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a b s t r a c t

Yeast cells can extrude intracellular drugs through membrane-associated ef flux pumps, such as ATP- 
binding cassette (ABC) transporters and members of the major facilitator superfamily. Gene expression 
of drug efflux pumps is regulated by several transcription factors involved in pleiotropic drug resistance 
(PDR). Salicylic acid (SA) possesses weak antifungal activity. Although the excretion mechanisms of some 
antifu ngal drugs have been revealed, the mechanism of SA extrusio n remains unclear. To elucidate the 
mechanism of SA excretion, we screened SA-resistant mu tants from random mutagenized Saccharomyces
cerevisiae BY4741 cells. We successfully isolated 60 SA-resistant clones (KinSal001–060). KinSal052, one 
of the strongest SA-resistant clones, also exhibited resistance to 4-nitroquinoline-1-ox ide and cyclohex- 
imide, indicating that it acquire d the PDR phenotype. We identified a novel mutation in YRR1 conferring
SA resistance to KinSal052. YRR1 encodes a Zn(II)2Cys6-type zinc-finger transcr iption factor that report- 
edly activa tes gene expression involved in PDR. Yeast cells carrying the yrr1 allele (yrr1-52) activated 
expression of several efflux pump-encoding genes, including YOR1, SNQ2, AZR1, and FLR1. These results 
suggested that SA resistance in KinSal052 is conferred by the overexpression of efflux pumps constitu- 
tively activated by the mutant form of Yrr1p.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 

Over recent years, fungal infections have emerged as significant
clinical problems in patients with diabetes and immunodeficiency 
virus infection as well as those requiring organ transplanta tion and 
anticancer chemothera py [1,2]. In proportio n to the increase in 
mycotic infections , there has been an increase in the risk of ac- 
quired fungal pleiotrop ic drug resistance (PDR). In addition, the 
developmen t of novel drugs against fungal infections is quite diffi-
cult since fungal cell structure and function are similar to mamma- 
lian cells, and only a few targets exist for designing new drugs [3].
One target is ergosterol, which is an important constituent of the 
fungal cell membrane, whereas cholesterol is a primary component 
of mammali an cell membranes . Azole antifungal drugs, such as 
ketoconazol e, fluconazole, and miconazol e, inhibit ergosterol bio- 
synthesis, whereas polyene antifungal drugs, such as amphotericin 
B, bind to ergosterol in the fungal cell membrane, resulting in 
depolarizati on of the cell membrane and formation of pores [4].
Another target is the fungal cell wall. In recent years, several ech- 
inocandins, which inhibit the biosynthesis of 1,3-beta- D-glucan, an 
essential component of the fungal cell wall, have been developed 
ll rights reserved.
[5]. Given these circumstanc es, it is necessary to elucidate the de- 
tailed mechanis ms of fungal PDR to prevent further resistance to 
available drugs.

In Saccharomyc es cerevisiae , PDR loci have been investiga ted 
geneticall y, and most of the involved genes have been cloned and 
characteri zed [6,7]. PDR genes are comprise d of the following 
two main groups: those encoding membran e-associated drug ef- 
flux pumps and those encoding transcriptio n factors that regulate 
gene expression involved in drug efflux and metabolism. PDR 
genes, including PDR5, PDR10, PDR11, PDR12, PDR15, and PDR18,
encode the ATP-binding cassette (ABC) transporter [6], which func- 
tions as a pump to extrude a large number of structura lly different 
chemical s, including toxins and drugs, out of the cell. Especiall y,
PDR5 has been extensively investiga ted and the gene product has 
been shown to be involved in extrusion of many antifungal re- 
agents, including azole antifunga l drugs [8]. PDR1, YRR1(PDR2),
PDR3, and PDR8 encode transcriptio n factors containing Zn(II)2-

