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We performed a genomewide screen for altered sensitivity to antifungal drugs, including clotrimazole and terbinafine, that tar-
get ergosterol biosynthesis using a Schizosaccharomyces pombe gene deletion library consisting of 3,004 nonessential haploid
deletion mutants. We identified 109 mutants that were hypersensitive and 11 mutants that were resistant to these antifungals.
Proteins whose absence rendered cells sensitive to these antifungals were classified into various functional categories, including
ergosterol biosynthesis, membrane trafficking, histone acetylation and deacetylation, ubiquitination, signal transduction, ribo-
some biosynthesis and assembly, regulation of transcription and translation, cell wall organization and biogenesis, mitochon-
drion function, amino acid metabolism, nucleic acid metabolism, lipid metabolism, meiosis, and other functions. Also, proteins
whose absence rendered cells resistant to these antifungals were classified into functional categories including mitochondrion
function, ubiquitination, membrane trafficking, cell polarity, chromatin remodeling, and some unknown functions. Further-
more, the 109 sensitive mutants were tested for sensitivity to micafungin, another antifungal drug that inhibits (1,3)- 3-p-glucan
synthase, and 57 hypersensitive mutants were identified, suggesting that these mutants were defective in cell wall integrity. Alto-
gether, our findings in fission yeast have shed light on molecular pathways associated with the cellular response to ergosterol
biosynthesis inhibitors and may provide useful information for developing strategies aimed at sensitizing cells to these drugs.

F ungal diseases, especially opportunistic fungal infections, have
increased dramatically over the past 2 decades as a result of the
growing population of patients with compromised immune sys-
tems due to chemotherapy, the transplantation of solid organs or
hematopoietic stem cells, infection with HIV, aggressive treat-
ments of cancer, and autoimmune disorders (16, 35, 40). To date,
invasive fungal infections are usually treated with drugs that in-
terfere with the biosynthesis or integrity of ergosterol, which is an
essential component of fungal plasma membranes. In fact, three
of the five classes of antifungal drugs in clinical use are ergosterol
biosynthesis inhibitors, such as azoles and terbinafine. However,
certain factors, including host toxicity or the emergence of drug
resistance, compromise the efficacy of treatment (2, 7, 10, 29).

We have been studying the ergosterol biosynthesis pathway in
the fission yeast Schizosaccharomyces pombe, because this system is
amenable to genetic analysis and has many advantages in terms of
its similarity to some pathogenic fungi. We previously identified a
mutation in the essential gene hmgl ™, encoding the sterol biosyn-
thetic enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase (HMGR), which catalyzes the conversion of
HMG-CoA to mevalonate and constitutes the rate-limiting step in
the biosynthesis of ergosterol (17).

In order to improve the treatment of fungal disease, it is nec-
essary to identify novel targets by which the inhibitors of these
targets act in synergism with existing antifungals, and a combina-
tion therapy with existing antifungals would convert the fungi-
static antifungal effect into potent fungicidal activities. In this
study, we report the first-ever genomewide screen of S. pombe
haploid deletion mutants for genes affecting the sensitivity or re-
sistance of antifungal drugs that target ergosterol biosynthesis,
including clotrimazole and terbinafine. The screening may lead to
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the uncovering of novel targets for antifungal drugs that would
enhance the efficacy of existing antifungal drugs as well as mini-
mize the probability of the emergence of drug resistance.

MATERIALS AND METHODS

Yeast stains and media. A genomewide deletion mutant library pur-
chased from BiONEER (South Korea) was employed for the genetic
screen. The viable haploid deletions used in this screen were generated by
using a method for PCR-based targeted gene deletion with a genetic back-
ground of h™* leul-32 ura4-D18 ade6-M210 or -M216 (25). The haploid
deletion library used in this study consists of 3,004 mutants that are esti-
mated to be nonessential for viability in the haploid and represents
around 80% of the nonessential genes in S. pombe.

Cells were grown in rich yeast extract with supplements (YES) at 27°C
unless otherwise indicated (31). Adenine, histidine, leucine, uracil, and
lysine were added at 225 mg/liter. Gene disruptions are abbreviated by the
gene preceded by A (for example, Aspo9). Proteins are denoted by roman
letters, and only the first letter is capitalized (for example, Spo9).

Deletion library screens for altered sensitivity of antifungal drugs.
In this screen, ergosterol biosynthesis inhibitors, namely, clotrimazole
and terbinafine, were used. Clotrimazole, a member of the azoles, has the
same mechanism of action as that of other azoles that inhibit lanosterol
14-a-demethylase (Ergll), an essential enzyme in the ergosterol biosyn-
thetic pathway (34), and it showed the most potent and stable inhibitory
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FIG 1 Representative examples of the S. pombe deletion mutants screened for
growth inhibition in the presence of clotrimazole or terbinafine. Wild-type
(wt) and deletion mutant cells grown at log phase were spotted onto each plate
as indicated and then incubated at 27°C for 4 days.

effects on fission yeast cell growth among the azoles tested (clotrimazole,
fluconazole, miconazole, and sulconazole) (data not shown). Terbinafine
is in the allylamine class of drugs and targets the enzyme squalene epoxi-
dase (Ergl) (34). Both of these inhibitors are acknowledged as first-line
agents for the treatment of fungal disease. The sensitivities and resistances
of the yeast cells to these antifungals were determined by three different
methods, as described below.

(i) Streak assay. In the first assay, the growth of each yeast strain was
assayed by streaking out to form single colonies on plates containing YES
or YES plus various concentrations of antifungals, and the plates were
incubated at 27°C for 4 days. The colony size of the wild-type cells grad-
ually increased over approximately 5 to 6 days. For the estimation of drug
sensitivity or resistance, the colony sizes were assessed after 4 days. To test
for drug hypersensitivity, different concentrations of drugs, ranging from
0.01 to 0.03 wg/ml of terbinafine and 0.05 to 0.15 ng/ml of clotrimazole,
were used. To test for drug resistance, different concentrations of drugs,
ranging from 0.08 to 0.2 pg/ml of terbinafine and 0.2 to 0.3 ug/ml of
clotrimazole, were used.

(ii) Microtiter assay. The MICs for the strains were determined by
broth microdilution according to CLSI guidelines (9), with some modifi-
cations. Fission yeast cells with an auxotrophic marker such as ura4 fail to
grow at a neutral pH (3), and some deletion mutants show hypersensitiv-
ity to high temperatures. Given these characteristics of fission yeast cells in
the deletion library, the determination of MICs using RPMI 1640 (pH 7.0)
and incubation at 35°C, according to CLSI criteria, may not be suitable. In
addition, the inoculum density in each well was increased to ~10° yeast
cells/well because we failed to detect cell growth as turbidity at the low
density (2.5 X 10? yeast cells/ml) used in the CLSI methodology. Thus,
strains were inoculated into 96-well microtiter plates containing 200 ul of
YES medium and different concentrations of drugs to yield ~10° yeast
cells/well. A drug-free control was also included. The concentration range
of the drugs in microtiter plate wells was 0.015 wg/ml to 8 ug/ml. The
plates were incubated at 27°C and examined by use of a microplate reader
after 48 h. MICs were determined as the concentrations of the drugs
causing a 50% inhibition of growth. The experiments were done in trip-
licate.

