

meiosis in budding yeast [19] by suppressing the expression of

IME1 [23]. As expected, expression of GFP was suppressed by

ammonium sulfate in a concentration-dependent manner

(Figure 1B). When present at 2 mM in the sporulation media,

ammonium sulfate completely repressed GFP expression. Lower

concentrations (1 mM and 0.5 mM) allowed a fraction of the cells

to undergo spore formation. Decreasing fluorescence intensities

were indicative of decreasing sporulation efficiency as determined

by microscopy (0%, 13%, 56%, and 98% spores were observed

after 24 hours at 2 mM, 1 mM, 0.5 mM and 0 mM ammonium

sulfate, respectively). These results indicated that our assay can

identify chemical compounds that inhibited sporulation via their

effect on CDA2 expression (Figure 1A).

Previous analyses of meiotic mutants in yeast have shown that

cells can omit certain stages of meiotic development and still

produce mature meiotic products (reviewed in [14]). For example

spo11D mutants, that are unable to perform meiotic recombina-

tion, are still capable of producing mature asci. Thus, chemical

compounds that for example inhibit Spo11 would not be identified

with the fluorescence-based assay described above. To overcome

this limitation a second screening approach was employed. This

approach is based on a hetero-allelic reporter system that has been

used by others to measure meiotic reciprocal recombination [24],

crossover and non-crossover recombination [25], and recombina-

tion frequencies [7]. A strain harboring the his4 mutant alleles

(his4x and his4B) is unable to grow in the absence of histidine.

Upon meiotic recombination between the two alleles, one of the

four meiotic products will receive a functional HIS4 allele,

generating a histidine-prototrophic cell that is capable of growing

in the absence of histidine. This event is facilitated by the presence

of two recombination hot-spots located within the HIS4 open-

reading frame [26]. The production of histidine-prototrophs can

be monitored by transferring aliquots of sporulating cells to media

lacking histidine. Compounds that inhibit entry into meiosis, pre-

meiotic DNA replication or recombination will suppress recom-

bination between the his4 alleles and will therefore suppress the

generation of such prototrophs (Figure 1C). To validate this

reporter assay, a proof-of-concept experiment was performed in

which different concentrations of ammonium sulfate were added

to his4x/his4B harboring cells upon induction of meiosis

(Figure 1D). After 5 hours of sporulation, where most cells have

undergone pre-meiotic DNA-synthesis and meiotic recombination

but have not undergone the commitment and can therefore return

to growth [27], aliquots of the cultures were plated onto agar

plates lacking histidine. As expected, the quantity of histidine-

prototrophic cells increased with decreasing concentrations of

ammonium sulfate in the media (Figure 1D). Results from this

assay correlated with those from the fluorescence-based assay: 2, 1,

and 0.5 mM of ammonium sulfate suppressed colony formation

(Figure 1B); lower concentrations of ammonium sulfate did not

interfere with meiotic recombination and hence colony growth

(Figure 1D). Note, that in addition to compounds that specifically

inhibit meiotic recombination and/or spore formation, the two

screening assays described here will also identify compounds that

are cytotoxic in cells undergoing these processes. Taken together,

these are complementary approaches to screen for sporulation-

inhibiting compounds or compounds that are cytotoxic in

sporulating yeast cells.

Identification of Sporulation-specific Inhibitors
The US National Institutes of Health Clinical Collection (NCC)

was used as a source of chemical compounds. This library

comprises 446 compounds used in human clinical trials. We first

decided to identify compounds that negatively affect vegetative

growth of yeast. To this end we determined growth rates of a wild-

type (BY4741, [28]) and a mutant strain that lacks 9 of the major

drug-efflux pumps (AD1-9, [29]) in the presence of each

compound from the NCC. For each chemical, a sensitivity score

was calculated (see Methods) based on the change in growth rate

in response to chemical treatment compared to ‘‘no drug’’

controls. The growth rates of BY4741 and AD1-9 in the presence

of all compounds tested are depicted in Figure S1. As expected,

growth of the drug-efflux pump deficient strain was more often

and more strongly inhibited than that of the wild-type strain.

Altogether, 231 compounds inhibited growth of BY4741 and/or

AD1-9.

To identify meiosis-specific inhibitors, all drugs in the NCC

were subsequently interrogated with the two sporulation assays.

For these experiments we used the efficiently-sporulating SK1

strain background, which was not deficient in any of the drug-

efflux pumps. Similar to the growth data, we calculated sensitivity

scores for every compound. This score indicates how strongly a

compound inhibited sporulation in the assay compared to the ‘‘no

drug’’ controls. To minimize false positives and prioritize

secondary experiments, a highly stringent cutoff was applied (see

Methods). A scatterplot depicts the sensitivity scores determined

this way (Figure 2A) and a Venn diagram summarizes the overlap

of compounds identified in the three different screening approach-
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es (Figure 2B). In summary, 200 drugs had no effect in any of the

assays; 231 inhibited growth and 64 inhibited sporulation. 49

drugs inhibited vegetative growth and sporulation. All sensitivity

scores are listed in Table S1.

15 compounds were found to specifically inhibit spore formation

(Figure 2B and Table 2). We re-tested these chemicals in

sporulating cultures and determined the percentage of spores

after 48 hours. Note that these experiments were performed in

small liquid cultures (300 ml), which are sub-optimally aerated, and

thus only intermediate sporulation efficiencies were observed (e.g.

65% in the ‘‘no drug’’ control). Nevertheless, 10 of the 15

compounds completely abolished spore formation and 2 chemicals

(Tryptoline and Pirenperone) had moderate inhibitory effects. The

remaining 3 compounds were indistinguishable from the control

and were not further analyzed. Taken together, the confirmation

rate was 80% (12 out of 15 compounds initially identified in our

screen). Five of the twelve compounds (Betaxolol, SCH-23390,

SKF 83566, Tryptoline, Pirenperone) were identified in the

sporulation assay only. Another set of 5 drugs (Chlorpheniramine,

Citalopram, Dexbrompheniramine, Escitalopram, Tripelenna-

mine) was identified in the recombination assay only. The

remaining 2 compounds (Dextromethorphan and Quetiapine)

were identified in both assays (Table 2).

