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ABSTRACT We have previously reported that an ergl1 mutation affecting ergos-
terol synthesis and a hem13 mutation in the heme synthesis pathway significantly
sensitize the fission yeast Schizosaccharomyces pombe to hydroxyurea (HU) (1, 2).
Here we show that treatment with inhibitors of Erg11 and heme biosynthesis phe-
nocopies the two mutations in sensitizing wild-type cells to HU. Importantly, HU
synergistically interacts with the heme biosynthesis inhibitor sampangine and sev-
eral Erg11 inhibitors, the antifungal azoles, in causing cell lethality. Since the syner-
gistic drug interactions are also observed in the phylogenetically divergent Saccharo-
myces cerevisiae and the opportunistic fungal pathogen Candida albicans, the
synergism is likely conserved in eukaryotes. Interestingly, our genetic data for S.
pombe has also led to the discovery of a robust synergism between sampangine
and the azoles in C. albicans. Thus, combinations of HU, sampangine, and the azoles
can be further studied as a new method for the treatment of fungal infections.
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t is estimated that there are at least 1.5 million and probably 3 to 6 million species

of fungi existing on Earth (3, 4). They play indispensable roles in evolution, ecosys-
tems, and human progress such as production of food, vitamins, antibiotics, breads,
and wines, etc. However, there are about 300 fungal species that are known to cause
diseases in humans (5), which affect approximately 1.2 billion people worldwide (6, 7).
Although most of the fungal infections are superficial, affecting the skin, nails, and
mucosae, a large number of the infections are invasive or chronic and very difficult to
treat. It is estimated that about 1.5 million people die of fungal infection each year (6).
Most of the mortality is caused in individuals with a compromised immune system,
such as those living with HIV, recipients of organ or stem cell transplants, cancer
patients, or hospitalized individuals (8-10).

Species in four fungal genera Candida, Aspergillus, Cryptococcus, and Pneumocystis
are responsible for majority of the mortality caused by fungal infections (6). Although
effective drugs such as the antifungal azoles (7), echinocandins (11), and polyenes (12)
are available, several factors hamper the effective treatment of fungal infections. One
of the major factors is drug resistance. While some fungal species are intrinsically
resistant to antifungal agents, other pathogens acquire the resistance over time (6, 7).
Other factors affecting the treatment include drug toxicity and limited availability of
novel antifungals. Thus, it is necessary to discover more effective and safer drugs to
tackle the increasing challenge of fungal diseases, particularly the invasive infections.
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FIG 1 The cytotoxic effects of hydroxyurea (HU), sampangine, itraconazole, clotrimazole, and terbinafine used
alone or in combinations were assessed in S. pombe by standard spot assay. Serial 5-fold dilutions of logarithmically
growing wild-type S. pombe were spotted on plates of the rich medium YE6S containing 1.5 mM or 3.0 mM HU in
the presence (+) or absence (—) of the heme synthesis inhibitor sampangine or the ergosterol synthesis inhibitors
itraconazole, clotrimazole, and terbinafine at the indicated concentrations. The plate on the upper left does not
contain any drug. All plates were incubated at 30°C for 3 days and then photographed.

Hydroxyurea (HU) is an inhibitor of ribonucleotide reductase. Since its discovery over
160 years ago, HU has been used for the treatment of cancers, sickle cell anemia,
psoriasis, and infections caused by bacterial pathogens or HIV (13, 14). It is a water-
soluble, well-tolerated, and well-absorbed small-molecule drug that can be used either
intravenously or orally. We have previously shown in the fission yeast Schizosaccharo-
myces pombe that hypomorphic mutations in the heme or ergosterol biosynthesis
pathway significantly sensitize the cells to HU (1, 2). In this study, we further investi-
gated the cell-killing effect of HU in various combinations with inhibitors of heme and
ergosterol biosynthesis in S. pombe, the baker's yeast Saccharomyces cerevisiae, and the
opportunistic pathogen Candida albicans. Our results clearly showed that in vitro, the
drug combinations worked synergistically in inducing cell death. Based on the genetic
screening data for S. pombe, we also found that combinations of the inhibitor of heme
synthesis sampangine (SMP) (15) with various antifungal azoles, the Erg11 inhibitors,
showed an even more robust synergism in C. albicans. Together, we show that
combination therapies using HU, SMP, and the azoles have a great potential to be
further developed as a safer and more effective method for the treatment of fungal
diseases. The same strategy may also be developed for managing other pathological
conditions such as cancer. Furthermore, S. pombe may serve as a reliable model for
antifungal research.