(iii) Spot assay. The yeast cells were grown to saturation in YES liquid
medium at 27°C. The cultures were then resuspended in fresh YES me-
dium to give an optical density (OD) at 660 nm of 0.3, corresponding to
about 107 cells/ml, and serially diluted to concentrations of 1 X 10t to
1 X 10 *. Five-microliter samples of 10-fold serial dilutions of each yeast
cell culture were spotted onto each plate, as described above for the streak
assay, and incubated at 27°C for 4 days. Altered sensitivity was assessed
manually by analyzing the number and size of the colonies formed on each
plate in relation to the control.

Confirmation of clotrimazole- and terbinafine-sensitive or -re-
sistant strains. In this study, we used a streak assay for a preliminary
screen and a spot assay for a secondary screen, because as a classical ex-
perimental approach, they are widely used for the study of yeast cells due
to their simplicity and accuracy, respectively. We also used a microtiter
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FIG 2 Representative examples of the S. pombe deletion mutants screened for
resistance to ergosterol biosynthesis inhibitors, namely, clotrimazole and ter-
binafine. Wild-type (wt) and deletion mutant cells grown at log phase were
spotted onto each plate as indicated and then incubated at 27°C for 4 days.

assay as an alternative method for detecting the sensitivity of yeast strains
to drugs. The results showed that there is a positive correlation between
sensitivities detected by the microtiter assay and the spot assay. Thus,
mutants with altered sensitivity identified in the preliminary screen were
further confirmed by the semiquantitative spot assay (1) and microtiter
assay (9), and the sensitivity or resistance of the strains was assessed by the
results of the spot assay, as described previously by Kennedy et al. (24), Xia
etal. (42), and Alamgir et al. (1). Representative examples of the S. pombe
deletion mutants screened for inhibited growth in the presence of clotrim-
azole or terbinafine are shown in Fig. 1, and representative examples of the
S. pombe deletion mutants screened for resistance to these drugs are
shown in Fig. 2. Using the wild-type strain as a control, the sensitivity was
estimated relative to that of untreated controls, the strains were then clas-
sified, and the extent of growth that fell within the corresponding ranges
were scored as follows: strongly sensitive (++ +), indicating that the mu-
tant cells completely failed to grow on the drug-containing plates, while
the wild-type cells grew normally (Fig. 1) (e.g., the clotrimazole-sensitive
phenotype of the Addbl and Avps45 strains and the terbinafine-sensitive
phenotype of the Aggal strain); moderately sensitive (++), indicating
that only the first circle on the left of the mutant cells was observed to grow
on the drug-containing plates (Fig. 1) (e.g., the terbinafine-sensitive phe-
notype of the Addbl and Avps45 strains and the clotrimazole-sensitive
phenotype of the Apal strain); and mildly sensitive (+), indicating that
colonies were observed to grow on the drug-containing plates but that the
numbers of colonies were significantly reduced compared to those of
wild-type cells (Fig. 1) (e.g., the terbinafine-sensitive phenotype of the
Apal strain). On the other hand, resistance was also estimated relative to
that of untreated controls, the strains were scored, and the extent of
growth that fell within the corresponding ranges was scored as follows:
strongly resistant (+ ++), indicating that the mutant cells grew very well
under these extreme conditions, while the wild-type cells failed to grow
(Fig. 2) (e.g., the terbinafine-resistant phenotype of the Aphp3 and Aapi3
strains); moderately resistant (+ + ), indicating that the first and second
circles on the left of the mutant cells grew well (Fig. 2) (e.g., terbinafine-
resistant phenotype of the ASPBC1861.05 and Amiss116 strains); and
mildly resistant (+), indicating that only the first circle on the left of the
mutant cells was observed to grow on the drug-containing plates but that
the numbers of the colonies were significantly increased compared to
those of wild-type cells (Fig. 2) (e.g., the terbinafine-resistant phenotype
of the Aubrll and Aamol strains). All of the mutants identified in the
screen grew well in YES medium, indicating that the phenotype on clo-
trimazole- or terbinafine-containing plates is a result of the effect of the
drugs (Fig. 1 and 2).

Glucanase sensitivity assay. Cell wall digestion by B-glucanase (Zy-
molyase; Seikagakukogyo, Tokyo, Japan) was performed as previously
described (8). Briefly, exponentially growing cells at 27°C were suspended
ata concentration of 107 cells/ml. The cells were then treated with §-glu-

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

canase at a concentration of 100 ug/ml at 27°C. Cell lysis was monitored
by measuring the optical density at 660 nm.

Complementation analysis. Each gene was expressed under the au-
thentic or nmtI promoter in a multicopy vector. Expression plasmids and
vector controls were transformed into the mutant strains by the lithium
acetate method and plated onto selective medium. To test for the comple-
mentation of the ergosterol biosynthesis inhibitor-sensitive phenotype,
transformants were grown to saturation in selective medium, and serial
dilutions were spotted onto each plate, as described above for the streak
assay, and incubated at 27°C for 4 days.

Determination of ergosterol levels. Ergosterol extraction was per-
formed essentially as previously described (32, 33), with some modifica-
tions. Briefly, cells were grown to saturation in YES at 27°C and washed
two times with ultrapure water. One milliliter of chloroform-ethanol (2:1,
vol/vol) eluate, including 40 umol/liter pyrogallol and 10 umol/liter py-
rene as an internal standard, was then added. The sample was mixed for 3
h. Subsequently, the sample was centrifuged at 16,110 X g for 5 min. After
centrifugation, the supernatant was evaporated by using a centrifugal vac-
uum evaporator. The residue was redissolved in 100 ul of methanol.

Ergosterol analysis was carried out with an Alliance high-performance
liquid chromatography (HPLC) system (Waters) coupled to an LTQ lin-
ear ion trap mass spectrometer with an atmospheric-pressure chemical
ionization source (Thermo Scientific). An Inertsil ODS-3 column (with a
30-mm by 2.1-mm internal diameter [i.d.] and a particle size of 2 um; GL
Sciences) was utilized for the separation process. Water and methanol
were used as the mobile phases. A 10-ul aliquot was injected onto the
column. Analysis was conducted in the positive-ion mode.

Selected reaction monitoring was employed to quantify ergosterol,
and selected ion monitoring was employed to detect the internal standard
pyrene. The m/z 379.34 (M + H — H,0]") ion was selected as the
precursor ion of ergosterol, and the m/z 295.24 product ion of ergosterol
was monitored. The collision energy was set at 35%. The m/z 203.09
(M + H]™) ion was monitored to detect pyrene.

The ergosterol content of wild-type cells was taken as 100%, and the
ergosterol contents of the other deletion mutants were calculated as a
percentage of that of the wild-type cells.

Bioinformatics. Database searches were performed by using the Na-
tional Center for Biotechnology Information BLAST network service
(www.ncbi.nlm.nih.gov) and the Sanger Center S. pombe database search
service (www.sanger.ac.uk).