We noticed a similarity in molecular structures among the

inhibitory compounds: all contained a hydrophobic ring system

and a basic nitrogen-containing group (Figure 2C), which are the

attributes of a class of compounds called cationic amphiphilic

drugs. The primary targets of these drugs in man are monoamine

receptors, and many are widely used anti-depressants and anti-

psychotics (e.g. Citalopram, Quetiapine, Tripelennamine). These

drugs are not only known to interact with their protein targets, but

also with phospholipid membranes. Yeast lack proteins with

sequence similarity to monoamine receptors, therefore, these drugs

likely repress sporulation by inhibiting alternative proteins or

Figure 1. Two screening assays for sporulation efficiency. (A) Schematic of the fluorescence-based assay used to identify sporulation
inhibitors. Meiotic landmark events indicated as Ent (entry), DS (pre-meiotic DNA replication), Rec (recombination), MI and MII (first and second
meiotic division), and Spo (spore formation). The normal final product is depicted as an ascus with four spores (green). Compounds that inhibit
sporulation or that are cytotoxic in sporulating yeast cells will suppress the expression of the sporulation-specific gene CDA2 and therefore also CDA2
promotor-driven GFP expression. (B) Real-time measurement of fluorescence intensities in cells harboring the GFP-reporter, which were sporulated in
the presence of varying concentrations of ammonium sulfate (AS) as indicated. Fluorescence of the sporulation culture was measured every 15 min
over the course of 20 hours (see Methods). (C) Schematic of the post-recombination growth assay. The two defective alleles (his4x and his4B) can give
rise to a functional HIS4 allele upon meiotic recombination. The histidine-auxotrophic diploid mother cells can therefore produce histidine-
prototrophic spores (indicated in blue). If this event is suppressed by a compound, either because it directly inhibits meiotic recombination or
because it is cytotoxic to sporulating yeast cells, no histidine-prototrophs are formed. (D) Proof-of-concept of the his4x/his4B assay. Cells were
sporulated for 5 hours in the presence of varying concentrations of ammonium sulfate (AS) as indicated. Aliquots of cells were then transferred to
agar plates that lack histidine (-his) or leucine (-leu) and incubated for two days at 30uC, prior to measuring colony density (see Methods) of each spot
on the -his agar. Agar plates lacking leucine served as a loading control. The barplot in the upper panel shows mean and standard deviation data
from 4 independent experiments.
doi:10.1371/journal.pone.0042853.g001
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cellular components (e.g. phospholipid membranes). We chose

tripelennamine (TA) as a representative for this class of

compounds, and studied its effect on yeast sporulation in more

detail.

Tripelennamine Reduces Viability of Sporulating Yeast
and Inhibits Meiotic M-phase

We first determined sporulation efficiency in the presence of TA

in large (100 ml) liquid cultures. As expected the ‘‘no drug’’

control yielded ,95% mature spores within the first 24 hours, and

ammonium sulfate strongly reduced spore formation to only about

10% after 3 days. In contrast, TA completely abolished sporula-

tion at a concentration of 100 mM. Even after 72 hours no spores

were detected in the TA-treated culture. Upon visual inspection of

sporulating cultures by microscopy, marked morphological differ-

ences were observed in these three conditions (Figure 3A). In the

‘‘no drug’’ control, most cells had formed an ascus with spores,

whereas the ammonium sulfate-treated cells had round and

inflated shapes. In contrast, cells that were sporulated in the

presence of TA had accumulated small granular bodies of

unknown nature, but were devoid of spores. When aliquots of

this culture were transferred onto YPD plates, we discovered that

chemical treatment during sporulation had a cytotoxic effect

(Figure 3B). This effect was concentration-dependent: while

treatment with 100 mM of TA was only mildly toxic to a

sporulating culture, at 200 mM almost all sporulating cells were

inviable. In contrast, TA had no effect on vegetative cultures

grown in rich and minimal media at these concentrations (Figure

S2).

To better determine the timing of TA-inhibition during

sporulation, we performed two types of time-course experiments.

In the first we added TA to the sporulation media at various time-

Figure 2. Small molecule inhibitors of yeast sporulation. (A) A scatterplot of sensitivity scores (calculated as described in the Methods)
representing the impact of compounds from the NIH clinical collection in the sporulation screening assays. Compounds that inhibit growth or that
interfered with the fluorescence-based assay because of auto-fluorescence were not included in this representation. Compounds with a score of
greater than 5 are shown in green. DMSO controls are shown in red. (B) A Venn diagram representing the overlap of inhibitors in the growth assay
and the two sporulation assays (colored in yellow and green, respectively). 200 compounds had no effect in any of the three assays, 231 inhibited
vegetative growth (of BY4741 and/or AD1-9 strains), and 64 inhibited sporulation. The overlap of between growth and sporulation inhibitors was 49.
(C) Chemical structures of 12 sporulation-specific inhibitors that were confirmed to inhibit sporulation by microscopy analysis.
doi:10.1371/journal.pone.0042853.g002
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points after induction of meiosis and determined the percentage of

sporulated cells after 24 hours. Addition at 3 or 6 hours strongly

inhibited spore formation: 4% and 28% spores, respectively

(Figure S3). In contrast when added after 9 or 12 hours,

sporulation efficiency was comparable to that of an untreated

culture: 84% and 92%, respectively. To complement these data we

also performed a second time-course experiment, where TA was

added to the sporulation culture at the onset of meiosis, and was

then washed out of the media at various time-points after

induction of meiosis. When the drug was removed from the

sporulation media at 0 or 3 hours, a high spore count was

measured: 90% and 83%, respectively. Removing the drug after

6 hours resulted in an intermediate efficiency of 48%. Cells in

which the drug was removed at the later time-points (9 and

12 hours) underwent sporulation with very low frequencies. From

this we conclude that the window of inhibitory activity of TA is

between 3 and 9 hours, which corresponds to the timing of meiotic

recombination and chromosome segregation in SK1.