RESULTS

SMP, terbinafine, and antifungal azoles significantly enhance the cell-killing
effect of HU in S. pombe. We have recently reported two mutants, the hem13-7 and
erg11-1 mutants, of the fission yeast S. pombe that are highly sensitive to HU (1, 2). Since
HU is a relatively safe drug and has been used for the treatment of various pathological
conditions but not fungal infections, we were interested in testing the enhancement of
its cytotoxicity with antifungal azoles that inhibit Erg11 and the heme synthesis
inhibitor sampangine (SMP). We first assessed this in wild-type S. pombe by using the
standard spot assay (Fig. 1). S. pombe is not a pathogen. It belongs to the phylum
Ascomycota, the largest and most diverse group of fungi, and has been used as an
established model for studying eukaryotic cellular mechanisms (16). We performed the
spot assay on plates containing HU in the presence (+) or absence (=) of SMP (Fig. 1,
top panels), the two antifungal azoles itraconazole and clotrimazole, and another Erg11
inhibitor and antifungal agent, terbinafine, at the indicated concentrations (Fig. 1,
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FIG 2 Combinations of HU with sampangine (SMP) show a highly synergistic cytotoxic effect in S. pombe.
(A) The cell survival of wild-type S. pombe in the presence of increasing concentrations of HU or SMP
alone or in various combinations of the two drugs (combos 1 to 4) was assessed by the 96-well plate
assay as described in Materials and Methods. The Ag,, values are shown to present cell survival. The
combination index (Cl) values shown on the right of the table were calculated by using the Chou-Talalay
method (17). The values marked in bold indicate the drug combinations showing very strong synergism
(CI values of <0.1). (B) Graphical representation of the cell-killing effects of HU, SMP, and the four
combinations of HU and SMP. The cell survival rate was calculated using the A4y, values from panel A
relative to the no-drug control and shown as percentages. (C) Combination index plot. Fa on the x axis
is the cell growth inhibition value at various Cl values. The horizontal line indicates the additive drug
interaction (Cl values are between 0.9 to 1.1). The Cl values above and below the horizontal line represent
antagonistic and synergistic drug effects, respectively.

bottom panels). All doses of the drugs, when used alone, had a minimal to moderate
effect on cell growth. When used in combinations, however, SMP, itraconazole, clo-
trimazole, and terbinafine could significantly enhance the effect of HU on suppressing
the cell growth. We also tested two other azoles, fluconazole and ketoconazole, and
similar results were observed (data not shown).

Synergistic drug interactions between HU and SMP or azoles in S. pombe. The
results described above strongly suggest that HU may work synergistically with SMP,
antifungal azoles, or terbinafine in suppressing yeast cell growth. To analyze the drug
interactions quantitatively, we employed the 96-well plate assay as described in
Materials and Methods. The dose-response curve for each drug was first examined in
order to determine the 50% inhibitory concentrations (ICsys) (see Fig. S1A in the
supplemental material). The drug concentrations showing minimal to <15% cell killing
effects were then chosen for various drug combinations. The synergistic, additive, and
antagonistic drug interactions were determined using the Chou-Talalay method (17).

As shown in Fig. 2A, when used alone, both HU and SMP showed a minimal (=10%)
effect on cell survival at the indicated concentrations. We then measured the cell
growth in the presence of both agents (combinations [combos] 1 to 4 in Fig. 2A). The
Agoo readings (Fig. 2A, cell survival column) were then used for calculating the cell
survival rate and are presented as percentages of the values for untreated controls (Fig.
2B). Values of the drug combination index (Cl) were calculated using CompuSyn (Fig.
2A, Cl value column) and schematically shown in a Cl-Fa plot (Fig. 2C) (where Fa is cell
growth inhibition at various Cl values). We found that although three specific combi-
nations of HU and SMP were additive (Cl values of ~1.0) or antagonistic (Cl values of
>1.0), more than half of the combinations showed a very strong synergism (Cl values
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FIG 3 Combinations of HU with the antifungal azole itraconazole show a highly synergistic cell-killing
effect in S. pombe. (A) The cell survival of wild-type S. pombe in the presence of increasing concentrations
of HU or itraconazole alone or in various combinations of the two drugs (combos 1 to 4) was assessed
by the 96-well plate assay. The cell survival rate and the Cl values were calculated as described for Fig.
2. The numbers in bold indicate the drug combinations with very strong synergism. (B) Graphical
representation of the cytotoxic effects of HU, itraconazole, and the four combinations of the two drugs
shown in panel A. (C) CI-Fa plot.

of <0.1) (Fig. 2A, numbers in bold), which clearly showed that HU works synergistically
with SMP in suppressing S. pombe cell growth.