RESULTS AND DISCUSSION

Identification of clotrimazole- and terbinafine-sensitive S.
pombe deletion mutants. We screened a genomewide library con-
taining 3,004 haploid deletion strains to identify some nonessen-
tial genes by which gene deletion caused the yeast cells to become
more sensitive than wild-type strains to the antifungal agents that
are inhibitors of ergosterol biosynthesis, such as clotrimazole and
terbinafine. In this screening, we isolated 109 deletion strains that
displayed various levels of sensitivity to the antifungals clotrim-
azole and terbinafine, and as shown in Table 1, for each gene
deletion mutant listed, the systematic name, common gene name
(if applicable), as well as a brief description of each gene product
(obtained from the Sanger Center website [www.sanger.ac.uk])
are indicated. In cases where the common name of the S. pombe
mutant gene is not applicable, for convenience, we named the
genes according to their Saccharomyces cerevisiae counterparts.
With regard to the effect of clotrimazole, as shown in Table 1, 54
mutants exhibited severe sensitivity, 31 mutants exhibited mod-
erate sensitivity, and 20 mutants exhibited mild sensitivity. Re-
garding the effect of terbinafine, 5 mutants were classified as being
strongly sensitive, 27 mutants were moderately sensitive, and 69
mutants were mildly sensitive. Among the 109 mutants, almost
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89% of the mutants showed hypersensitivity to the two inhibitors
of ergosterol biosynthesis, suggesting that these genes are involved
in various biological processes influenced by an ergosterol defi-
ciency. Nine mutants, namely, gene deletion mutants of dapl™,
ada3™, git]*, rncl™, aah3”™, arul™, aro3* (SPAC24H6.10c),
kti12* (SPAC30.02c), and irc6" (SPAC19A8.11c), exhibited hy-
persensitivity only to clotrimazole and not to terbinafine. On
the other hand, gene deletion mutants of gosI™, #rtI™,
mrs3" (SPAC4G8.08), and SPCC126.13c exhibited hypersensitiv-
ity only to terbinafine and not to clotrimazole. It was reported
previously that azoles inhibit Ergl1 while terbinafine inhibits Ergl
in the ergosterol biosynthesis pathway (34). Our results suggest
that the inhibition of Ergl1 as well as the inhibition of Ergl have
different outcomes and that intermediate products such as lanos-
terol may have a distinct physiological function. Alternatively, clo-
trimazole and terbinafine may affect targets other than their
primary targets in the ergosterol biosynthesis pathway. For mam-
malian cells, it was reported previously that clotrimazole inhibits
numerous transport proteins of cellular membranes, such as
Na,K-ATPase (5) and gastric H,K-ATPase (41).

Notably, among the 109 genes, 13 genes are conserved only
in fungi (Sanger Center S. pombe database) (Table 1). These
genes include sft1™, ada3™, spt8*, mubl™ (SPBC31F10.10c),
git3™, cgr1™, fta5™, pall™, cps3™, pufi* (SPBP35G2.14), leel ™
(SPCC1739.01), wwmlI* (SPBC660.05), SPBC25D12.06,
SPCC297.05, SPAC56E4.07, and SPAC57A10.08c. It is attrac-
tive to suggest that these genes that are unique to fungi may
provide novel targets for the development of powerful, effec-
tive combination therapeutic strategies against life-threatening
fungal diseases.

Functional categories of proteins by which absence renders
cells sensitive to ergosterol biosynthesis inhibitors. Our results
showed that the genes by which gene deletion confers sensitivity to
the ergosterol biosynthesis inhibitors are classified into 15 func-
tional categories, including those relating to ergosterol biosynthe-
sis (4 genes), membrane trafficking (19 genes), histone acetylation
and deacetylation (6 genes), ubiquitination (9 genes), signal trans-
duction (13 genes), ribosome biosynthesis and assembly (6
genes), regulation of transcription and translation (4 genes), cell
wall organization and biogenesis (5 genes), mitochondrion func-
tion (3 genes), amino acid metabolism (4 genes), nucleic acid
metabolism (9 genes), lipid metabolism (3 genes), meiosis (6
genes), other known functions (8 genes), and other unknown
functions (10 genes) (Table 1). Below, we discuss each of the main
categories:

Ergosterol biosynthesis pathway. The first group of the genes
that are involved in ergosterol biosynthesis was identified. As
shown in Table 1, the deletions of the sts1™, spo9™, and kesI™
genes exhibited hypersensitivity to both inhibitors of ergosterol
biosynthesis, namely, clotrimazole and terbinafine, and the dele-
tion of the dap1™ gene exhibited hypersensitivity to clotrimazole
but not to terbinafine. The sts1 " gene encodes the C-24(28) sterol
reductase Sts1, which is located downstream of Ergl and Ergll
(21), and the spo9™ gene encodes farnesyl pyrophosphate synthe-
tase, which is located upstream of Ergl and Ergl1 (43). Both the
stsI™ and spo9™ genes are responsible for catalyzing an enzymatic
reaction in the ergosterol biosynthesis pathway; therefore, the de-
letion of either the stsI1 ™" or spo9™ gene may cause a synthetic effect
on the biosynthesis and result in hypersensitivity to ergosterol
biosynthesis inhibitors. Next, the kesI ™ gene, encoding a homolog
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TABLE 1 S. pormbe genes identified in the screen for clotrimazole- and terbinafine-sensitive genes”