We next asked whether TA prevents cells from undergoing

meiotic S-phase. To this end, pre-meiotic DNA synthesis was

monitored by flow cytometry at 2, 3, 4, 6, and 8 hours after

transfer into sporulation media (SPII) (Figure 3C). As expected, in

the absence of drug-treatment the process was completed within

the first 6 hours and ammonium sulfate-treated cells did not

initiate pre-meiotic DNA synthesis within the time-window

monitored here. In contrast, TA only mildly interfered with pre-

meiotic DNA synthesis. In the presence of the drug, the majority of

the cells had completed the process after 8 hours (Figure 3C). We

next tested the impact of TA on meiotic M phase. DAPI staining

of nuclei revealed that the appearance of bi- and tetranucleate cells

(between 6 and 12 hours) was strongly reduced in TA (Figure 3D).

Only about 40% of drug-treated cells had proceeded through at

least one of the two divisions within 24 hours. In comparison, in

the ‘‘no drug’’ control, almost all cells had undergone both meiotic

divisions within 12 hours of sporulation. Taken together these data

suggest that TA does not interfere with pre-meiotic DNA synthesis

but strongly inhibits meiotic M phase.

Next we examined whether TA interferes with transcription of

meiotic genes. In yeast, a highly coordinated transcriptional

program is initiated upon entry into sporulation (reviewed in

[15,30]) that involves the transient up-regulation of approximately

900 genes [7]. About ,20% of these transcripts are essential for

the process [31,32,33,34]. This includes genes involved in pre-

meiotic DNA synthesis, recombination of homologous chromo-

somes, the establishment of the synaptonemal complex, the

completion of M phase, and spore morphogenesis. To determine

whether TA changes the meiotic transcriptional program, a global

gene expression profiling experiment was performed. For this

experiment we collected samples of SK1 growing in rich media

(YPD) and pre-sporulation media (SPS) in the absence of TA. We

then transferred the culture to sporulation media, split it into a ‘‘no

drug’’ and a TA-treatment culture, and harvested samples at 4 and

8 hours after induction of meiosis. RNA was extracted from these

samples and analyzed using Affymetrix Yeast 2.0 Genechips

(Figure S4).

54 genes were up-regulated (2-fold or higher) in TA samples at

both 4 and 8 hours when compared to control samples (Figure S4).

Surprisingly, none of these loci were directly involved in meiotic

development or sporulation. Examples of transcript levels of

meiosis-specific genes are depicted in Figure 3E. Notably, no

significant difference was observed in the height of expression of

IME1 (initiation of meiosis), SPO11 (meiotic recombination),

SPO13 (sister chromatid cohesion), and NDT80 (transcriptional

induction of middle meiotic genes) between TA-treated and ‘‘no

drug’’ control samples. We noted, however, a reduced expression

of DIT1 and DIT2, two sporulation-specific enzymes involved in

spore wall maturation (the last step during sporulation) in the

presence of TA at the 8 hour time-point. Taken together, this

suggested that TA did not inhibit meiotic development by

suppressing the expression of meiosis-specific genes that control

early and middle meiotic events such as pre-meiotic DNA

synthesis and meiotic recombination.

Among the 54 loci that showed higher expression in TA, we

found an enrichment of genes involved in glycolysis (p-value: 2.91 *

10210) (PGI1, TDH1, PGK1, GPM1 ENO1, ENO2, CDC19, TYE7).

In addition, numerous genes involved in amino acid metabolism

(ARG1, ADE15, ADE17, HIS4, ILV3, TKL1), amino acid transport

(AGP1, DIP5, GAP1, ODC2, VBA1), allantoin metabolism (DAL5,

DAL7, DUR1,2), and nitrogen catabolite repression (DCG1, GAT1,

GAP1), also showed higher expression in TA (Figure S4). During

sporulation yeast cells shift their metabolism towards respiration,

using acetate as a non-fermentable carbon source [35]. Nitrogen is

produced through internal degradation of pre-existing proteins

[18]. The finding that TA induces genes involved in glucose and

nitrogen catabolism suggested that TA changed the metabolic

state of the cell.

The strongest induction (.60-fold in TA) was observed for

AZR1, a gene that encodes a plasma membrane transporter

involved in azole drug resistance (Figure 3E) [36]. Although TA is

not an azole, it appears to activate multidrug resistance response in

yeast. This notion is corroborated by the fact that transcriptional

activity of two additional ABC multidrug resistance transporters,

PDR5 and SNQ2, are also more abundant in TA (Figure S4). We

also found an induction of genes involved in response to stress

(GRE2, YJL144W) and cell wall damage (YLR194C, YLR414C).

Only a single gene, RCK1 (a protein kinase involved in the

response to oxidative stress), was found to be down-regulated in

the presence of TA.

To address the question how TA-treatment affects levels of

metabolites in sporulating cells, a detailed metabolome analysis

Figure 3. Tripelennamine strongly inhibits viability and meiotic M-phase in sporulating yeast. (A) Images of Nomarski microscopy of
cells sporulated in the absence of drug (control), in the presence of 2 mM ammonium sulfate (AS), or 100 mM tripelennamine (TA) for 24 hours. Part
of the TA image was magnified; arrows indicate granular bodies of unknown origin. (B) 5-fold serial dilution of yeast sporulated for 24 hours in the
presence of three different concentrations of TA (indicated on the right) and then transferred to rich media in order to determine the rate of cell
survival. Pictures were taken after incubating the rich media agar plates for 2 days at 30uC. (C) FACS analysis of pre-meiotic DNA synthesis of a ‘‘no
drug’’ control, and in cells treated with ammonium sulfate (2 mM), or tripelennamine (100 mM). Samples were taken at 2, 3, 4, 6, and 8 hours after
induction of sporulation. Staggered histograms show the frequencies (plotted on the y-axis) of relative DNA content, measured as propidium iodide
intensity (plotted on the x-axis). (D) Percentage of cells that have completed meiotic M-phase (cells with 2 DAPI foci and cells with 3 or 4 DAPI foci)
and those that have formed mature asci over time in sporulation medium (given in hours, x-axis) in the absence (control, circles and solid lines), or the
presence of 100 mM tripelennamine (treatment, squares and dashed lines). (E) Expression patterns of representative genes involved in meiotic
development (left column), nitrogen catabolite repression (GAT1 and GAP1), glycolysis/gluconeogenesis (CDC19 and PGK1), and stress response
(AZR1). Log2-transformed fluorescence signals of RMA-normalized microarray data (see Methods) are plotted on the y-axis and are graphed versus
samples taken in rich media and pre-sporulation media (in the absence of tripelennamine), or total time (4 and 8 hours) the cultures spent in
sporulation media in the absence (black curve) or presence (red curve) of TA.
doi:10.1371/journal.pone.0042853.g003
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was carried out comparing TA-treated versus ‘‘no drug’’ control

