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Abstract

7-chlorotetrazolo[5,1-c]benzo[1,2,4]triazine (CTBT) is an antifungal agent that

induces oxidative stress and enhances the activity of other antifungals with dif-

ferent modes of action. A genome-wide screening of Saccharomyces cerevisiae

genomic library in the high-copy-number plasmid revealed three genes, YAP1,

PDE2, and STB3, which increased the CTBT tolerance of the parental strain.

The YAP1 gene is known to activate many genes in response to oxidants. The

PDE2 and STB3 genes encode the high-affinity cAMP phosphodiesterase and

the transcription factor recognizing the ribosomal RNA processing element in

promoter sequences, respectively. The protective effects of their overexpression

against CTBT toxicity was observed in the absence of certain proteins involved

in stress responses, cell wall integrity signaling, and chromatin remodeling. The

enhanced CTBT tolerance of the YAP1, PDE2, and STB3 transformants was a

consequence of their high antioxidant enzyme activities at the beginning of

CTBT treatment in comparison with that of the parental strain, for that they

inactivated the CTBT-induced reactive oxygen species. These results point to

the complex interplay among the oxidant sensing, cAMP-protein kinase A sig-

naling, and transcription reprogramming of yeast cells, leading to their better

adaptation to the stress imposed by CTBT.

Introduction

7-chlorotetrazolo[5,1-c]benzo[1,2,4]triazine (CTBT) is an

antifungal agent that inhibits the growth of yeast (Cerni-

cka et al., 2007) and filamentous fungi (Culakova et al.,

2012). Beside its antifungal activity, CTBT enhances the

efficiency of other antifungals with different targets in the

cells, such as cycloheximide, azole antifungals, or 5-flu-

orocytosine (Cernicka et al., 2007; Culakova et al., 2012).

Its growth-inhibitory activity observed in both wild-type

and multidrug-resistant yeast strains is unaffected by dele-

tion of the PDR5 and SNQ2 genes encoding the main

multidrug resistance drug efflux pumps in Saccharomyces

cerevisiae (Cernicka et al., 2007).

At least 169 yeast deletion mutants have been identi-

fied as hypersensitive to CTBT. The deleted genes encode

proteins involved mainly in the mitochondrial functions,

DNA repair, transcription, chromatin remodeling, and

the oxidative stress response. Transcriptome analysis of

CTBT-treated yeast cells revealed a rapid induction of

oxidant and stress defense genes that were dependent on

the transcription factors encoded by the YAP1, CIN5,

MSN2, and MSN4 genes. At the same time, many yeast

genes containing the polymerase A and C and ribosomal

RNA processing element (RRPE) DNA-binding motifs in

their promoters were repressed. These chemogenomic

and transcriptome analysis results and the in vivo demon-

stration of CTBT-induced mitochondrial superoxide

(O��
2 ) production led to the conclusion that this com-

pound causes oxidative stress, which enhances the activi-

ties of other drugs interfering with the metabolism of

DNA, protein, and lipids, that is, the main targets of

reactive oxygen species (ROS) in yeast cells (Batova et al.,

2010).
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The antifungal activity of drugs can be suppressed by

various defense mechanisms in treated cells. These mech-

anisms are mainly based on a decreased drug uptake,

enhanced efflux of drugs from the cells by overproduced

membrane transporters, the detoxification or sequestra-

tion of active compounds, and the overproduction, struc-

tural modification, or repair of the drug target

(Kolaczkowska & Goffeau, 1999; Wolfger et al., 2001;

Sanglard & Odds, 2002; Prasad & Kapoor, 2005; Shapiro

et al., 2011). It was earlier demonstrated that the CTBT

efflux mediated at least by transporters expressed under

the control of the multidrug resistance transcription fac-

tors PDR1 and PDR3 does not contribute to the suscepti-

bility of yeast to this compound (Cernicka et al., 2007).