Spot assay result

Category and Common with: MIC (pg/mb)
systematic gene name gene name Gene description” Clot Terb Clot Terb
Wild type 2.0 0.25
Ergosterol synthesis
SPAC20G4.07¢ stsl (C-24(28) sterol reductase Sts1 +++ +++ 0.06 0.06
SPBC36.06¢ spo9 Farnesyl pyrophosphate synthetase ++ +++ 1.0 0.03
SPBC1271.12 kes1 Oxysterol binding protein +++ +++ 0.25 0.12
SPAC25B8.01 dapl Cytochrome P450 regulator Dapl ++ - 1.0 0.25
Membrane trafficking
SPAC144.06 apl5 AP-3 adaptor complex subunit Apl5 +++ + 0.25 0.12
SPAC23H3.06 aplé AP-3 adaptor complex subunit Apl6 +++ + 0.25 0.12
SPAC30D11.05 aps3 AP-3 adaptor complex subunit Aps3 +++ + 0.5 0.25
SPBC651.11¢ apm3 AP-3 adaptor complex subunit Apm3 + + 1.0 0.25
SPBP16F5.07 apml AP-1 adaptor complex subunit Apm1 +++ + 0.06 0.12
SPAC767.01c¢ vpsl Dynamin family protein Vpsl +++ + 0.06 0.12
SPAC2G11.03¢ vps45 Vacuolar sorting protein Vps45 +++ ++ 0.12 0.015
SPACI1142.07¢ vps32 Vacuolar sorting protein Vps32 ++ + 0.12 0.12
SPBC27B12.08 sipl Pof6 interaction protein Sip1l ++ + 0.12 0.25
SPAC31A2.13¢ sftl® SNARE Sftl +++ + 0.12 0.06
SPAC1527.02 sft2 Golgi transport protein Sft2 + ++ 0.12 0.03
SPAC4G8.10 gosl SNARE Gosl - + 0.5 0.12
SPACS869.11 catl Cationic amino acid transporter Catl +++ ++ 1.0 0.12
SPCC1795.03 gmsl UDP-galactose transporter Gms1 ++ + 0.25 0.06
SPAC23C11.14 zhfl Zinc ion transporter Zhfl +++ + 0.25 0.06
SPBC25H2.16¢ ggal® Adaptin ++ +++ 0.25 0.03
SPCC79%4.11c ent3’ ENTH/VHS domain protein Ent3 ++ + 0.25 0.06
SPCC794.03 ugad® Amino acid permease +++ + 0.25 0.12
SPBC725.10 NA TspO homolog +++ + 0.06 0.06
Histone acetylation and
deacetylation
SPCC24B10.08¢ ada2 SAGA complex subunit Ada2 +++ + 0.06 0.12
SPBC28F2.10c ada3® SAGA complex subunit Nggl +++ - 0.25 0.25
SPBC14C8.17¢ spt8° SAGA complex subunit Spt8 ++ + 0.25 0.12
SPBC146.09¢ Isd1 Histone demethylase SWIRM1 ++ ++ 0.25 0.06
SPAC16C9.05 cphl Clr6 histone deacetylase-associated PHD protein 1 (Cphl) ++ ++ 0.12 0.12
SPCC126.13¢ NA Histone deacetylase complex subunit — + 0.25 0.06
Ubiquitination
SPAC11G7.02 publ Ubiquitin-protein ligase E3 +++ + 0.06 0.03
SPBC21D10.09¢ rkr1? Ubiquitin-protein ligase E3 +++ + 0.12 0.03
SPBC14F5.10c NA Ubiquitin-protein ligase E3 +++ ++ 0.5 0.06
SPAC13A11.04c ubp8 Ubiquitin C-terminal hydrolase ++ + 0.12 0.12
SPCC1223.01 NA Ubiquitin-protein ligase E3 +++ + 0.12 0.06
SPAC17H9.19¢ cde2 WD repeat protein Cdt2 ++ ++ 0.25 0.03
SPAC1687.05 plil SUMO E3 ligase Plil + + 0.5 0.12
SPCC970.10c bri2 Ubiquitin-protein ligase E3 ++ ++ 0.03 0.03
SPAC17H9.10¢ ddbi Damaged DNA binding protein +++ ++ 0.25 0.03
Signal transduction
SPCC1753.02¢ git3° G-protein-coupled receptor Git3 +++ + 0.12 0.06
SPAC23H3.13c gpa2 Heterotrimeric G protein a-2 subunit +++ +++ 0.12 0.06
SPBC32H8.07 git5 Heterotrimeric G protein b subunit +++ + 0.25 0.06
SPBC215.04 gitll Heterotrimeric G protein vy subunit ++ + 0.25 0.06
SPBC21C3.20c gitl C2 domain protein Gitl +++ - 0.12 0.06
SPCC162.10 ppk33 Serine/threonine protein kinase ++ ++ 0.25 0.06
SPBC106.10 pkal cAMP-dependent protein kinase catalytic subunit Pkal +++ ++ 0.12 0.03
SPAC6F6.01 cchl Calcium channel Cchl ++ ++ 0.06 0.03

(Continued on following page)
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TABLE 1 (Continued)

Spot assay result

Category and Common with: MIC (pg/mb)
systematic gene name gene name Gene description” Clot Terb Clot Terb
SPAC16.01 rho2 Rho family GTPase Rho2 ++ ++ 0.25 0.06
SPBC15D4.15 pho2 4-Nitrophenylphosphatase +++ + 1.0 0.12
SPAC4F10.04 rrd1® Protein phosphatase type 2A, intrinsic regulator ++ + 0.12 0.03
SPCC757.09¢ rncl RNA binding protein that suppresses calcineurin deletion + - 0.25 0.25
Rncl
SPCC297.05¢ NA Diacylglycerol binding protein +++ ++ 0.25 0.06
Ribosome biogenesis
and assembly
SPAC3A12.10 rpl2001 60S ribosomal protein L20a +++ ++ 0.12 0.03
SPAC26A3.07¢ rpll1101 60S ribosomal protein L11 ++ + 0.5 0.12
SPAC3H5.10 pl3202 60S ribosomal protein L32 ++ + 0.25 0.12
SPAC1556.05¢ cgrl® Ribosome biogenesis CGR1 family ++ + 0.5 0.12
SPBC16C6.03¢ rsal® Ribosome assembly protein + + 2.0 0.12
SPAC6F6.03¢ nog2" Ribosome export GTPase +++ ++ 0.25 0.12
Regulation of
transcription and
translation
SPBC21B10.13¢ yoxl MBF complex negative regulatory component Yox1 +++ + 0.25 0.06
SPBC2F12.11c¢ rep2 Transcriptional activator, MBF subunit + ++ 0.25 0.03
SPBC19G7.16 iwsl Transcription elongation factor complex subunit Iwsl ++ ++ 0.5 0.12
SPBC31F10.09¢ nut2 Mediator complex subunit Med10 ++ ++ 0.5 0.12
Cellular
morphogenesis,
cell wall
organization, and
biogenesis
SPBC947.04¢ NA Cell surface glycoprotein, DIPSY family +++ ++ 0.12 0.06
SPACIF8.06 fta5¢ Cell surface glycoprotein ++ + 0.25 0.25
SPCC63.02¢ aah3 Alpha-amylase homolog Aah3 + - 0.5 0.25
SPCP1E11.04¢ pall® Membrane-associated protein ++ + 0.12 0.015
SPAC688.11 end4 Huntingtin-interacting protein homolog +++ + 0.03 0.06
Mitochondrial function
SPAC1071.11 NA NADH-dependent flavin oxidoreductase ++ ++ 0.03 0.015
SPAC1556.02¢ sdhl Succinate dehydrogenase Sdh1 +++ + 0.25 0.12
SPAC4G8.08 mrs3" Mitochondrial iron ion transporter - + 0.5 0.12
Amino acid metabolism
SPAC3A12.17¢ cysl2 Cysteine synthase Cys12 +++ + 0.12 0.06
SPBC3B8.03 lys9® Saccharopine dehydrogenase +++ + 0.12 0.12
SPAC3H1.07 arul Arginase Arul + - 0.5 0.25
SPAC24H6.10¢ aro3” Phospho-2-dehydro-3-deoxyheptonate aldolase + - 0.25 0.25
Nucleic acid
metabolism
SPAC644.14c rhp51 Recombinase Rhp51 +++ + 0.12 0.03
SPBC29A3.14c trtl Telomerase reverse transcriptase 1 protein - + 0.5 0.12
SPAPBIE7.02¢ mcll DNA polymerase alpha accessory factor + + 0.25 0.06
SPCC736.09¢ NA TRAX + + 1.0 0.25
SPAC30.02¢ kti12? Elongator complex-associated protein +++ - 0.03 0.12
SPBC36.07 iki3 Elongator subunit Iki3 +++ + 0.25 0.06
SPCC31H12.08¢ ccrd CCR4-Not complex subunit Ccr4 ++ + 0.25 0.12
SPAC9GI1.12 cpdl tRNA (m1A) methyltransferase complex subunit Cpdl +++ ++ 0.25 0.03
SPBC25D12.06¢ NA RNA helicase +++ + 0.25 0.06

(Continued on following page)
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TABLE 1 (Continued)