Cys6-type zinc-finger motifs that are regulators of PDR in S. cerevi- 
siae [7,9]. Pdr1p and Pdr3p bind to PDR elements (PDREs) located 
in the promoter region of PDR-rela ted genes and regulate gene 
expression [10]. Yeast cells carrying gain-of-function PDR1 or
PDR3 mutations cause constitutive high expression of mem- 
brane-as sociated efflux pumps and conseque nt excretion of a wide 
variety of antifungal drugs [11–13]. Although it is unclear how 

http://dx.doi.org/10.1016/j.bbrc.2013.03.069
mailto:kodo@med.kindai.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2013.03.069
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


N. Kodo et al. / Biochemical and Biophysical Research Communications 434 (2013) 42–47 43
Pdr1p and Pdr3p regulate downstream gene expression, Thakur 
et al. recently reported that ketoconazol e binds to Pdr1p as a li- 
gand, and Pdr1p as a nuclear receptor, activates PDR5 expression
via this interaction [14].

Salicylic acid (SA) and acetylsali cylic acid, also known as aspirin,
are nonsteroida l anti-inflammatory drugs that inhibit cyclooxy- 
genase activity resulting in decreased prostagland in synthesis in 
mammalian cells [15,16]. SA also induces mitochond rial dysfunc- 
tion by opening the permeabilit y transition pores located in the 
mitochondr ial membrane [17,18]. In addition, SA has weak anti- 
fungal and keratolytic activities, hence is used as a dermatolog ical 
agent to medicate tinea pedis (athlete’s foot) caused by pathogenic 
fungi of the genus Trichophyto n [19]. However, the pharmac ologi- 
cal action and excretion mechanism of SA in fungal cells remain 
unknown. Hence, to reveal the mechanism of SA excretion, we iso- 
lated SA-resistant mutants from random mutagenized S. cerevisiae 
BY4741 cells and identified gene mutations that confer SA 
resistance.
2. Materials and methods 

2.1. Strains, media, and drugs 

S. cerevisiae BY4741 (MAT his3 D leu2D met15D ura3D) and 
BY4742 (MATa his3D leu2D lys2D ura3D) strains used in the pres- 
ent study were purchased from the National Bio-Resour ce Project 
(NBRP) of the Ministry of Education, Culture, Sports, Science, and 
Technology (Tokyo, Japan) and strain yrr1D (on a BY4742 back- 
ground) was purchased from Open Biosystems, Inc. (Huntsville,
AL, USA). Yeast cells were grown in YPD (1% yeast extract, 2% pep- 
tone, 2% glucose) or synthetic dextrose (SD) minimal medium 
(0.67% yeast nitrogen base, 2% glucose) with appropriate amino 
acids. Escherichi a coli XL1-Blue cells were used for plasmid propa- 
gation. Luria–Bertani medium (1% tryptone, 1% NaCl, 0.6% yeast ex- 
tract) supplemented with 100 mg/L ampicillin was used to culture 
E. coli cells. When necessar y, media were solidified with 2% agar.
SA, 4-nitroquin oline-1-oxide (4-NQO), and cycloheximide were 
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan)
and the stock solutions were prepared by dissolving in dimethyl 
sulfoxide (DMSO).

2.2. Drug susceptibility assay 

Susceptibili ty to each drug was evaluated using a spot assay.
Each strain was cultured overnight at 30 �C in YPD or SD medium 
with appropriate amino acids, and 10-fold serial dilutions of over- 
night cultures were spotted on YPD plates containing various drug 
concentratio ns. Plates were then incubated for 2–3 days at 30 �C.