In the present study, we have used a genome-wide

approach to reveal genes required for yeast cells to adapt and

survive the cellular stress imposed by CTBT. We screened the

yeast genomic library for multicopy suppressors of CTBT sen-

sitivity and identified three protein-encoding genes that, when

overexpressed, enhance the tolerance of yeast cells to CTBT.

Materials and methods

Strains and culturing conditions

The following haploid yeast strains were used: the S. cerevi-

siae BY4741 wild-type strain (MATa his3D1 leu2D0
met15D0 ura3D0), its isogenic deletion mutants yap1D,
stb5D, msn2D, hog1D, mpk1D/slt2D, ras2D, rpd3D, sin3D,
hos2D, set3D, hda1D, hda3D, sir2D, hst1D, hst3D, and atr1D
(EUROSCARF, http://web.uni-frankfurt.de/fb15/mikro/eu-

roscarf), and the msn2Dmsn4D double mutant strain

(MATa ura3-1 leu2-3,112 his3-11,15 trp1-1 ade2-1 can1-

100 msn2::HIS3 msn4::TRP1; Schüller et al., 2007). Cells

were grown on glucose-rich (YPD) medium (2% glucose,

1% yeast extract, 2% bacto peptone), glycerol-rich (YPG)

medium (as YPD but 2% glycerol instead of 2% glucose),

or minimal (YNB) medium containing a 0.67% yeast

nitrogen base without amino acids, 2% glucose and appro-

priate nutritional requirements. The media were solidified

with 2% bactoagar. The Escherichia coli XL1-Blue strain

was used as a host for transformation, plasmid amplifica-

tion, and preparation. The bacterial strains were grown at

37 °C in Luria–Bertani medium (1% tryptone, 1% NaCl,

0.5% yeast extract, pH 7.4) supplemented with

100 lg mL�1 ampicillin for the selection of transformants.

Drug susceptibility assays

Drug susceptibility was determined in spot assays. Five-

microliter aliquots of serially diluted suspensions of three

independent clones grown in minimal medium were

spotted onto minimal or rich media containing glucose

or glycerol and supplemented with various concentrations

of CTBT or other chemicals. Growth at 30 °C was scored

after 5 or 7 days. The susceptibility to CTBT and other

chemicals was also assessed using zone-inhibition assays.

Approximately 107 cells were plated onto glucose or glyc-

erol agar. The filter disks (diameter 6 mm), soaked with

appropriate amounts of chemicals, were placed on the

plates, which were incubated at 30 °C for 5 days before

determination of the diameter of growth-inhibition zone.

Genomic library screening

The S. cerevisiae genomic library in a high-copy-number

plasmid YEp13 (2 lm LEU2 ori AmpR TetR; Gbelska

et al., 1995) was used for the isolation of genes conferring

CTBT resistance. Yeast transformation was carried out

using the modified lithium acetate protocol (Nourani

et al., 1997) or by electroporation (Thompson et al.,

1998). Leucine-positive transformants were replica-plated

onto YPD media containing 8 or 10 lg CTBT per mL.

CTBT-resistant transformants were further analyzed by

growth assays, using serial dilutions and spotting onto

agar plates containing different concentrations of CTBT.

Growth was scored after 7 days of incubation at 30 °C.

Recombinant DNA techniques and plasmids

Standard protocols were used to generate recombinant

DNAs and for the restriction enzyme analysis and gel

electrophoresis as described by Sambrook et al. (1989).