We next assessed the effect of HU in the presence of the four antifungal azoles
itraconazole (Fig. 3), clotrimazole (see Fig. S2 in the supplemental material), ketocona-
zole (see Fig. S3 in the supplemental material), and fluconazole (see Fig. S4 in the
supplemental material) and the allylamine antifungal agent terbinafine (see Fig. S5 in
the supplemental material). As shown in Fig. 3A and B, when itraconazole was used
alone at 0.007 to 0.021 wM, it minimally suppressed the cell growth. In the presence of
HU, however, the drug effect was significantly enhanced, and the majority of the
combinations showed a very strong synergism (Fig. 3C).

To confirm the results, we carried out a time course analysis of the combinations of
HU with SMP (Fig. 4A), HU with terbinafine (Fig. 4B), and HU with the four azoles (Fig.
4C to F) over a period of 48 h. In the presence of SMP, terbinafine, and all tested azoles,
the cell growth was minimally suppressed, although ketoconazole showed slightly
higher growth suppression (Fig. 4E). When combined with HU, however, the cell growth
was almost completely suppressed by all tested drugs, particularly the combination of
HU with terbinafine (Fig. 4B). HU and azoles are generally considered to be cytostatic.
However, since most of the cells could not survive even after a further incubation for
two more days or when the drug-treated cells were spread on YE6S plates (data not
shown), the drug combinations may cause irreversible cell damage and are therefore
cytotoxic.
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FIG 4 Time course analysis of the synergistic cytotoxic effect of HU in combination with SMP, terbinafine,
itraconazole, clotrimazole, ketoconazole, or fluconazole in S. pombe. Logarithmically growing wild-type S. pombe
was inoculated in YE6S medium on 96-well plates at 3,000 cells/well, and then 10 mM HU and 21 uM SMP (A), 5
mM HU and 0.091 uM terbinafine (B), 10 mM HU and 0.021 uM itraconazole (C), 10 mM HU and 0.043 uM
clotrimazole (D), 5 mM HU and 9.4 uM ketoconazole (E), or 10 mM HU and 22.8 uM fluconazole (F) were added
to the cell cultures either alone or in combinations. The same amounts of carriers were added for the control. The
plates were incubated at 30°C and scanned at the indicated time points to monitor cell survival. All data points are

the averages of the readings from three separate wells.

The synergistic cell-killing mechanisms are highly conserved. To further inves-
tigate the synergism, we then examined the combinations in S. cerevisiae, another
established yeast model that is phylogenetically distinct from S. pombe (18). The
dose-response curve of each single drug was assessed in a manner similar to that for
S. pombe (Fig. S1B). We found that although a higher dose of HU was required to
suppress the cell growth in S. cerevisiae, a number of combinations of HU with SMP (see
Fig. S6 in the supplemental material), HU with terbinafine (see Fig. S7 in the supple-
mental material), and HU with the four azoles showed very strong synergistic cell-killing
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effects (see Fig. S8 to S11 in the supplemental material). We also performed time course
analysis of the combinations in S. cerevisiae (see Fig. S10D, S11D, and S12 in the
supplemental material). The results clearly showed that in the presence of SMP,
ketoconazole, and itraconazole, the cytotoxicity of HU was significantly increased,
although a lesser effect was observed for the combinations of HU with clotrimazole
(Fig. S10) and with fluconazole (Fig. S11).

Synergistic cell-killing effect in Candida albicans. The strong synergistic effect
observed in both S. pombe and S. cerevisiae suggest that the cell-killing mechanisms are
likely conserved in other eukaryotes. We are particularly interested in pathogenic fungi
because the four tested azoles are antifungals and SMP has also been reported to have
antifungal activity (15, 19, 20). We investigated this hypothesis in the opportunistic
pathogen C. albicans because it causes 50 to 90% of all cases of candidiasis, the most
common opportunistic yeast infection in humans (21). Systemic infection of C. albicans
has also emerged as an important cause of morbidity and mortality in immunocom-
promised patients, and fluconazole-resistant Candida has become an increasingly
serious threat to human health (22).