2.3. Screening for SA-resistant mutants 

To isolate SA-resistant mutants, BY4741 cells were mutage- 
nized with ethyl methane sulfonate (EMS; Wako) as previousl y de- 
scribed with minor modifications [20]. In brief, logarithmi c-phase 
yeast cells were washed twice with 0.2 M sodium phosphat e buffer 
(SPB; pH 7.0), and culture density was adjusted to 1.0 � 108 cells/
mL using the same buffer. One milliliter of cell suspension 
(1.0 � 108 cells) was transferred to a 50-mL conical tube, and then 
mutagenize d by mixing with the following reagents in a draft 
chamber: 3.6 mL of 0.2 M SPB (pH 7.0), 0.25 mL of 4% glucose,
and 0.15 mL of EMS. We prepared 37 tubes for screening. The reac- 
tion was incubated at 30 �C for 1 h with gentle shaking and was 
terminated by the addition of 5 mL of 10% sodium thiosulfate. Each 
tube was centrifuged and pelleted cells were resuspended in 5 mL 
of YPD medium. To calculate the cell number, serial dilutions of the 
cell suspension were prepared and plated on YPD plates. The cell 
suspensi ons (0.5 mL) were transferred to new sterile test tubes 
and shaken overnight at 30 �C. The next day, the cultures from each 
test tube were directly plated on YPD plates containing 15 mM SA 
and further incubated at 30 �C for 3–4 days. To avoid selecting cells 
from the same origin, only one colony was selected from each plate 
and transferred to a new YPD plate. Selected cells were further 
tested for drug susceptibility using a replicated YPD plate contain- 
ing 15 mM SA. The surviving cells on the plates were selected as 
SA-resistant clones.

2.4. Yeast genetic techniques and DNA manipulation 

Standard yeast genetic techniqu es including cross, sporulation,
tetrad dissection, and transformat ion were performed as previ- 
ously described [20]. Recombinant DNA manipulati ons were per- 
formed by standard techniqu es [21] and the genomic DNA 
library was constructed as previously described [22]. In brief, geno- 
mic DNA was extracted from yeast cells and partially digested with 
Sau3AI. The DNA fragments were inserted into the BamHI sites of 
the YCplac111 plasmid, which contains ARS1, CEN4, and LEU2.
Wild-type and mutant YRR1 coding regions containing upstream 
and downstream sequences were amplified by PCR with high fidel-
ity DNA polymerase , KOD-FX (Toyobo Co., Ltd., Osaka, Japan). The 
primers used for this reaction were 50-AATGGATC CTACTGGCA -
GAAATCATAGT G-3 0 (forward primer) and 50-AACGGATC CAGT 
GGGCTTGCC AAAATCT-3 0 (reverse primer). The primers had BamHI
sites added to the 50 termini. The resulting PCR products were di- 
gested with BamHI and ligated into the correspondi ng site of the 
YCplac11 1 or YEplac18 1 plasmids (2 lm origin, LEU2 marker),
respectively , which were purchased from NBRP. DNA sequencing 
was performed using the ABI Prism 3130xl Genetic Analyzer and 
the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosys- 
tems, Foster City, CA, USA).

2.5. Quantitati ve real-time PCR (qPCR)

Total RNA was extracted from logarithmi c-phase yeast cells, sus- 
pended in Isogen (Nippon Gene Co., Ltd., Tokyo, Japan), and broken 
by mixing with glass beads. cDNA was synthesized using the Rever- 
Tra Ace qPCR RT Kit (Toyobo). qPCR was performed using Thunder- 
bird Syber qPCR Mix (Toyobo) and the ABI PRISM 7700 Sequence 
Detection System (Applied Biosystems). All procedures were per- 
formed according to the manufactur er’s protocols. The specific
primers for the amplification of ACT1, YRR1, YOR1, SNQ2, AZR1,
FLR1, and PDR5 cDNA were as follows: 50-CAAACCGC TGCT- 
CAATCTTC-30 and 50-CTTCTGGGGC TCTGAATCTT-3 0, 50-TGATAG GCA 
GCGGGA TCTCA-3 0 and 50-TTTCACCA GGCGAGGGTAA C-3 0, 50-AGTG
CCGAAAG ATTGGTAAC-3 0 and 50-CCATTGAGGG CCATGACTC T-3 0, 50-
AAGGCTTCC CCATACACA TA-3 0 and 50-TGAGCCGT TTGGTGGGTTGA -
30, 50-GAAATCGG GTCGCTGATCT C-3 0 and 50-AATACCACAA CCGCCG- 
ACTC-30, 50-ACAGAGTG CCCGTGAAG ATG-3 0 and 50-CTATTAGGAC
CGCATTC TAT-3 0, and 50-CGACTTGG GCGAAGGT TGTA-3 0 and 50-
TGGCGTCAGCA GGGCATTTA -3 0. ACT1 mRNA was used as an internal 
control and each qPCR experiment was performed at least in tripli- 
cate. Each reported value is the mean and error bars represent the 
standard deviation. Statistical significance of the data was deter- 
mined using the Student’s t-test.
3. Results and discussion 