Plasmid DNA from E. coli was prepared by an alkaline

lysis method. Plasmid DNA from yeast cells was extracted

according to Ward (1990). An empty vector pRS306K

(ARS1 KARS2 URA3 ori AmpR) was used to introduce a

plasmid-borne URA3 gene into the host strain. Plasmid

pRS426-ATR1 (2 lm URA3 ori AmpR) contained the

ATR1 gene under the control of the PGPD1 promoter

(Kaya et al., 2009). Plasmid pAdh1–Msn2–GFP contained

the MSN2 gene fused with GFP under the control of the

PADH1 promoter (Schüller et al., 2007). Plasmid pRS425

(2 lm LEU2 ori AmpR) was used as an empty vector to

introduce a plasmid-borne LEU2 gene into the host strain

and to subclone the ERG6 gene on the HindIII-BamHI

DNA fragment from the pED1 plasmid (Fig. 1). To

obtain the YEp13-VTS1 and YEp13-STB3 plasmids, the

SphI-SphI genomic fragments carrying the PDE2 (2.8 kb)

and SEC7 (3.7 kb) DNA sequences were excised from the

pED2 and pED3 plasmids, respectively.

DNA sequence analysis

The DNA sequences of the plasmid inserts were deter-

mined with an ABI Prism 3100 DNA sequencer
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(Applied Biosystems, Foster City, CA), using double-

stranded plasmid DNA purified with Qiagen Plasmid

kits (Qiagen, Hilden, Germany) and oligonucleotide

primers flanking the BamHI cloning site in YEp13.

Sequence data were analyzed using programs based on

the BLAST algorithm by computing performed at the

NCBI.

Measurements of ROS and specific enzyme

activities and other analytical procedures

In all experiments, mid-log-phase (18 h) cultures of the

parental strain BY4741 and its YAP1, PDE2, and STB3

transformants were treated with a subinhibitory

concentration (1 lg mL�1) of CTBT for 1 h in shaken

(150 r.p.m.) YNB liquid medium at 30 °C. The subinhib-

itory concentration resulted in not more than 25% of

temporary growth inhibition (in 25-h cultures) in

comparison with the untreated cultures. However, the

cell number (optical density) of CTBT-treated cultures

reached that of untreated 40-h cultures. Cell-free extracts

were prepared using X-pressing (Dybecksgatan 10;

Göteborg, Sweden). The protein content of the cell-free

extract was measured by a modified Lowry method

(Peterson, 1983). Specifically, to estimate the intracellular

peroxide (H2O2) and O��
2 levels, the indicators

dihydrorhodamine 123 (DHR 123) and dihydroethidium

(10 lM) were used, respectively. The extents of forma-

tion of rhodamine and ethidium were measured and

quantified by BD FACSCalibur flow cytometer (BD Bio-

sciences, San Jose, CA; Henderson & Chappell, 1993;

Carter et al., 1994). The excitation wavelength was

488 nm for both dyes, while the emission wavelengths

were 530 using FL1 detector and 585 nm applying FL2

detector for rhodamine and ethidium, respectively. The

specific activities of superoxide dismutases (Cu/Zn-SOD

and Mn-SOD; Oberley & Spitz, 1984), glutathione reduc-

tase (GR; Pinto et al., 1984), glutathione peroxidase

(GPx; Chiu et al., 1976), and catalase (CAT; Roggenkamp

et al., 1974), and the intracellular concentrations of glu-

tathione (GSH) and oxidized GSH (glutathione disulfide,

GSSG; Anderson, 1985) were determined using the well-

established colorimetric assays.

Chemicals

CTBT was provided by G. Hajos (Chemical Research

Center, Hungarian Academy of Sciences, Budapest, Hun-

gary). All other chemicals used in this study were of ana-

lytical grade and were bought from Sigma-Aldrich Ltd,

with the exception of dihydroethidium, which was pur-

chased from Fluka (Buchs, Switzerland).

(a) (b)

Fig. 1. CTBT tolerance of the yeast

transformants bearing the YAP1, PDE2,

and STB3 genes on the high-copy-number

plasmid. (a) Restriction maps of DNA inserts.

(b) Growth of the BY4741 transformants on

YPD medium containing CTBT.