Spot assay result

Category and Common with: MIC (pg/mb)
systematic gene name gene name Gene description” Clot Terb Clot Terb
Lipid metabolism
SPBC31F10.02 NA Acyl-CoA thioesterase +++ + 0.12 0.06
SPCC1235.15 dgal Diacylglycerol O-acyltransferase +++ + 0.12 0.06
SPAC1786.01¢ 1gl4® Triacylglycerol lipase +++ + 0.5 0.06
Meiosis
SPBC359.06 mugl4 Adducin ++ + 0.25 0.12
SPAC3A11.02 cps3© Zinc finger protein Cps3 +++ + 0.12 0.03
SPBC577.12 mug71 Endoribonuclease + + 0.12 0.12
SPCC338.08 ctpl CtIP-related endonuclease + + 0.25 0.06
SPACI110.02 pds5 Cobhesin-associated protein Pds5 + + 0.25 0.12
SPAC15A10.03¢ rhp54 Rad54 homolog Rhp54 ++ + 0.25 0.06
Other functions
SPAC1D4.05¢ erd1® Erd1 homolog ++ + 0.12 0.03
SPBC1709.14 pngl® Peptide N-glycanase +++ + 0.12 0.03
SPBC365.14¢ ugel UDP-glucose 4-epimerase + + 0.5 0.06
SPACI19B12.08 atg4 Atg8 deconjugator Atg4 + + 0.5 0.12
SPAC823.16¢ mugl79 WD repeat protein involved in autophagy Atgl8b ++ ++ 0.5 0.06
SPCC794.10 ugp1” UTP-glucose-1-phosphate uridylyltransferase + + 0.25 0.06
SPBP35G2.14 puf1®* RNA binding protein + + 0.25 0.12
SPACI12G12.03 cip2 RNA binding protein Cip2 + ++ 0.015 0.015
Unknown functions
SPACI9A8.11c irc6” Recombination protein Irc6 +++ - 0.06 0.25
SPCC1020.07 NA Haloacid dehalogenase-like hydrolase +++ + 0.25 0.06
SPBC2A9.11c thp3® Nuclear export factor +++ + 0.12 0.06
SPAC56E4.07¢ NA N-Acetyltransferase +++ + 0.12 0.06
SPAC57A10.08c° NA Carboxylic ester hydrolase activity +++ ++ 0.06 0.03
SPBC660.05 wwmI® Conserved fungal protein +++ + 0.12 0.06
SPAC22F8.03¢* NA Sequence orphan +++ ++ 0.12 0.06
SPCC622.14 ges1® GTPase-activating protein +++ ++ 0.12 0.03
SPCC1739.01 lee1™* 2f-CCCH-type zinc finger protein +++ + 0.12 0.06
SPAC1805.14¢ NA Sequence orphan + + 0.12 0.12

“ Gene description as indicated in the Sanger Center S. pombe database. WD, tryptophan-aspartic acid; MBF, Mlul cell cycle box binding complex; CtIP, CtBP (carboxy-terminal

binding protein) interacting protein; TRAX, translin-associated protein X homolog.
¥ The common name is taken from the orthology of S. cerevisiae.

¢ The gene is conserved in fungi only.

9 The gene is identified in S. pombe only.

¢ Values obtained by using the MIC-2 (50% growth inhibition) endpoint.

F+++, severely sensitive; ++, moderately sensitive; +, mildly sensitive; —, not sensitive; Clot, clotrimazole; Terb, terbinafine; NA, the common gene name is not applicable.

of the oxysterol binding protein, may play an important role in
sterol metabolism similar to that of its orthologs in budding yeast
(22) and may cause a similar synthetic effect. Another gene is the
dapI™ gene, encoding an ortholog of the budding yeast Daplp, a
heme binding protein related to cytochrome b5 that activates
Ergllp. Our result showing that dapI deletion mutant cells are
hypersensitive to clotrimazole is consistent with a previous report
on budding yeast Daplp by Craven et al. (11).

Membrane trafficking. The largest group of genes by which
gene deletion confers sensitivity to the ergosterol biosynthesis in-
hibitors is involved in membrane trafficking (Table 1). This group
includes 19 genes, namely, apl5™, apl6™, aps3™, apm3™, apmI™,
vpsI™, vpsd5™, vps32™, sipl ™, sft1™, sft2*, gosi™, catl™, gmsl™,
zhfl™, ggal™ (SPBC25H2.16¢), uga4”™ (SPCC794.03), ent3™
(SPCC794.11c¢), and SPBC725.10. Adapter protein complex 3
(AP-3) isa heterotetramer composed of 2 large adaptins (Apl5 and
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Apl6), a medium adaptin (Apm3), and a small adaptin (Aps3) that
is involved in membrane trafficking to the vacuole (14). Interest-
ingly, the deletion of any of the AP-3 subunits leads to hypersen-
sitivity to ergosterol biosynthesis inhibitors (Table 1). The apmI™
gene, encoding a u1 subunit of AP-1 that plays a key role in Golgi/
endosome trafficking and vacuole fusion, was also identified in the
clotrimazole- and terbinafine-sensitive screen. Next is the vacuo-
lar protein-sorting pathway (VPS), which mediates the localiza-
tion of proteins from the trans-Golgi network to the vacuole via a
prevacuolar endosome compartment in yeast cells (4, 30). In our
screen, 3 VPS genes, vpsI™, vps32™, and vps45™", by which gene
deletion leads to hypersensitivity to ergosterol biosynthesis inhib-
itors were identified. In addition, Sip1, alarge HEAT (huntingtin,
elongation factor 3, PR65/A subunit of protein phosphatase 2A,
and lipid kinase Tor)-repeat-containing protein that forms a
complex with Pof6, playing an essential role in endocytosis, cyto-
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TABLE 2 Summary of genes responding to cell wall integrity

Phenotype Genes

Micafungin sensitivity apml,° aps3,° vps45,° publ,® pall,® vps1,” sft1,’
ada3,’ cph1,’ pkal,b gpa2,’ git1,b rpl2001,’
SPBC25D12.06," rkr1,%? rrd1,% kti12,"
irc6,%? ccrd,* g0s1,C brl2,° ddb1, nut2,°
end4, rpl3202,° cip2,° ugp1,”° ggal,” ent3,"
erdl,” pufl,” sts1, spo9, kesl, apl6, apm3,
sipl, Isd1, SPBC725.10, SPCC126.13c, cdt2,
SPBC14F5.10c, rho2, rncl, yox1, rep2,
iwsl, aah3, SPAC1071.11, rhp51, trtl, iki3,
mugl4, pds5, rph54, ugel, SPAC57A10.08c

Osmoremedial ergosterol
biosynthesis inhibitor
sensitivity

apml,® aps3,° vps45,° publ,® pall,* vpsl,b sftl b
ada3,’ cphl,b pkal,b gpa2,l’ git],b rpl2001,l’
SPBC25D12.06," rkr1,%? rrd1,%" kti12,"
irc6,%* SPCC297.05,” ada2,” apl5,” nog2,*
pngl,” thp3,” wwml,” ges1,” vps32, uga4,
gmsl, zhfl, catl, ppk33, git5, cgrl, sdhl,
cys12, dgal, atgd, SPCC1020.07,
SPAC56E4.07, SPAC22F8.03¢

B-Glucanase sensitivity apml,® aps3,° vps45,° publ,® pall,® gosl, brl2,
ddbl, nut2, end4, rpl3202,° cip2, ugp1,™*
ggal, ™ ccrd, ada2,” SPCC297.05, apl5,*
leel,” fta5, spt8, kap1, cchl, sft2

“ The common name is taken from the orthology of S. cerevisiae.