3.1. Evaluatio n of SA susceptibility of S. cerevisiae BY4741 cells 

Before screening for SA resistance, we estimated SA sensitivit y
of S. cerevisiae BY4741 cells using a spot assay. In brief, 10-fold 
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serial dilutions were prepared from the overnight cultures and 
spotted on YPD plates containing various SA concentrations (0,
7.5, 10, 12.5, and 15 mM). After incubation for 3 days, yeast cells 
were found on each plate containing 0–12.5 mM SA (Fig. 1A). How- 
ever, cells exhibited growth defects dependent on SA concentratio n
and did not grow on media containing 15 mM SA (Fig. 1A). Hence,
we determined that 15 mM SA was an appropriate concentr ation 
for screening.

3.2. Isolation of SA-resistant mutants 

BY4741 cells during the logarithmic phase were randomly 
mutagenize d with EMS as described above. Overnight cultures of 
mutagenize d cells were plated on YPD medium containing 
15 mM SA and incubated for 3–4 days at 30 �C. In this screening,
we selected 269 colonies as SA-resistant candidates from 365 
plates (5.6 � 108 mutagenized cells). To retest for SA sensitivity,
candidate clones were grown on YPD plates and replica plated on 
new YPD plates containing 0 and 15 mM SA. Finally, we obtained 
60 resistant clones grown on 15 mM SA plates (Fig. 1B) and desig- 
nated them as KinSal001–060, respectively. Several mutants exhib- 
ited resistance to not only SA but also 4-NQO and cycloheximide 
(Fig. 1C). These results indicated that some mutants acquired the 
PDR phenotype.

3.3. Identification of a single base substitution in YRR1 conferring SA 
resistance to KinSal052 clone 

Among the 60 clones, KinSal052 exhibited the PDR phenotype 
and was highly resistant to SA (Fig. 1C). Using this clone, we further 
identified the gene mutation conferring SA resistance. First, we 
Fig. 1. Susceptibility of S. cerevisiae BY4741 and mutant cells to SA, 4-NQO, and cyclohe
assay. Serial dilutions of overnight cultured yeast cells were spotted on YPD plates conta
solvent. (B) Isolation of SA-resistant mutants. Overnight cultures of randomly mutage
candidates (269 clones) were grown on new YPD plates and then replica plated on YPD
were grown on SA-supplemented YPD plates and selected as SA-resistant clones. (C) Oth
evaluated for susceptibility to 4-NQO and cycloheximide using the spot assay.
crossed KinSal05 2 with BY4742, and the resulting diploid cells 
were tested for SA susceptibility using the spot assay. As shown 
in Fig. 2A, the diploid cells showed similar susceptibiliti es as the 
KinSal05 2 haploid cells, indicating that the mutation for SA resis- 
tance was genetically dominant. Following subsequent sporulation 
and dissectio n of the diploid cells, progeny cells showed a 2:2 seg- 
regation pattern for the SA resistant:SA sensitive phenotypes (data
not shown), indicating that a single locus conferred SA resistance 
to KinSal05 2 cells.