cells. Metabolites were extracted from the cells at 5, 9 and

24 hours after transfer to sporulation medium, and a total of 37

metabolites occurring in glycolysis, TCA and glyoxylate cycle,

nucleotide metabolism, and reserve carbohydrate metabolism

were quantified by IC-MS analyses (Table S2). After 24 hours

exposure to TA, cells were completely devoid of triphosphate

nucleotides (ATP, GTP, CTP, UTP) indicating energetic deple-

tion and cell death. However, during an exposure to TA of up to

9 hours, which corresponds to the time window where TA affects

sporulation (Figure S3), only mild changes in the observed

metabolite pools were detected. Cellular energy levels, i.e. ATP

concentrations, were indistinguishable between TA-treated and

‘‘no drug’’ control cells ruling out the possibility that TA interferes

with respiration and energy supply directly. Furthermore, the

concentration of the second messenger cAMP was the same in TA

treated and control cells, indicating that the apparent up-

regulation of glycolytic genes (Figure S4) was not induced by

cAMP-dependent signaling. The absence of significant differences

in all measured glycolytic metabolite concentrations argued for

non-compromised glycolytic function. The only metabolites that

exhibited a more than two fold difference between TA-treated and

control cells were citrate, isocitrate, and a-ketoglutarate, as well as

glycerol-3-phosphate. Glycerol-3-phosphate is at the entry point

into lipid and phospholipid metabolism, a-ketoglutarate is closely

related to glutamate and thus amino acid metabolism. Differences

in the accumulation of these metabolites might be indicative for

perturbations in these metabolic pathways. However, this notion

remains highly speculative. In conclusion, the metabolome

analysis confirmed cell death after 24 hours of exposure to TA,

and largely ruled out direct interference of glycolysis, nucleotide

metabolism, and respiratory metabolism as the mechanism of TA’s

inhibitory effect.

Autophagy-deficient Mutants are Tripelennamine-
sensitive

To better understand the mode of action of TA, we performed a

chemical-genomic screen to identify genes required for resistance

to TA [37,38,39]. This approach, termed homozygous profiling, is

based on the idea that gene deletions that render cells

hypersensitive to a specific compound identify pathways that

buffer against the toxic effects of that compound and therefore

provides clues about the molecule’s activity. This type of pathway-

analysis can be performed on a genome-wide scale using the yeast

homozygous gene deletion collection, in which both copies of

every non-essential gene is deleted in a diploid strain to produce a

complete loss-of-function allele. A pool of approximately ,4600

diploid homozygous deletion strains was incubated in sporulation

media in the presence and absence of TA for 3 days (see Methods).

This approach will presumably identify genes important for

resistance to TA under starvation conditions. A list of 49 strains

that were significantly sensitized in TA compared to the ‘‘no drug’’

control was identified (Figure 4A). No deletion strain was found to

be more abundant in, or in other words resistant to, TA. To search

for enriched functional categories among the group of 49 genes the

Gene Ontology Term Finder tool in the Saccharomyces Genome

Database was used. A strong over-representation of genes involved

in vacuolar transport (p-value: 2.96 * 10216) and more specifically

autophagy (p-value: 1.19 * 10211) (ATG1, ATG2, ATG3, ATG7,

ATG9, ATG10, ATG13, ATG16, ATG18, IRS4, MON1, TRS85,

VPS30) was found. These data suggested that a dysfunctional

autophagy pathway contributes to TA toxicity. This observation is

in line with a recent study demonstrating that yeast cells treated

with sertraline, which like TA is a cationic amphiphilic drug,

accumulates incompletely digested autophagosomal intermediates

[40]. The same study also found that a diploid strain heterozygous

for NEO1 is sensitive to sertraline. NEO1 is an essential gene that

encodes a putative aminophospholipid translocase (or flippase),

involved in moving phospholipids from one side of the membrane

bilayer to the other [41]. Neo1 is also required for controlling

vacuolar pH [42]. To test whether TA induces haploinsufficiency

of NEO1 in growing and/or sporulating cultures, we constructed a

neo1D/NEO1 heterozygous mutant in the SK1 background. The

strain exhibited an increased sensitivity to tripelennamine com-

pared to the wild-type control strain during vegetative growth

(Figure 4B and S5). Similarly, the neo1D/NEO1 heterozygous

strain was significantly more sensitive to TA exposure during

sporulation than the control strain, exhibiting severely reduced

sporulation efficiency at TA concentrations as low as 10–20 mM

(Figure 4C). These data indicate that TA-dependent inhibition of

sporulation is enhanced by reduced Neo1 activity.