Y The gene disruption exhibited two of the three phenotypes, that is, micafungin
sensitivity and osmoremedial ergosterol biosynthesis inhibitor sensitivity.

¢ The gene disruption exhibited two of the three phenotypes, that is, micafungin
sensitivity and B-glucanase sensitivity.

4 The gene disruption exhibited two of the three phenotypes, that is, osmoremedial
ergosterol biosynthesis inhibitor sensitivity and B-glucanase sensitivity.

¢ Genes by which gene disruption exhibited all three phenotypes, that is, micafungin
sensitivity, osmoremedial ergosterol biosynthesis inhibitor sensitivity, and B-glucanase
sensitivity.

kinesis, and cell division (23), was also identified. Moreover, the
Golgi transport-related proteins Sftl, Sft2, and Gosl; the UDP-
galactose transporter Gmsl; the cationic amino acid transporter
Catl; and the zinc ion transporter Zhfl were also identified in this
screen. Another gene identified was the ggal™ gene, which en-
codes a homolog of adaptin that is involved in transport from the
Golgi apparatus to the vacuole. The next gene identified is
SPBC725.10, which is predicted to be involved in the cytoplasm/
mitochondrial transport of heme (Sanger Center S. pombe gene
database). Still other genes identified are the ent3™ gene, encoding
a homolog of the ENTH/VHS domain protein Ent3p, which is
predicted to be involved in transport from the Golgi apparatus to
the endosome, and uga4 ™, encoding a homolog of an amino acid
permease that is involved in the transmembrane transport of
amino acid. All these data suggest that both the Golgi-to-endo-
some and endosome-to-vacuole stages of transport play major
roles in defining sensitivity to ergosterol biosynthesis inhibitors.
In the ergosterol biosynthesis pathway, gene products such as
farnesylpyrophosphate and geranylgeranylpyrophosphate are es-
sential isoprenoids for the function of small GTPases such as Rab
and Ras. In our previous report, we found that two Rab GTPases,
namely, Ypt3 and Ryhl, are involved in fission yeast membrane
trafficking (8, 19), and the overexpression of repl™, which en-
codes the Rab escort protein, suppressed the phenotype of an
hmgl-1 mutant, an allele of the hmgl™ gene that encodes the
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sterol biosynthetic enzyme HMGR (17). Taken together, it is
possible that the inhibition or mutation of the ergosterol bio-
synthesis pathway may reduce the production of isoprenoids,
thereby affecting the function of the small GTPase Rab.
Histone acetylation and deacetylation. Another major group
of genes identified comprises pathways involved in histone acety-
lation and deacetylation. This group includes ada2™, ada3™,
spt8™, Isd1™, cphl™, and SPCC126.13c. The ada2™, ada3™, and
spt8” genes encode the Spt-Ada-Gen5 acetyltransferase (SAGA)
complex subunits that are involved in histone acetylation. Next is
the Isd1™ gene, which encodes the histone demethylase SWIRMI,
which is involved in targeting histone tails for continuous acety-
lation and deacetylation. In addition, the cphl™ gene and
SPCC126.13¢, encoding Clr6 histone deacetylase-associated PHD
(plant homeo domain) protein 1 (Cph1) and the histone deacety-
lase complex subunit, respectively, are involved in histone
deacetylation. These data suggest that in fission yeast, both histone
acetylation and histone deacetylation are important for clotrim-
azole and terbinafine sensitivity. In support of this, Smith et al.
reported previously that in budding yeast, strains with a deletion
of SAGA transcriptional adaptor/HAT (histone acetyltransferase)
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FIG 3 Defects in cell wall integrity in some of the ergosterol biosynthesis
inhibitor-sensitive mutants. (A) The Agpa2 mutants, a representative example
of the ergosterol biosynthesis inhibitor-sensitive mutants, were hypersensitive
to micafungin, a (1,3)-B-D-glucan synthase inhibitor. Cells were spotted onto
plates containing YES or YES plus 2.0 ug/ml micafungin and incubated at 27°C
for 4 days. (B) High osmolarity suppressed the ergosterol biosynthesis inhibi-
tor-sensitive phenotype of the Agpa2 mutants. Wild-type cells and Agpa2 mu-
tant cells were spotted onto each plate as indicated. (C) Cell wall digestion of
the deletion mutants and wild-type cells by B-glucanase. Cells exponentially
growing in YES medium were harvested, incubated with B-glucanase at 27°C,
and subjected to vigorous shaking. Cell lysis was monitored by measurements
of the optical density at 660 nm. The data shown are representative of multiple
experiments.
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TABLE 3 S. pombe genes identified in a screen for clotrimazole- and terbinafine-resistant genes®

Spot assay result

ith: MI 1)

Category and systematic Common wit € (g/mb
gene name gene name Gene description” Clot Terb Clot Terb
Wild type 2.0 0.25
Mitochondrial function

SPAC23C11.08 php3 CCAAT binding factor complex subunit Php3 +++ +++ 4.0 0.5

SPCC1442.05¢¢ NA Conserved fungal protein ++ + 2.0 0.25

SPBC27B12.10c¢ tom7 Mitochondrial TOM complex subunit Tom?7 ++ ++ 4.0 0.5

SPBC691.04 mss116° Mitochondrial ATP-dependent RNA helicase Mss116 ++ ++ 2.0 0.5

SPBC713.08 tom13° Mitochondrial TOM complex subunit Tom13 - + 2.0 0.5
Ubiquitination

SPAC15A10.11 ubrll N-end-recognizing protein ++ + 4.0 0.25
Membrane trafficking

SPBC691.03¢ apl3 AP-2 adaptor complex subunit Alp3 ++ +++ 4.0 0.5
Cell polarity

SPBC15D4.10c amol Nuclear rim protein Amol + + 2.0 0.5
Chromatin remodeling

SPBP23A10.05 ssr4¢ SWI/SNF and RSC complex subunit + + 2.0 0.5
Unknown functions

SPBC1861.05 NA Carbohydrate kinase ++ ++ 2.0 0.5

SPBC106.07¢ nat2’ N-alpha-acetylation-related protein + ++ 2.0 0.5

@ Gene description as indicated in the Sanger Center S. pombe database. TOM, translocase of outer membrane; RSC, remodel the structure of chromatin.

 The common name is taken from the orthology of S. cerevisiae.
¢ The gene is conserved in fungi only.
4 Values obtained by using the MIC-2 (50% growth inhibition) endpoint.

¢ +++, strongly resistant; ++, moderately resistant; +, mildly resistant; —, not resistant; NA, the common gene name is not applicable.

complex genes (e.g., ADA3 and SPT7) markedly enhanced azole
sensitivity (36).