To identify the dominant mutation, we constructed a genomic 
library derived from the KinSal052 clone. The partial Sau3AI-di-
gested genomic DNA was cloned into the BamHI site of the low- 
copy plasmid YCplac111. BY4741 cells were transformed with 
the genomic DNA library and Leu + colonies were replica plated 
on YPD plates containing 13 mM SA. After 3 days of incubation,
several colonies grew on the plates. Plasmid DNA was recovered 
from E. coli . BY4741 cells transformed with the rescued plasmid 
DNAs and retested for susceptibi lity to 13 mM SA. Only one clone 
harborin g a plasmid was able to grow on the plate and was desig- 
nated YCp052N#8 . This clone contained an 8-kb fragment as an in- 
sert, as measure d by agarose gel electrophor esis (data not shown).
DNA sequencing of both terminal regions of the insert was per- 
formed using M13 forward and reverse primers annealed to the 
multi-clo ning site of YCplac111. BLAST search of the Saccharomyc es 
Genome Database (www.yeastgenome.org) was performed using 
the resulting sequence data. As a result, the inserted DNA was pre- 
sumed to be a fragment originating from chromosom e XV at posi- 
tions 637,510–646,001. The length of this chromosom al region was 
almost coincident with the insert size of YCp052N#8 and con- 
tained several open reading frames (Fig. 2B). We selected YRR1
(YOR162C) as a candidate for further analysis, since this gene was 
ximide. (A) Evaluation of SA sensitivity in S. cerevisiae BY4741 cells using the spot 
ining various SA concentrations and incubated for 3 days. DMSO was used as an SA 
nized BY4741 cells were plated on YPD containing 15 mM SA. Primary selected 

 plates containing 0 and 15 mM SA, respectively. Sixty clones (indicated by arrows)
er drug susceptibilities of SA highly resistant clones. Some SA-resistant clones were 



Fig. 2. SA resistance in KinSal052 cells was conferred by a dominant YRR1 mutation. (A) SA susceptibility of haploid (KinSal052) and diploid cells (KinSal052/BY4742).
KinSal052 cells were crossed with BY4742 cells and the resulting diploid cells were tested for SA susceptibility using the spot assay. (B) The inserted DNA fragment into the 
plasmid YCp052N#8, which conferred SA resistance to host cells, was obtained by screening the KinSal052 genomic library. Both ends of the inserted fragment were 
sequenced, and the identified the yeast genomic region was used for a BLAST search. (C) The amino acid sequence of S. cerevisiae Yrr1p. The amino acid substitution in this 
study (yrr1-52) and previously reported mutations (yrr1-1, yrr1-3, and 2 triple-HA-tagged insertions) are shown [23–25]. The six asterisks indicate cysteine residues 
conserved in the Zn(II)2Cys6-type zinc-finger motif.

Fig. 3. Susceptibility to SA and 4-NQO of yrr1D cells harboring various plasmids.
The yrr1D cells containing YRR1 or yrr1-52 on the low-copy plasmid YCp and YRR1
on the high-copy plasmid YEp were evaluated for susceptibility to SA and 4-NQO 
using the spot assay.
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previously implicated to be PDR [23]. Sequencing of the entire cod- 
ing region of YRR1 in the plasmid identified a single base substitu- 
tion of C to T at position 1847, in which the A of the ATG start 
codon was at position 1. This base substitution caused an amino 
acid substitution, from serine to phenylalanine, in the C-terminal 
region (Fig. 2C). The same mutation was also confirmed in Kin- 
Sal052 genomic DNA, but was not observed in the original 
BY4741 strain (data not shown). Next, we constructed a low-copy 
plasmid (YCplac111) and inserted it into wild-type and mutated 
YRR1 and estimated SA susceptibility in yrr1D cells harboring each 
plasmid. Although yrr1D cells harborin g the wild-type YRR1 plas-
mid (yrr1D [YCp-YRR1] cells) barely grew on the medium contain- 
ing 12.5 mM SA, yrr1D cells harborin g the mutated yrr1 plasmid
(yrr1D [YCp-yrr1-52] cells) did grow on the medium (Fig. 3). In 
addition, yrr1D [YCp-yrr 1-52] cells also exhibited 4-NQO resis- 
tance (Fig. 3). From the above experiments , we concluded that a
single amino acid substitution in YRR1 confers SA resistance and 
the allele was designated as yrr1-52.