ª 2012 Federation of European Microbiological Societies FEMS Yeast Res 12 (2012) 958–968
Published by Blackwell Publishing Ltd. All rights reserved

960 E. Drobna et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/12/8/958/613525 by guest on 24 April 2024



Results

Isolation of CTBT defense genes

The yeast genomic library was screened for genes that,

when overexpressed, confer resistance to CTBT. The

S. cerevisiae BY4741 wild-type strain was transformed

with the genomic library in the high-copy-number vector

YEp13. The resulting transformants were selected for

leucine prototrophy and CTBT resistance. From among

about 20 000 transformants, 35 clones resistant to

8 lg mL�1 of CTBT were isolated. Restriction analysis of

their plasmid DNA revealed three different restriction

profiles. The plasmids with these profiles, named pED1,

pED2, and pED3 (Fig. 1a), were analyzed in retransfor-

mation experiments and proved to confer CTBT resis-

tance.

DNA sequencing and computer-assisted analyses of the

plasmid inserts revealed three different S. cerevisiae geno-

mic regions. Plasmid pED1 with the 4.5-kb genomic

insert carried the YAP1 and ERG6 genes. Plasmid pED2

harboring the 4.5-kb genomic insert carried the VTS1

and PDE2 genes. Plasmid pED3 with the 5.7-kb genomic

insert carried the STB3 gene and the N-terminal part of

the SEC7 gene. To identify the genes responsible for

CTBT resistance, the ERG6 gene was subcloned into the

pRS425 vector. pED2 and pED3 were deleted for the

PDE2 and SEC7 DNA sequences, respectively. Yeast trans-

formants harboring the corresponding constructs were

then analyzed for CTBT susceptibility. We found that

only three genes, in the high-copy-number plasmid,

YAP1, PDE2, and STB3, are responsible for CTBT resis-

tance (Fig. 1b). The YAP1 gene codes for the transcrip-

tion factor that is a major regulator of the yeast defense

to oxidative and xenobiotic stresses (Moye-Rowley, 2003;

Rodrigues-Pousada et al., 2010). The PDE2 gene encodes

the high-affinity cAMP phosphodiesterase, which plays a

role in the protein kinase A (PKA) signaling pathway

(Sass et al., 1986). The STB3 gene encodes the RRPE-

binding protein involved in the glucose-induced transi-

tion from quiescence to growth. This transcription factor

binds Sin3p, a member of the histone deacetylase com-

plex involved in chromatin remodeling (Kasten & Still-

man, 1997; Liko et al., 2007).

Roles of the YAP1, PDE2, and STB3 genes in

CTBT tolerance

YAP1 is known to activate the expression of many genes

involved in yeast multidrug resistance and oxidative stress

protection. In a previous study, we identified 82 genes

that were activated by Yap1p in CTBT-treated yeast cells

and the ATR1 gene displaying the highest response to

CTBT treatment among the known major facilitator

superfamily transporters involved in the control of multi-

drug resistance (Batova et al., 2010). Therefore, we

assessed the possible role of Atr1p, required for resistance

to aminotriazole, nitroquinoline-N-oxide, and boron

(Kanazawa et al., 1988; Kaya et al., 2009), in CTBT trans-

port using the atr1D mutant strain and its transformants

bearing the ATR1 gene under the control of the GPD1

promoter on a high-copy number plasmid. We observed

that the atr1D mutant is hypersensitive to boric acid,

whereas its pRS426-ATR1 transformants are resistant to

this substrate of the Atr1p transporter, corroborating the

published data (Kaya et al., 2009). However, neither dele-

tion of the ATR1 gene nor its overexpression in yeast cells

significantly altered their susceptibility to CTBT (Fig. 2).

This indicates that CTBT is apparently not the substrate

of Atr1p, and its overproduction only accompanies the

activation of many genes involved in the oxidative stress

response by Yap1p.