Unlike S. pombe, C. albicans was found to be less sensitive to HU and showed a
dose-response curve similar to that in S. cerevisiae (Fig. S1C). It was also less sensitive
to SMP but highly sensitive to all tested azoles and terbinafine (Fig. S1C). We then
examined the combinations of HU with SMP and found that most of the combinations
were strongly synergistic (Fig. 5). A subsequent time course study confirmed the
synergism (Fig. 5D). The synergism was also observed in most of the combinations of
HU with ketoconazole (Fig. 6), itraconazole (see Fig. S13 in the supplemental material),
clotrimazole (see Fig. S14 in the supplemental material), and terbinafine (see Fig. S15 in
the supplemental material), although a small number of the combinations were slightly
antagonistic.

Identification of erg71 as a multicopy suppressor of the hem13-1 mutation in
S. pombe. The results described above clearly showed that combinations of HU with
SMP, HU with terbinafine, and HU with several azoles work synergistically in inducing
cell death in S. pombe, S. cerevisiae, and C. albicans. To identify new therapeutic targets
with related cell-killing mechanisms, we carried out a genetic screen in S. pombe,
looking for multiple-copy suppressors of the hem13-1 mutation. This screen identified
ergll.

To investigate the suppressor, we cloned ergl7 into an expression vector and
expressed the protein in wild-type and erg17-1 and hem13-1 mutant cells and assessed
the HU sensitivity by standard spot assay. We also included the rad3 checkpoint mutant
(ortholog of human ATR and S. cerevisiae Mec1) as a control because it is highly
sensitive to the replication stress induced by HU. Since the hem13-1 mutant is sensitive
to low temperature (2), the cells were also incubated at the restrictive temperature
22°C. As shown in Fig. 7, while the suppressor had little effect on the wild-type and rad3
cells, it significantly suppressed the HU sensitivity of the erg77-1 and hem13-1 mutants.
Because erg11 did not suppress the cold sensitivity of the hem13-1 mutant (Fig. 7, lower
part), it cannot rescue the compromised physiological function of the mutant protein.
We have previously shown that HU treatment generates oxidative stress in the hem13-1
mutant (2). This result clearly showed that erg11 specifically mitigates the oxidative
stress induced by HU in the hem13-7 mutant.

Based on the screening data for S. pombe, we hypothesized that overexpression of
erg11 might be a cellular defense mechanism against HU-induced oxidative stress.
Earlier studies have shown that treatment with SMP also generates oxidative stress and
thus induces cell death in S. cerevisiae and human HL-60 leukemia cells (19, 23). If our
hypothesis is true, inhibition of Erg11 may also enhance the cytotoxicity of SMP. To
investigate this, we tested the combinations of SMP with itraconazole (Fig. 8), clotrim-
azole (see Fig. S16 in the supplemental material), and ketoconazole (see Fig. S17 in the
supplemental material). The results clearly showed that almost all of the tested com-
binations were very robust and highly synergistic in inducing cell death in C. albicans.
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FIG 5 Synergistic drug interaction between HU and SMP in the pathogenic fungus C. albicans. (A) The
cell survival of the wild-type C. albicans strain SC5314 in the presence of increasing concentrations of HU
or SMP alone or in drug combinations (combos 1 to 3) was monitored by the 96-well plate assay. The cell
survival rate and the Cl values were calculated as described for Fig. 2. The values in bold indicate the
combinations with very strong synergism. (B) Graphical representation of the cell survival rate in the
presence of HU, SMP, and the three combinations of the two drugs shown in panel A. (C) Combination
index plot. (D) Time course study of the synergistic drug effect of 200 mM HU and 86 uM SMP in C.
albicans.