3.4. Yeast cells harboring the yrr1-52 allele activated gene expression 
of several efflux pumps involved in PDR 

YRR1 was originally isolated from the screening for reveromyci n
A resistance [23]. Several dominant drug-resis tant mutants were 
isolated and exhibited resistance not only to reveromycin A but 
also to 4-NQO and oligomycin (Fig. 2C) [23–25]. Yrr1p, Pdr1p,
and Pdr3p contain an N-terminal Zn(II)2Cys6-type zinc-finger mo- 
tif, which acts as a transcriptio nal regulator [7,9]. Yrr1p binds to 
a specific DNA sequence, designated as YRRE, located in the PDR 
gene promoter regions [26].

Le Crom et al. investigated the up-regulated genes in yeast cells 
expressing gain-of-f unction Yrr1p inserted behind the 3� hemag-
glutinin epitope tag that is inserted into the coding sequence at 
the C-terminal region using microarr ay analysis [26]. Activated 
genes, including AZR1, FLR1, SNG1, SNQ2, YOR1, YLR346C, YLL056C,
YGR035C, YMR102C, and YPL088W, all of which contain YRRE in 
their promoter regions, were observed in the mutant cells. We 
evaluated some of the genes expressed in yrr1D cells harboring 
various plasmids during the logarithmi c phase by qPCR (Fig. 4),
which revealed that the expression of SNQ2, YOR1, AZR1, and 
FLR1 in yrr1D [YCp-yrr1-5 2] cells was significantly up-regulate d
compare d with that in yrr1D [YCp-YRR1] cells (p < 0.05). SNQ2 en-
codes a plasma membrane ABC transporter involved in 4-NQO 
resistance [27]. Yeast cells carrying the yrr1-1 allele showed ele- 
vated SNQ2 expression and the drug resistance [23]. SNQ2 expres-
sion in yrr1D [YCp-yrr1-52] cells is approximat ely fourfold higher 



Fig. 4. Analysis of relative gene expression in yrr1D cells harboring various plasmids by qPCR. Total RNA was extracted from each yeast cell during the logarithmic phase.
Each reported value is the mean and error bars represent standard deviations. Asterisks indicate a significant difference between yrr1D [YCp-yrr1-52] and yrr1D [YCp-YRR1] 
cells (p < 0.05).
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than that in yrr1D [YCp-YRR1] cells, which coincided with 4-NQO 
resistance in yrr1D [YCp-yrr1-5 2] cells (Figs. 1C and 3). YOR1 also
encodes an ABC transporter involved in oligomyci n efflux [28],
and the yrr1-52 allele might confer oligomycin resistance to yeast 
cells, but no significant difference existed in PDR5 expression
among all cells (Fig. 4). PDR5 encodes an ABC transporter involved 
in efflux of several antifungal drugs [8] and contains PDRE se- 
quences in the promote r region, hence the gene expression is con- 
trolled by Pdr1p and Pdr3p [10].

Next, we considered the possibility of whether over-expres sion 
of wild type YRR1 confers SA resistance. We prepared YRR1 con-
structs on the high-copy plasmid YEplac18 1 and YRR1 or yrr1-52
on the low-copy plasmid YCplac111. The yrr1D cells containing 
YRR1 on high-copy plasmids (yrr1D [YEp-YRR1] cells) had approx- 
imately 30-fold higher YRR1 expression compared with that of 
yrr1D [YCp-YRR 1] or yrr1D [YCp-yrr 1-52] cells (Fig. 4). However,
there was no significant differenc e in expression of YOR1, SNQ2,
AZR1, and FLR1 between yrr1D [YEp-YRR1] and yrr1D [YCp-YRR 1] 
cells (Fig. 4). In addition, yrr1D [YEp-YRR 1] cells exhibited similar 
SA resistance as yrr1D [YCp-YRR1] cells, while yrr1D [YCp-yrr1-52]
cells were more resistant than either of these cell lines (Fig. 3).
These results suggested that SA resistance is conferred by the mu- 
tant form of Yrr1p and was not related to intracellular protein 
quantity.

3.5. Concluding remarks 

To investiga te the mechanism of SA excretion in yeast, we 
screened SA-resistant mutants and isolated 60 clones, which 
revealed a novel mutation in YRR1 that conferred SA resistance 
to KinSal05 2. This mutation also caused the activation of some 
genes involved in PDR.
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