Discussion

In the present study two assays were developed that quantify

sporulation efficiency, and thus enabled us to identify small

molecule inhibitors of spore formation in budding yeast. We

applied these assays to measure sporulation efficiency in response to

treatment with 446 drugs that have been tested in human clinical

trials for a wide variety of therapeutic indications. Out of these, 12

were identified that inhibited meiotic development, but not

vegetative growth. Strikingly, these sporulation-specific inhibitors

were structurally related to a class of compounds called cationic

amphiphilic drugs, or CADs. Members of this class are weak bases

with lipophilic properties, and tend to accumulate in acidic

intracellular compartments such as lysosomes. Once inside the

acidic milieu of the lysosome, the molecules become protonated, can

no longer permeate the membrane and get trapped inside the

organelle, a phenomenon referred to as lysosomotropism. Ulti-

mately, the excess accumulation of CADs can give rise to a

lysosomal storage disorder, called phospholipidosis [43]. Hallmarks

of phospholipidosis are the formation of multilamellar vesicles that

can lead to the disruption of organelle integrity and an alteration of

phospholipid metabolism. Recent work demonstrated that the anti-

depressant CAD sertraline evokes phenotypes in yeast that resemble

those of phospholipidosis [40]. Cationic amphiphiles have also been

shown to interfere with the process of autophagy. During

autophagy, cytoplasmic cargo is captured into autophagosomes, a

double membraned vesicle, followed by fusion of the autophago-

some with the lysosome/vacuole to form an autolysosome where the

captured material is degraded (reviewed in [44,45]). The anti-

malarial drug chloroquine, a CAD, has been shown to accumulate

inside autophagic vacuoles and to increase the intralysosomal pH

[46]. This inhibits the acid-dependent degradation of autophago-

some content and results in the accumulation of autophagic vesicles

that cannot be cleared from the cytoplasm [47]. Similarly, yeast cells

treated with sertraline, appeared to contain large inclusions of

incompletely digested autophagosomes and vacuoles exhibiting

increased electron-transparency, suggesting a loss of vacuole acidity

and/or impaired delivery of vacuolar hydrolases [40]. In yeast the

limitation for any of the essential nutrients can trigger autophagy,

with nitrogen limitation displaying the strongest stimulus [48]. In

the absence of external nitrogen sources, yeast defective in

autophagy experience a strong depletion of internal amino acids,

which precludes the synthesis of proteins important for surviving

nitrogen starvation and can result in accelerated cell death [49].

Autophagy therefore provides the primary source of nitrogen under

starvation condition. This is presumably also the case during

Small Molecule Inhibitors of Yeast Sporulation

PLoS ONE | www.plosone.org 7 August 2012 | Volume 7 | Issue 8 | e42853



sporulation, a process that is induced in yeast when external

nutrients are lacking. Indeed, several studies have demonstrated

that autophagy is essential to sporulating cells [31,32,33].

Several observations made in the present study support a model in

which TA could inhibit sporulation by interfering with autophagy.

First, the chemical-genomic screen with the homozygous deletion

collection identified autophagy-related mutants as hypersensitive to

TA. Interestingly, some of the genes that were identified in this

screen are involved in autophagosome formation, such as ATG2,

ATG9, or ATG18 [50,51,52]. A possible interpretation of our

screening data is therefore, that a non-essential pathway that

functions in parallel to autophagosome formation, for example its

fusion with the lysosome, is affected by TA. Second, transcription of

genes involved in amino acid metabolism and transport were found

to be up-regulated in the presence of the drug, suggesting that the

cells are experiencing a lack of internal amino acids. Third, it is

tempting to speculate that the granular structures that were observed

in TA-treated sporulating yeast (Figure 3A) are undigested

autophagosomes. Fourth, a recent study showed that the deletion

of CCZ1, a gene important for both sporulation and autophagy,

exhibits phenotypes similar to those observed in TA-treated yeast

undergoing sporulation: while the meiotic transcriptional program

and pre-meiotic DNA synthesis were largely unchanged, the meiotic

divisions were strongly inhibited [53]. Finally, we found that the

neo1D/NEO1 heterozygous strain is highly sensitized to TA in

sporulating cultures. Neo1 is involved in intracellular membrane-

trafficking, protein sorting and vacuole biogenesis. Temperature-

sensitive mutants of neo1 have been shown to exhibit fragmented

Figure 4. Tripelennamine sensitizes autophagy-deficient yeast mutants. (A) Heatmap and dendrogram depicting hierarchical clustering of
homozygous deletion pool data from three independent experiments. Quantile normalized and log2-transformed microarray fluorescence signals
were analyzed using the Significance Analysis of Microarrays (SAM) software (see Methods) and identified 49 genes (indicated on the right-hand side)
that were significantly depleted in the presence of tripelennamine (TA) compared to a ‘‘no drug’’ control. Darker shades of red indicate higher
fluorescence signals and therefore a higher abundance of that strain in the pool (see legend). (B) Growth of the hoD/HO (control) and neo1D/NEO1
heterozygous deletion strains (see legend) were determined in the presence of various concentrations of (TA) (indicated on the x-axis). Growth rates
relative to the ‘‘no drug’’ control (calculated as a ratio of AvgG, see Methods) were determined for each concentration and are plotted on the y-axis.
(C) Sporulation efficiency of the hoD/HO control strain (black curve) and the neo1D/NEO1 heterozygous deletion strain (red curve) sporulated in the
presence or absence of TA is indicated as percent spores on the y-axis. Both strains were incubated in sporulation media for 48 hours at various
concentrations of TA (indicated on the x-axis) and percentage of spores was determined by microscopy. A total of 100 cells were counted for every
condition.
doi:10.1371/journal.pone.0042853.g004

Small Molecule Inhibitors of Yeast Sporulation

PLoS ONE | www.plosone.org 8 August 2012 | Volume 7 | Issue 8 | e42853



and hyper-acidic vacuoles [42,54]. Thus, the observed sensitivity of

the neo1D/NEO1 strain to TA may be due to decreased vacuolar pH

of the strain, resulting in elevated trapping of TA in the vacuole and

increased obstruction of autophagy. Additional work is needed to

elucidate the precise mechanism by which TA suppresses spore

formation and to determine to what extent autophagic processes are

involved. Since all 12 drugs identified here are positively charged

amphiphiles it is tempting to speculate that they have a common

mechanism of action. Further experimentation will however be

necessary to test this hypothesis. In summary, we have found that

cationic amphiphilic drugs are potent inhibitors of yeast sporulation.

The data presented here open up an important avenue to study

metabolic and membrane processes required for sporulation in yeast.