DISCUSSION

Combination therapy using multiple drugs is a therapeutic strategy that can address
various issues associated with single-drug therapy, such as toxicity, lower therapeutic
effect, a narrower spectrum of activity, and, more importantly, the development of drug
resistance. Since eukaryotic genomes are interconnected, a proper drug combination
may exploit additional therapeutic targets (24). Combination therapy has been suc-
cessfully used for the treatment of various infectious diseases caused by viruses (25),
bacteria (26, 27), and parasites (28, 29). However, only a small number of drug
combinations are available for the treatment of fungal infections. Due to the limited
numbers of antifungal agents that are currently used in clinics, synergistic combina-
tions, particularly those with nonantifungal drugs, are of great interest.

HU is a nonalkylating antiproliferative and antiviral agent that has been used in the
past decades for the management of a variety of neoplastic and nonneoplastic condi-
tions. It is water soluble, readily absorbed, and widely distributed throughout the body
(13, 14). It is listed as an essential medicine by WHO (30). HU is very tolerable for
patients, especially when applied to the skin. An earlier study showed that creams
containing 10% to 15% (~1.3 M to 2.0 M) HU were tolerable and generated a good
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FIG 6 Synergistic drug interaction between HU and the ergosterol synthesis inhibitor ketoconazole in C.
albicans. (A) The cell survival of wild-type C. albicans in the presence of HU or ketoconazole alone or in
combinations was monitored. (B) Graphical representation of the cell survival rate in the presence of HU,

ketoconazole, and the three combinations of the two drugs shown in panel A. (C) Combination index
plot. (D) Time course study of the synergistic drug effect of 200 mM HU and 9 uM ketoconazole.

clinical response in patients with psoriasis (31). Based on our preliminary data, the
immediate implication is that it may significantly improve the therapeutic effect of
various antifungal azoles and terbinafine for superficial fungal infections. In support of
this, combination of HU with terbinafine, which is effective against various dermato-
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FIG 7 Overexpression of Erg11 can partially suppress the HU sensitivity but not the cold sensitivity of the
hem13-1 mutant. Erg11 was expressed on an S. pombe expression vector in wild-type, erg17-1 mutant,
and hem13-1 mutant cells under the control of its own promoter (marked on the right). The rad3A
checkpoint mutant was used as a control. Serial dilutions of the S. pombe strains, which are labeled on
the left (see strain list in Table S1 in the supplemental material), were spotted on YE6S plates or YE6S
plates containing 2 or 3 mM HU. The plates were incubated for 3 days at 30°C and then photographed.
Since the hem13-1 mutation causes cold sensitivity, one of the YE6S plates was also incubated at 22°C
for 3 days (second from the left). V, empty vector control.
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FIG 8 The robust and highly synergistic cell-killing effect of SMP and itraconazole in C. albicans. (A) The
cell growth of wild-type C. albicans in the presence of SMP and itraconazole alone or in three
combinations was examined as described for Fig. 2. Numbers in bold indicate very strong synergistic
drug interactions. (B) Graphical representation of the cell survival rate in the presence of SMP, itracona-
zole, and three combinations of the two drugs. (C) Combination index plot.

phyte isolates (32, 33), showed the most significant synergism in S. pombe (see Fig. S5
in the supplemental material). Since S. pombe is highly sensitive to HU, it is likely that
similar sensitivity can be found in certain fungal pathogens, which may further expand
its use for other fungal diseases. Importantly, although we have not examined the
combinations of SMP and the azoles with other fungal pathogens in this study, the
robust synergism strongly suggests that they may be highly effective for the treatment
of various fungal diseases, particularly invasive and/or chronic infections (34). Further in
vivo studies with animal models are needed to investigate these potentials.

It is known that SMP generates oxidative stress and induce apoptosis in human
HL-60 leukemia cells (23). Since HU has been used as an anticancer drug and the S.
pombe cellular mechanisms are conserved in humans (35-37), combinations of HU with
SMP or with azoles may also be used for the treatment of cancer, particularly those with
mutations that affect cholesterol or heme synthesis or cause oxidative stress. For
example, oxidative stress is observed in hematopoietic malignancies (38), and itracona-
zole has been repurposed for the treatment of prostate cancer (39, 40). Although the
focus of this study is on antifungal activity, it will be interesting to see whether the drug
combinations have a synergistic effect on cancer cells.