The role of the overexpressed PDE2 gene in the control

of CTBT tolerance in yeast was studied using the selected

deletion mutants defective in the signal transduction

pathways and transcription. Deletion mutants were

(a)

(b)

Fig. 2. Phenotype of the wild-type and atr1D mutant strains

transformed with the plasmid-borne ATR1 gene. (a) Growth of

transformants on YPD plates in the presence of indicated

concentrations of boric acid scored after 5 days of incubation at 30 °

C. (b) Zone-inhibition assays of CTBT susceptibility of transformants

on YPD and YNB medium. Amounts of CTBT per disk: 10 lg on YPD

and 5 lg on YNB.
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transformed with the PDE2 gene borne on a high-copy-

number plasmid pED2, and the CTBT susceptibility of

the resulting transformants was assessed. As shown in

Fig. 3, the overexpressed PDE2 gene enhanced the CTBT

tolerance in yeast transformants and allowed their growth

at CTBT concentrations that already inhibited the prolif-

eration of the host cells. The protective effect of the over-

expressed PDE2 against oxidative stress induced by CTBT

was observed in the absence of the mitogen-activated pro-

tein kinases Hog1p and Mpk1p/Slt2p, which play roles in

osmotic stress, oxidative stress, and cell wall integrity sig-

naling (Paravicini et al., 1992; Westfall et al., 2004; Vilella

et al., 2005; Kim et al., 2010). A similar effect was

observed in mutants deleted in genes encoding transcrip-

tion factors Yap1p, Stb5p, Msn2p, and Msn4p (Fig. 3),

which have been shown to activate many genes involved

in the oxidative and general stress responses (Martı́nez-

Pastor et al., 1996; Moye-Rowley, 2003; Larochelle et al.,

2006).

Our previous transcriptome analysis revealed that more

than 120 genes activated by Msn2p and Msn4p transcrip-

tion factors respond to CTBT treatment (Batova et al.,

2010). Because Msn2p and Msn4p have overlapping

functions (Estruch & Carlson, 1993), we also used the

pAdh1–Msn2–GFP plasmid to assess a role of the Msn2p

transcription factor in the PDE2 conferred CTBT toler-

ance. As also shown in Fig. 3, the MSN2–GFP fusion gene

expressed from the strong constitutive PADH1 promoter in

the BY4741 host strain was not able to mimic the protec-

tive effect of the overexpressed pED2 borne PDE2 gene.

These results, together with the CTBT tolerance conferred

by overexpressed PDE2 to mutant lacking the Msn2p and

Msn4p transcription factors, suggest that cAMP-activated

PKA can employ diverse stress defense systems with over-

lapping function.

When the STB3 gene on YEp13 was used instead of

PDE2, a similar increase in the CTBT tolerance of the

transformants was observed (Fig. 4). Moreover, deletion

mutants bearing STB3 on a high-copy-number plasmid

displayed enhanced tolerances to CTBT in the absence of

protein components of different histone deacetylase com-

plexes, (Rpd3p, Sin3p), (Hos2p, Set3p), (Hda1p, Hda3p),

and (Sir2p, Hst1p, Hst3p), or when the RAS2 gene

encoding the GTP-binding protein that stimulates the

production of cAMP by adenylate cyclase was deleted

(Fig. 4).

These results demonstrate the protective effect of over-

produced Pde2p and Stb3p against CTBT toxicity, which

is independent on the specific functions of the analyzed

individual proteins involved in stress signaling, chromatin

remodeling, and transcription. Apparently, the antioxi-

dant defense of yeast cells in the presence of CTBT is the

result of the cooperation of multiple signaling pathways

and many genes involved in the control of the cell divi-

sion cycle, energy metabolism, detoxification of oxidants,

and repair of oxidative damaged DNA, proteins, and

lipids.