Materials and Methods

Yeast Strains and Genetic Manipulations
Table 1 lists yeast strains used in this study. Yeast media were

prepared and genetic methods were carried out as described by

[55]. Yeast strains were transformed using the lithium acetate

procedure described in [56]. The following media were used for

growth and sporulation of Saccharomyces cerevisiae: rich media YPD

(1% yeast extract, 2% bactopeptone, 2% glucose), pre-sporulation

media SPS (0.5% ammonium sulfate, 0.17% yeast nitrogen base,

1% bactopeptone, 1% potassium acetate, 0.5% yeast extract,

1.02% potassium hydrogen phthalate, set pH to 5.5 with 10 N

potassium hydroxide solution), sporulation media SPII (2%

potassium acetate). Complete synthetic media lacking histidine (-

his) or leucine (-leu) contained 0.17% yeast nitrogen base, 2%

glucose, 0.5% ammonium sulfate, and appropriate amino acid

drop-out mixtures.

Real-time Measurement of GFP Signals in Sporulating
Yeast Cells

A fresh yeast colony was inoculated into 5 ml YPD (supplement-

ed with Hygromycin B to maintain the pCDA2-eGFP harboring

plasmid) and grown over night to saturation. 200 ml of this cell

culture were inoculated into 30 ml of SPS (supplemented with

Hygromycin B) and grown until an optical density at 600 nm

between 1.2 and 1.6 was reached. The cell suspension was

centrifuged for 3 min at 3000 rpm and washed twice with 50 ml

of pre-warmed water. Finally, the cell pellet was resuspended in

50 ml SPII. 100 ml of this sporulation culture was pipetted into each

of the wells of a 96 Well Assay Plate (Cat. No. 3603 from Corning

Inc). Chemical compound or DMSO (‘‘no drug’’ control) was then

added to the wells at a 1:100 dilution; the stock concentration of

each compound tested is listed in Table S1. The Assay Plate was

covered with a gas permeable sealing membrane (Cat. No. 9123-

6100 from Diversified Biotech). A Safire2 microplate reader (Tecan

Systems Inc. San Jose, USA) was used to measure sporulation-

specific expression of GFP using the following settings: Excitation

Wavelength: 488 nm (bandwidth 100); Emission Wavelength:

520 nm (bandwidth 100); the number of multilabel kinetic cycles

and intervals were 95 and 900 sec, respectively.

Yeast Post-germination Growth Assay
A fresh colony of a diploid yeast culture harboring the

heteroallelic reporter system (his4x/his4B) was inoculated into

5 ml YPD and grown over night to saturation. 200 ml of this cell

culture were inoculated into 30 ml of SPS and grown until an

optical density at 600 nm between 1.2 and 1.6 was reached. The cell

suspension was centrifuged for 3 min at 3000 rpm and washed

twice with 50 ml of pre-warmed water. Finally, the cell pellet was

resuspended in 50 ml SPII. 100 ml of the cell suspension was filled

into each of the wells of a microtiter plate. Chemical compound or

DMSO was then added to the wells at a 1:100 dilution; the stock

Table 1. Strains used in this study.

Strains Genotype Source

USY61 MATa/MATalpha ura3D0/ura3D0 his3D1/his3D1 CAN1/can1::Ste2::spHis5 flo8D0/flo8D0 gift from Adam Deutschbauer

USY613 USY61+ pCDA2-eGFP::HygB This study

USY1634 USY61+ neo1::kanMX/NEO1 This study

NKY1551 MATa/MATalpha ho::LYS2/ho::LYS2 ura3/ura3 lys2/lys2 leu2::hisG/leu2::hisG arg4-Nsp/
arg4-Bgl his4x::LEU2-URA3/his4B::LEU2

[7]

BY4741 MATa his3D0 leu2D0 met15D0 ura3D0 [28]

AD1–9 MATalpha, pdr1–3, ura3, his1, Dyor1::hisG, Dsnq2::hisG, pdr5-D2::hisG, Dpdr10::hisG,
Dpdr11::hisG, Dycf1::hisG, pdr3-D2::hisG, Dpdr15::hisG, pdr1-D3::hisG

[29]

doi:10.1371/journal.pone.0042853.t001

Table 2. Verification of sporulation-specific inhibitors
identified in this study.

Name Pubchem
Percent
spores Inhibition

identifier after 48 h class

Betaxolol CPD000058420 0 CDA2

Chlorpheniramine CPD000466271 0 HIS4

Citalopram CPD000326936 0 HIS4

Dexbrompheniramine CPD000471616 0 HIS4

Dextromethorphan CPD000326694 0 CDA2 and HIS4

Escitalopram CPD000469191 0 HIS4

Quetiapine CPD000471623 0 CDA2 and HIS4

SCH-23390 CPD000326935 0 CDA2

SKF 83566 CPD000449276 0 CDA2

Tripelennamine CPD000058623 0 HIS4

Tryptoline CPD000059115 25 CDA2

Pirenperone CPD000058507 34 CDA2

Tiagabine CPD000469176 56 HIS4

SR 57227A CPD000449299 61 CDA2

Nitazoxanide CPD000466367 64 CDA2 and HIS4

‘‘no drug’’ control NA 65 NA

doi:10.1371/journal.pone.0042853.t002
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concentration of each compound tested is listed in Table S1. Then

the assay plate was covered with a gas permeable sealing membrane

and incubated for 5 hours at 30uC with vigorous shaking to keep

cells in suspension. 3 ml of cell suspension were then transferred to

rectangular -leu and a separate minus -his plates using a multi-

channel pipette. Plates were incubated at 30uC. After 24 hours a

picture of the -leu plate was taken. After 48 hours a picture of the -

his plate was taken and colony density was evaluated with the

ImageJ software (National Institutes of Health, USA).

Growth and Sporulation Inhibitor Screens
To measure growth rates of BY4741 and AD1-9, cells were

seeded into microtiter plates at an OD600 of 0.065. Chemicals

were then added at a 1:100 dilution, and optical density was

measured every 15 min over the course of 24 hours using a Tecan

GENios microplate reader (Tecan Systems Inc. San Jose, USA).

Average doubling time (AvgG) was calculated by measuring the

time the culture took to reach a 5 generation time-point from the

starting OD600, then divided by the number of generations [38].