Ubiquitination. Several of the genes identified encode ubiqui-
tin ligase proteins, including publ™, ubp8™, plil ™, bri2*, rkri™
(SPBC21D10.09¢), SPBC14F5.10c, and SPCC1223.01. In addi-
tion, cdt2™, encoding an adaptor protein, and ddbI™, encoding a
damaged DNA binding protein, which form a Ddb1-Cul4-Cdt2
ubiquitin ligase complex with the COP9 signalosome complex
(CSN), a Cullin-4 ubiquitin ligase (Pcu4) (27), were also identi-
fied in this screen. All these results suggest that various ubiquiti-
nation processes play important roles in defining sensitivity to the
inhibitors of ergosterol biosynthesis. It was reported previously
that an inhibitor of squalene synthetase encoded by ERG9 pro-
motes the ubiquitin-ligase-mediated vacuolar degradation of the
tryptophan permease Tat2p in budding yeast, suggesting the in-
volvement of ubiquitin ligase in membrane trafficking (12). We
suggest that the deletion of ubiquitin ligase genes may affect mem-
brane trafficking, thereby causing hypersensitivity to antifungal
drugs, as described above.

Signal transduction. Several of the genes identified are in-
volved in signal transduction, with the largest group being
involved in the glucose/cyclic AMP (cAMP) signaling pathway,
including git1™, git3™, git5", and gpa2™/git8*. The git (glucose-
insensitive transcription) genes encode components of a CAMP
signaling pathway required for adenylate cyclase activation (20,
39). In addition, the deletion of 3 protein kinase genes, namely,
ppk33™, pkal™, and rrd1™ (SPAC4F10.04), conferred hypersensi-
tivity to the ergosterol biosynthesis inhibitors. Also identified were
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those genes relating to the mitogen-activated protein kinase
(MAPK) signal pathway, including the rncl* gene, encoding a K
homology (KH)-type RNA binding protein that negatively regu-
lates the MAPK kinase kinase (MAPKKK) cascade (37); the rho2™
gene, encoding the Rho family GTPase Rho2 that acts upstream of
the MAPK signal pathway (28); and the cchl™ gene, encoding a
putative subunit of the Ca®" channel that is involved in the calci-
um-dependent calcineurin signal pathway (15). Both the glu-
cose/cAMP signal pathway and the MAPK pathway are the two
major intracellular signaling pathways that play a crucial role
in various biological functions and control many cellular pro-
cesses. Although the mechanisms are still unclear, we speculate
that these pathways may influence ergosterol biosynthesis, and
vice versa.

Other biological processes and unknown functions. Genes
modulating other biological processes, such as the regulation of
transcription and translation, ribosome biogenesis and assembly,
cell wall organization and biogenesis, mitochondrion function,
amino acid metabolism, nucleic acid metabolism, lipid metabo-
lism, and meiosis, also contribute to hypersensitivity to the inhib-
itors of ergosterol biosynthesis, namely, clotrimazole and terbin-
afine, upon gene deletion (Table 1). In addition, not all genes
identified in this screen were grouped according to known
functions in relation to ergosterol biosynthesis, because a num-
ber of the mutants showed a clear hypersensitivity to these
inhibitors, yet the functions as indicated are apparently unre-
lated to ergosterol biosynthesis. Also identified were several
open reading frames (ORFs) that encode proteins of unknown

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

wt + vector
Apka1 + vector
Apkat + pkat
Aapm1 + vector
Aapm1 + apm1’
Arho2 + vector
Arho2 + rho2"
Avps45 + vector

Avps45 + vps45T ) 2
YES at 27°C

& 5ip

,5‘,:

© 0000000
0000000
Y TYITIY)

©

clotrimazole

FIG 4 Complementation of the growth phenotypes of deletion strains by the
wild-type genes. Deletion strains were transformed with expression plasmids
containing their specific wild-type genes or the empty vector and tested for
complementation. Serial dilutions of stationary cultures were spotted onto the
plates as indicated and then incubated at 27°C for 4 days.

function, including irc6™, thp3™ (SPBC2A9.11c), wwml™
(SPBC660.05), gesl™ (SPCC622.14), leel™ (SPCC1739.01),
SPAC56E4.07, SPAC57A10.08¢c, SPAC22F8.03¢, SPCC1020.07,
and SPAC1805.14, and all of these need to be further charac-
terized.

Nearly three-quarters of clotrimazole- and terbinafine-sen-
sitive mutants showed defects in cell wall integrity. In addition,
we examined the growth of the clotrimazole- or terbinafine-sen-
sitive mutants on plates containing 2 pg/ml micafungin, another
antifungal drug that inhibits (1,3)-3-D-glucan synthase, which is
essential for cell wall synthesis. As shown in Table 2, among the
109 ergosterol biosynthesis inhibitor-sensitive mutants, 57 mu-
tants (or 52.3%) showed hypersensitivity to micafungin, suggest-
ing that these mutants are defective in cell wall integrity. The other
52 mutants (or 47.7%) grew equally well compared to wild-type
cells on plates containing micafungin. This finding prompted us
to examine whether the ergosterol biosynthesis inhibitor-sensitive
mutants showed altered resistance to cell wall-damaging agents
such as B-glucanase. B-Glucanase treatments of wild-type cells
and Apmkl cells, which lack a MAPK regulating the cell wall in-
tegrity of fission yeast (38), were also performed as a negative
control and a positive control, respectively. As shown in Fig. 3C,
the optical density (OD) of wild-type cells at 120 min was 78%,
and that of ApmkI cells was 47% (the value before the addition of
the enzyme was taken as 100%). Our results showed that 24 mu-
tants (or 22.0%), with an OD of <60% at 120 min, were lysed
significantly faster than wild-type cells (Table 2). Specifically, 6
mutants, namely, the Akapl, Apubl, Aend4, Augpl, Apall, and
Abrl2 mutants, were lysed even faster than the ApmkI cells (Fig.
3C). Furthermore, it was observed that 41 gene deletion mutants
(or 37.6%) showed osmoremedial ergosterol biosynthesis inhibi-
tor sensitivity; that is, the addition of 1.2 M sorbitol suppressed the
clotrimazole- and terbinafine-sensitive growth defect of the dele-
tion mutant cells (Table 2). The Agpa2 deletion mutant, a repre-
sentative example of the ergosterol biosynthesis inhibitor-sensi-
tive mutants, is shown in Fig. 3A and B.

Taken together, 82 mutants (or nearly three-quarters) of all
genes by which gene deletions confer hypersensitivity to ergos-
terol biosynthesis inhibitors were found to express three addi-
tional phenotypes, including micafungin sensitivity, 3-glucanase
sensitivity, and osmoremedial ergosterol biosynthesis inhibitor
sensitivity, respectively. Among them, five mutants, namely, the
Apubl, Avpsd5, Aapm1, Apall, and Aaps3 mutants, expressed all
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three phenotypes, and 26 mutants expressed two of the three phe-
notypes correlated with cell wall integrity (Table 2). These find-
ings suggest that cell wall integrity is one of the resultant effects of
the sensitivity of these cells to the ergosterol biosynthesis inhibi-
tors and that another mechanism is also involved in the hypersen-
sitivity to ergosterol biosynthesis inhibitors.