Antioxidant activity of yeast cells

overexpressing YAP1, PDE2, and STB3 genes

We found that CTBT (2 or 4 lg mL�1) induces O��
2 for-

mation in cells grown in YPGal medium (measured via

the oxidation of MitoSOX Red) and oxidative stress in

yeast and filamentous fungi, resulting in cell death (Bat-

ova et al., 2010; Culakova et al., 2012). We therefore ana-

lyzed the O��
2 , H2O2, and GSH concentrations and

specific activities of antioxidant enzymes such the SODs

(which catalyze the dismutation of O��
2 to H2O2) local-

ized in the cytoplasm (Cu/Zn-SOD) or the mitochondria

(Mn-SOD), CAT (which inactivates H2O2 to H2O), GPx

(which catalyzes the oxidation of GSH to GSSG with the

concomitant consumption of H2O2), GR (which reduces

GSSG to GSH at the expense of NADPH) in the parental

strain BY4741 and its transformants bearing the YAP1,

PDE2, and STB3 genes on a high-copy-number plasmid.

In all experiments, mid-log-phase (18-h) cultures multi-

plied in minimal (YNB) medium were used to obtain

Fig. 3. CTBT tolerance of yeast deletion mutants induced by the overexpressed pED2 plasmid-borne PDE2 gene. (a) Growth in the absence of

CTBT. (b) Growth in the presence of CTBT.
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cells in the same physiological status and to eliminate the

possible antioxidant effects of the complete (YPD) med-

ium (Gazdag et al., 2011). The results are presented in

Fig. 5 and Table 1.

In comparison with the untreated cells, the CTBT-trea-

ted parental BY4741 cells exhibited (1) the same O��
2 ,

decreased H2O2 and significantly increased GSH and GSSG

concentrations; and (2) the same CAT, GPx, and GR and

significantly elevated specific activities of the SODs, espe-

cially Cu/Zn-SOD. Cellular redox homeostasis is normally

maintained by high concentrations of GSH (up to 10 mM)

in most living cells. Thus, GSH plays an important role in

the response of yeast to oxidative stress (Halliwell & Gut-

teridge, 1991). These results suggested that CTBT causes a

disturbed redox state in the cells and induces an adaptation

process regulated at the level of the antioxidant system.

In comparison with the untreated parental BY4741

cells, the untreated YAP1, PDE2, and STB3 transformants

showed (1) the same (in YAP1) or a decreased (in the

PDE2 and STB3 transformants) concentration of O��
2 ; (2)

a significantly decreased concentration of H2O2 in STB3

and GSH in all transformants (an elevated level of GSSG

in STB3 and a decreased level in YAP1 and decreased

GSH/GSSG ratio in all transformants); and (3) the same

CAT activity (in YAP1) or an increased level (in the

PDE2 and STB3 transformants); a decreased GPx activity

in all of them; and the same activity of GR (in YAP1) or

a decreased activity (in the PDE2 and STB3 transfor-

mants). The overexpression of YAP1, PDE2, and STB3

alone caused the disturbed redox homeostasis of the cells.

YAP1 induced the lowest level of disturbance.

In comparison with the untreated cells, the CTBT-trea-

ted transformants showed (1) a decreased concentration

of O��
2 in the STB3 overexpressing cells; (2) a decreased

concentration of H2O2 in the YAP1 and PDE2 transfor-

mants as a consequence of the significantly increased spe-

cific activity of GPx; (3) an increased GSH concentration

and decreased Mn-SOD and CAT activities only in the

STB3 overexpressing cells; (4) no further increase in the

activities of the SODs and of Cu/Zn-SOD after CTBT

treatment, and (5) the other elements of the redox system

were not influenced by CTBT treatment.

Significantly decreased GSH concentrations were

detected in both untreated and CTBT-treated cells of the

YAP1, PDE2, and STB3 transformants, relative to the

BY4741 host strain. These results are explained in part by

decreased specific activity of GR in both untreated and

CTBT-treated cells of the PDE2 and STB3 transformants.

Fig. 4. CTBT tolerance of yeast deletion mutants induced by the overexpressed pED3 plasmid-borne STB3 gene. (a) Growth in the absence of

CTBT. (b) Growth in the presence of CTBT.
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CTBT treatment induced 48% and 19% increases only of

GSH in the parental and STB3 overexpressing cells,

respectively. The strain-dependent changes in the specific

activities of the antioxidant enzymes, the concentration of

GSSG, and the ratio GSH/GSSG in the YAP1, PDE2, and

STB3 overexpressing cells proved the disturbed redox

state of the transformants.