The efficiency rate of the his4x/his4B-assay was determined as

follows: Colony density on -his plates was measured as Integrated

Area (IA) using the ImageJ software. Signals of IA were then

averaged for two replicates from two independent experiments.

The efficiency rate of the CDA2-based fluorescence assay was

determined as follows: The ratio of signal intensities between

treatment samples and an average of eight DMSO included on the

same assay plate was calculated for every time-point in the

fluorescence-based assay. The sum of these ratios was then

calculated and divided by the number of measurements.

To calculate the sensitivity scores for the growth assay and the

two sporulation assays we first determined the mean and standard

deviation (sd) of AvgG or the efficiency rates (as described above) for

the eight DMSO controls included in every experiment. For every

chemical compound the sensitivity score was then calculated using

the mean and sd of the DMSO controls using the formula:

(Mean_ValueCompound - Mean_ValueDMSO)/SDDMSO. In rare

cases the presence of the drug in the media led to an up- or

down-ward shift of the baseline fluorescence signal in the

sporulation assay (likely due to auto-fluorescence of the compound).

To exclude such cases all compounds for which the standard

deviation of the ratio of signal intensities between treatment samples

and averaged DMSO controls was ,0.1 were removed from further

analysis. A sensitivity score cutoff of .2 was chosen to identify all

chemicals that inhibited vegetative growth. A sensitivity score of .5

(indicating an effect that is very distinct from the one observed in the

control samples) was chosen as a cutoff to identify inhibitors in the

two sporulation assays, respectively. All compounds and their

sensitivity scores are listed in Table S1.

Microscopy
For Differential interference contrast (DIC) and fluorescence

microscopy a microscopy system with the following components

was used: Axiovert 40 CFL, AxioCam MRm, LD A-Plan 40x,

1006-595 (Ph2), Axiovision Rel. 4.5 (all parts and software from

Zeiss), X-Cite Series 120 (lamp from EXFO). 1 ml cell suspension

from sporulating cultures was fixed with 3.7% formaldehyde and

incubated for 2 hours at room temperature. The cells were then

washed twice in 1 ml of water and resuspended in 1 ml of 70%

ethanol. After 30 min of incubation at room temperature cells

were washed once with 1 ml water and then resuspended in 200 ml

of water mixed with DAPI at a final concentration of 2.5 mg/ml.

5 ml of the cell suspension were then mounted onto a glass slide

and analyzed by microscopy.

Flow cytometric analysis. 1 ml of a growing or sporulating

yeast culture (OD600 between 1.2 and 1.6; cell density is about

1.56107) was fixed in 1 ml of Ethanol (70%) and incubated for

60 min at room temperature. The cell suspension was washed

twice with 50 mM Na-citrate. 0.3 mg/ml of Ribonuclease A from

bovine pancreas were added to the samples followed by incubation

at 50uC for 1 h. The cell suspension was washed twice with

50 mM Na-citrate and then mixed with 16 ml of propidium iodide

solution. Samples were sonicated for 10 sec at output level 30%

using a Branson Digital Sonifier. The following settings were used

for FACS analysis using a BD FACSCalibur System: FSC, E00,

Log; SSC, 380, Log; FL1-H, 500, Log; FL3-H, 500, Log.

Total RNA Isolation, cRNA Target Synthesis and GeneChip
Hybridization

Cultures of SK1 were grown or sporulated as described in

Figure S4A. Samples of 10 ml were then harvested and total RNA

was extracted using the RiboPure-Yeast kit (Ambion, catalog no.

AM1926). cDNA was synthesized in 10 ml reactions containing

1 mg/ml total RNA, 12.5 ng/ml Oligo(dT)12-18 primer (Invitro-

gen, catalog no. 18418-012), 15 units/ml SuperScript II (Invitro-

gen, catalog no. 18064–014), 16 First Strand Buffer, 10 mM

DTT, and 10 mM dNTPs (Invitrogen, catalog no. 18427013).

After the RNA and primers were denatured for 10 min at 70uC,

the remaining reagents were added, and the reaction was

incubated at 42uC for 60 min. To remove the RNA template

2 units of RNase H were then added and the mix was incubated at

37uC for 20 min and then at 95uC for 5 min. Quality of total

RNA and cRNA was monitored using RNA Nano 6000 chips

processed using the 2100 BioAnalyzer (Agilent). 220 ml hybridiza-

tion cocktail containing heat-fragmented and biotin-labeled cRNA

at a concentration of 0.05 mg/ml were injected into GeneChips

and incubated at 45uC on a rotator in a Hybridization Oven 640

(Affymetrix) overnight at 60 rpm. The arrays were washed and

stained with a streptavidin-phycoerythrin conjugate (SAPE;

Molecular Probes). The Gene Chips were processed in a

GeneArray Scanner (Agilent) using the default settings. CEL files

containing the raw data were computed from DAT array image

files using the statistical algorithm implemented in MAS 5.0

(Affymetrix). Log2-transformed raw data were preprocessed

(background adjustment, normalization, and summarization of

probe sets) by using the Robust Multiarray Analysis (RMA)

package from BioConductor. CEL feature-level data files are

available via the EBI ArrayExpress public data repository at under

accession number E-MEXP-2522.

Homozygous Deletion Profiling
For genome-wide fitness profiles the complete set of homozy-

gous deletion strains in the diploid BY4743 background was

inoculated in 70 ml YPD and grown for 12 hours. The saturated

cell suspension was then transferred into SPII, after washing twice

with distilled water. This culture was split into two halves, and

100 mM tripelennamine was added to one half; the other half

served as a ‘‘no drug’’ control. After 60 hours of incubation in

SPII 200 ml of the cell suspension were transferred into 20 ml of

YPD and grown for 16 hours. Samples were processed as

described previously [39]. Log2-transformed and quantile nor-

malized microarray data were analyzed using the Significance

Analysis of Microarrays (SAM) software [57] and genes that

showed significant changes in TA compared to the ‘‘no drug’’

control were identified using a cutoff of delta = 1. CEL feature-

level data files are available at ArrayExpress under accession

number E-MEXP-2535.
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Metabolome Analyses
Sampling for intracellular metabolites was carried out by

filtering 5 mL of culture medium on a polyamide membrane

(pore size 0.45 mm, Sartorius), rinsing the cells on filter using

10 mL water containing only the corresponding carbon source,

and quenching the cells’ metabolism in 80uC hot ethanol (75%).