Identification of clotrimazole- and terbinafine-resistant S.
pombe deletion mutants. We also screened for genes by which
gene deletion renders cells resistant to the antifungal agents that
are inhibitors of ergosterol biosynthesis, namely, clotrimazole and
terbinafine. As shown in Table 3, we identified 11 genes by which
gene deletion confers resistance to the ergosterol biosynthesis in-
hibitors. These genes include php3™, ubrl1™, amol™, apl3™,
tom7", ssrd", toml3", nat2® (SPBC106.07c), mss116"
(SPBC691.04), SPBC1861.05, and SPCC1442.05c¢. It is interesting
that tom13™ deletion mutants exhibited resistance only to terbin-
afine and not to clotrimazole. The genes mentioned are catego-
rized into the following groups: mitochondrion function (5
genes), ubiquitination (1 gene), membrane trafficking (1 gene),
cell polarity (1 gene), chromatin remodeling (1 gene), and other
unknown functions (2 genes). Of the 11 resistant mutants, 5 mu-
tants correspond to genes that are involved in mitochondrion
function, and this result is consistent with a previous report that
the inhibition of mitochondrial function resulted in fluconazole
resistance in a wild-type Saccharomyces cerevisiae strain (26). A
relationship between mitochondrial DNA deficiency and resis-
tance to azoles was demonstrated recently for azole-resistant iso-
lates of Candida glabrata (6, 13). More recently, Ferrari et al. re-
ported that the loss of mitochondrial functions associated with
azole resistance in Candida glabrata also resulted in enhanced vir-
ulence in mice (18). Although the mechanisms involved in these
resistant mutants are still unknown, our current findings with
fission yeast may provide important clues to a better under-
standing of the mechanisms of the emergence of antifungal
drug resistance. As described above, the deletion of mitochon-
drial genes confers both sensitivity and resistance to these
drugs (Table 1). These results suggest that mitochondria are
involved in the regulation of the ergosterol biosynthesis path-
way and that the sensitive and resistant genes may play oppo-
site roles in their regulation.

TABLE 4 S. pombe genes by which gene deletion confers sensitivity or
resistance to amphotericin B

Phenotype Genes

apl3,% amol,* apm1, vpsd5,° Isd1, cphl,c publ
rep2,° pall,C end4,® mrs3," rhp54,° cip2,°
SPACI1805.14,° sft2, ggal,™* ent3," cdi2,*
ddbl,C rho2,° rrd1,"¢ irc6," mugl79, ctp1,°
pds5,¢ iki3,¢ rpl2001,° rpl1101,¢ iws1,  aah3,°
rhp51,° SPAC1071.11,° ccr4,” atgd,*

Amphotericin B
sensitivity

Amphotericin B sts1,” kes1,? ada2,’ ada3®

resistance

“ The common name is taken from the orthology of S. cerevisiae.

b The gene disruption exhibited sensitivity to ergosterol biosynthesis inhibitors but
exhibited resistance to AmB.

¢ The gene disruption exhibited sensitivity to both ergosterol biosynthesis inhibitors
and AmB.

@ The gene disruption exhibited resistance to ergosterol biosynthesis inhibitors but
exhibited sensitivity to AmB.
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Complementation of the growth phenotypes of deletion
strains by the wild-type genes. To confirm that the sensitivity was
due to a specific gene deletion and not a consequence of secondary
mutations during the screening process, we proceeded to revert
the phenotype by the complementation of the strains with their
specific genes. We selected strains with mutations that showed the
highest level of sensitivity to the drugs. These strains included
apml, rho2, pkal, and vps45 deletion mutants. As shown in Fig. 4,
all the strains tested could be efficiently complemented by plas-
mids containing wild-type copies of the genes. These results sug-
gest that the sensitive phenotypes of these strains were indeed
caused by the deletion of specific genes.

Responses of clotrimazole- and terbinafine-sensitive or -re-
sistant mutants to other antifungal drugs. We also tested the
growths of the strains isolated in this screen on plates containing
other antifungals, including fluconazole, another azole, and am-
photericin B (AmB), which binds to ergosterol and destabilizes
the cell membrane. To test for drug hypersensitivity, different
concentrations of the drugs, ranging from 10 to 30 wg/ml of flu-
conazole and 15 to 20 ug/ml of AmB, were used. To test for drug
resistance, different concentrations of the drugs, ranging from 100
to 300 ug/ml of fluconazole and 30 to 32 ug/ml of AmB, were
used. As expected, all of the mutants showed the same response to
fluconazole compared to the response to clotrimazole, while the
potency of fluconazole was significantly weaker than that of clo-
trimazole. The results obtained with AmB are summarized in Ta-
ble 4. Among the 109 mutants that were sensitive and 11 mutants
that were resistant to ergosterol biosynthesis inhibitors, including
clotrimazole and terbinafine, 34 of them showed sensitivity to
AmB, whereas 4 of them showed resistance to AmB (Table 4).
Specifically, two mutants, namely, the Aapl3 and Aamol mutants,
exhibited resistance to ergosterol biosynthesis inhibitors but ex-
hibited sensitivity to AmB, whereas 4 mutants, namely, the AstsI,
Akes1, Aada2, and Aada3 mutants, exhibited resistance to AmB
but exhibited sensitivity to ergosterol biosynthesis inhibitors (Ta-
ble 4). On the other hand, 32 mutants showed sensitivity to both
the ergosterol biosynthesis inhibitors and AmB. These results may
be helpful for the selection and combination of various antifungal
drugs to enhance their therapeutic efficacy.

Determination of ergosterol levels of several deletion mu-
tants that exhibited altered sensitivity to antifungal drugs. To
examine whether the ergosterol content of the strains correlates
with the altered sensitivity to ergosterol biosynthesis inhibitors,
we determined the ergosterol levels of several strains that showed
the highest levels of sensitivity or resistance to the drugs. The
results are shown in Fig. 5. Regarding the strains that exhibit re-
sistance to clotrimazole and terbinafine, the ergosterol content of
php3 deletion mutants was dramatically increased compared with
that of wild-type cells, whereas that of apl/3 mutants was only
slightly increased. Regarding the strains that exhibited sensitivity
to clotrimazole and terbinafine, the ergosterol contents of the
SPBC947.04, gpa2, rpl2001, and apm1 mutants were dramatically
decreased, whereas those of the ddb1, apl5, cat1, and rho2 mutants
were similar to that of the wild-type cells. These findings indicate
that the sensitivity to ergosterol biosynthesis inhibitors correlates
with the ergosterol level in some but not all the deletion strains.

In conclusion, the first genomewide screen of haploid deletion
mutants in fission yeast was performed to determine altered sen-
sitivities to antifungal drugs, including clotrimazole and terbin-
afine, in this study. Here, we have identified 109 mutants that were
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FIG 5 Ergosterol levels of deletion mutants that exhibit altered sensitivity to
antifungal drugs. The cells indicated were grown to saturation in YES at 27°C,
and ergosterol from the strains was extracted and levels of ergosterol were
determined as described in Materials and Methods. The ergosterol content of
wild-type cells was taken as 100%, and the ergosterol contents of the other
deletion mutants were calculated as a percentage of that of the wild-type cells.
Each value represents the average from at least three independent experiments.

sensitive and 11 mutants that were resistant to these antifungals
which are inhibitors of ergosterol biosynthesis. To our knowledge,
this is the first report of a global screening for altered sensitivity to
these antifungal drugs in a fungal model organism, and the genes
or pathways identified in our study may provide valuable insights
into the development of novel antifungal drugs that enhance the
therapeutic efficacy of existing drugs and help minimize the oc-
currence of an increasing frequency of drug resistance.
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