Synergistic drug interaction can be explained by several mechanisms, although
many drug combinations have multiple mechanisms and do not fall cleanly into one
single category (24). The combined drugs may target different stages of the same
biological pathway or parallel pathways that converge on an essential cellular function.
Alternatively, one drug may increase the bioavailability of the second drug through
enhancing the cell permeability, decreasing the drug’s degradation, or affecting the
pharmacokinetics of the drug. Terbinafine and azoles may enhance the cell-killing
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effect of HU through increased permeability of cell membrane and thus the bioavail-
ability of HU, similar to that reported for azoles and flucytosine (41). The same
mechanism may also explain the synergism between SMP and HU, because SMP
inhibits heme biosynthesis (15, 19) and heme in turn is required for ergosterol synthe-
sis. Although this is certainly a possibility, the novel cell-killing mechanisms of HU
described in our previous studies (1, 2) strongly suggest that the synergism is more
likely due to the suppression of the biosynthesis of heme and ergosterol.

The fission yeast S. pombe is a well-established model for studying the cellular
mechanisms that are conserved in higher eukaryotes (16). Virtually any genetic and
biochemical experiment or technique can be applied to this system. S. pombe is not
pathogenic, is easily accessible, is easily grown and manipulated to make mutants, and
is able to be maintained in either a haploid or a diploid state. Its genome has been
sequenced, which makes knock-in and knockout of each specific gene fairly easy, and
a collection of genome-wide deletion mutants is already available for large-scale
screens of new drug targets (42, 43). The cell division cycle is readily observable, and a
collection of mutants with defined growth defects has been extensively studied.
Considering all these benefits, the limited repertoire of molecular and genetic tech-
nigues in pathogenic fungi such as C. albicans, and the data presented in this and the
previous studies (1, 2, 43), S. pombe may serve, complementarily with S. cerevisiae and
C. albicans (18, 44-46), as a good therapeutic model for antifungal research.

MATERIALS AND METHODS

Materials. SMP was obtained from the natural products repository of the National Center for Natural
Products Research at the University of Mississippi. Itraconazole was purchased from TCl America
(Portland, OR), and HU, clotrimazole, fluconazole, ketoconazole, and terbinafine were all purchased from
Sigma (St. Louis, MO). HU was dissolved in distilled water or medium at 1.0 M, filtered, and saved at
—20°C as the stock solution. SMP, ketoconazole, and fluconazole were dissolved in DMSO and saved at
—20°C. The cell culture media were made following the standard protocol of the Clinical and Laboratory
Standards Institute (47, 48) using components that were mostly purchased from Sigma. All yeast strains
used in this study are listed in Table S1 in the supplemental material.

Standard spot assay. Logarithmically growing S. pombe cultures (2 X 107 cells/ml) were diluted in
5-fold steps and spotted onto YE6S (5 g/liter yeast extract, 30 g/liter dextrose, and 6 supplements) plates
containing HU, SMP, or various azoles at the indicated drug concentrations and combinations. The plates
were incubated at 30°C for 3 days and then photographed.

Ninety-six-well plate assay. Logarithmically growing yeast cells were inoculated on 96-well plates
at 3,000 cells/well in YE6S, YPD (10 g/liter yeast extract, 20 g/liter bacterial peptone, and 20 g/liter
dextrose), and SDB (Sabouraud dextrose broth containing 10 g/liter mycological peptone and 40 g/liter
dextrose) media for S. pombe, S. cerevisiae, and C. albicans, respectively, following the standard protocol
with slight modifications (47). The drugs were added at the indicated concentrations to a final volume
of 200 ul either alone or in combinations. The same amounts of carriers were added as the control. Cells
were incubated at 30°C for 48 h. The plates were scanned in a plate reader for Agy, measurements
(Safire?; Tecan, Research Triangle Park, NC). The synergistic, additive, or antagonistic effect of the drug
combinations as indicated by the combination index (Cl) values was calculated by using CompuSyn (49),
computer software developed by Chou and Talalay (17), where CI < 1, CI = 1, and Cl > 1 indicate
synergism, an additive effect, and antagonism, respectively. Very strong synergism is defined by Cl values
that are less than 0.1.

Screening for multiple-copy suppressors in S. pombe. The hem13-1 mutant was transformed with
S. pombe genomic DNA libraries that carry the ura4 marker. Colonies grown on plates lacking uracil were
replicated on plates containing HU to screen for those that exhibited HU resistance. Plasmids were
recovered from the HU-resistant yeast colonies for DNA sequencing and subsequent identification of the
suppressor genes.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00734-17.

SUPPLEMENTAL FILE 1, PDF file, 7.3 MB.
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