Processing of the samples was done as described earlier [58,59].

Metabolites were quantified using LC-MS: Liquid anion exchange

chromatography was performed on an ICS-3000 system from

Dionex (Sunnyvale, USA) equipped with an automatic eluent

(KOH) generator system (RFIC, Dionex), and an autosampler

(AS50, Dionex) holding the samples at 4uC. Analytes were

separated on an IonPac AS11 (25062 mm, Dionex) column

protected by an AG11 (5062 mm, Dionex) pre-column. Column

temperature was held at 25uC, flow rate was fixed at 0.25 ml/min,

and analytes were eluted applying the KOH gradient described

earlier [60]. Injected sample volume was 15 ml. For background

reduction, an ASRS ultra II (2 mm) anion suppressor was used.

Analytes were quantified using a photo diode array detector

(Ultimate 3000, Dionex), a conductivity detector (part of ICS-

3000, Dionex) and a mass-sensitive detector (MSQ Plus, Thermo)

running in ESI mode (nitrogen pressure was 90 psi, capillary

voltage was 3.5 kV, probe temperature was 450uC).

Supporting Information

Figure S1 Small molecules that inhibit vegetative
growth. (A) Examples of growth curves of the wild-type

BY4741 strain (control, left plot) and the drug-efflux pump

deficient strain (AD1-9, right plot) grown in rich media in the

presence of different organic compounds from the NIH clinical

collection. Optical density of both strains was measured every

15 min over a period of 20 hours grown in the presence of

DMSO, Raclopride, Fluvoxamine, Duloxetine, or Clotrimazole

(depicted as black, red, green, dark blue, and light blue curves,

respectively). The concentration of DMSO was 1%; all other

compounds were tested at 100 mM. (B) Scatterplot of growth rates

(measured as AvgG, see Methods) of AD1-9 and BY4741 (control)

grown in rich media and each of 446 compounds in the NIH

clinical collection. Higher values of AvgG indicate reduced growth

rates. In cases where vegetative growth was completely suppressed

we assigned a value of 20. As expected, in many cases the pump-

deficient AD1-9 strain was more inhibited by a compound than

the BY4741 control strain.

(TIF)

Figure S2 Tripelennamine does not inhibit growth of
wild-type yeast. Growth curve analysis of the wild-type BY4741

strain grown in rich media (left plot) or minimal media (right plot)

in the presence or absence of tripelennamine (see legend). Optical

density was measured every 15 min over a period of 20 hours. 0,

100, or 200 mM of tripelennamine was added to the cultures at the

beginning of the experiment, depicted as black, red, and green

curves, respectively. As expected, cultures grew at a lower rate in

minimal media when compared to rich media. No difference in

growth rate was, however, observed in the absence or presence of

tripelennamine.

(TIF)

Figure S3 Timing of triplennamine-mediated inhibition
of sporulation. Two types of time-course experiments were

performed: In the first, 100 mM tripelennamine (TA) was added at

0, 3, 6, 9, and 12 hours after induction of sporulation (‘addition’,

black curve). In the second 100 mM TA was added to the culture

at the onset of sporulation and then washed out of the media after

0, 3, 6, 9, and 12 hours (‘wash-out’, red curve). The fraction of

spores in each culture was determined after 24 hours by

microscopy. A total of 100 cells were counted for every condition.

(TIF)

Figure S4 Tripelennamine induces genes involved in
nutrient catabolism and multidrug resistance. (A) Flow

chart of the experimental protocol. Samples that were analyzed

with microarrays are marked in bold. N: ‘‘no drug’’ control; T:

tripelennamine (100 mM). (B) Heatmap and dendrogram depicting

hierarchical clustering of expression profiling data. Loci with an at

least 2-fold higher expression in tripelennamine-treated samples

(T4 and T8) compared to the ‘‘no drug’’ control (N4 and N8) at

the 4 and the 8 hour time-point are shown. Sample names are as

indicated in (A). A color-coded scale for log2-transformed

expression values is given at the bottom. Genes involved in

glycolysis/gluconeogenesis or amino acid uptake/metabolism are

marked with black dots in the GL and AA columns, respectively.

(C) Expression patterns of the drug-efflux pump genes PDR5 and

SNQ2. Log2-transformed fluorescence signals are plotted on the y-

axis and are graphed versus samples harvested in rich media and

pre-sporulation media (in the absence of tripelennamine), or total

time (4 and 8 hours) the cultures spent in sporulation media in the

absence (black curve) or presence (red curve) of tripelennamine.

(TIF)

Figure S5 Yeast strains heterozygous in the NEO1 locus
are hypersensitized by tripelennamine. Growth curves of a

wild-type (left panel) and a neo1D/NEO1 heterozygous deletion

strain in the SK1 strain background (right panel) grown in the

presence of various concentrations of tripelennamine (indicated in

the legend). Optical density of both strains was measured every

15 min over a period of 20 hours.

(TIF)

Table S1 Complete set of screening data for 446 organic
compounds. The names, stock concentrations, chemical data-

base identifier and sensitivity scores calculated for the growth

assay, CDA2 assay, and the his4 assay are listed for the 446

compounds in the NIH clinical collection (NCC). Chemicals are

shown in order of their position in the NCC library.

(XLS)

Table S2 Complete set of metabolome data for tripel-
ennamine-treated sporulating cells. Concentrations (given

in [mmol/g of dry weight]) of 37 metabolites involved in glycolysis,

TCA and glyoxylate cycle, nucleotide metabolism, and reserve

carbohydrate metabolism were quantified by IC-MS analyses (see

Methods). Data for duplicate samples (sample 1 and sample 2,

respectively), for cells sporulated for 0, 5, 9, and 24 hours in the

presence or absence of tripelennamine (+TA and –TA, respec-

tively) are listed. Missing values are indicated by ‘NA’.

(XLS)
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