Discussion

The survival of yeast cells under stress conditions depends

on their ability to respond appropriately to alterations in

the environment. Cells have to sense and transmit stress

signals and to activate stress defense mechanisms by

reprogramming their gene expressions. In this study, we

have shown that the three overexpressed genes, YAP1,

PDE2, and STB3, can enhance the tolerance of yeast cells

to CTBT, which induces O��
2 production and oxidative

stress. YAP1 and STB3 encode transcription factors. PDE2

controls the intracellular cAMP level, which modulates

the Gpr1-cAMP-PKA and Ras-cAMP-PKA signaling path-

ways (Xue et al., 1998; Thevelein & de Winde, 1999).

This relatively small number of identified genes enhancing

the CTBT tolerance contrasts with the 169 genes whose

deletions led to the increased sensitivity of yeast cells to

this compound (Batova et al., 2010). Apparently, the

overexpression of each identified gene does not necessar-

ily have an opposite effect to that of its deletion on the

susceptibility of yeast cells to CTBT.

The YAP1 gene has been identified in genome-wide

screenings both for CTBT sensitivity, using the collection

of deletion mutants (Batova et al., 2010), and for CTBT

resistance, using the DNA library of genes in the high-

copy-number plasmid. Plasmids carrying the YAP1 gene

were recovered most frequently. Besides the DNA insert

of pED1, some of them also contained the complete GIS4

gene adjacent to YAP1. The YAP1 gene encodes the main

transcriptional activator involved in the oxidative stress

response activating the expression of many genes in

response to drugs and oxidants such as H2O2, organic

peroxides, O��
2 -generating paraquat, menadione, and also

diamide (Moye-Rowley et al., 1989; Lee et al., 1999; Her-

rero et al., 2008; Salin et al., 2008). Yap1p activity is lim-

ited by its binding protein Ybp1p and by its availability

in the nucleus (Gulshan et al., 2011). As we have shown

previously, Yap1p responds quickly to CTBT treatment

and accumulates in the nucleus. Transcriptome analysis

of the CTBT-treated cells revealed at least 82 genes con-

taining the Yap1p DNA-binding element in their pro-

moter (Batova et al., 2010). Among the genes with the

highest response to CTBT, those encoding peroxiredoxins,

thioredoxins, thioredoxin reductase, cytochrome c peroxi-

dase, glutathione S-transferase, and SODs were identified.

They are all known players in the antioxidant defense of

yeast cells (Herrero et al., 2008). Yap1p also activates

genes that encode the drug efflux pumps involved in

multidrug resistance. One of its targets, the ATR1 gene,

which displays a four times higher expression in CTBT-

treated cells as compared with the untreated control (Bat-

ova et al., 2010), was found not to be involved in the

CTBT efflux (Fig. 2).

The PDE2 gene codes for a high-affinity cAMP

phosphodiesterase that negatively regulates the cAMP-

dependent protein kinase in the Ras2-cAMP-PKA and

Gpr1-cAMP-PKA signaling pathways (Xue et al., 1998;

Thevelein & de Winde, 1999). The overexpression of

PDE2 has been found to confer yeast resistance to H2O2

(Charizanis et al., 1999; Park et al., 2005) and cisplatin, a

potent DNA-damaging agent (Burger et al., 2000). It also

decreases the intracellular concentration of cAMP (Park

et al., 2005), which leads to the inhibition of cAMP-

dependent PKA activity. The cAMP signaling pathway

represses the function of the Skn7p transcription factor

(Charizanis et al., 1999), which is linked to oxidative

stress tolerance (Krems et al., 1996; Fassler & West,

2011). The enhanced PKA activity leads to the production

Fig. 5. Intracellular H2O2 content detected as oxidation of DHR 123

in the Saccharomyces cerevisiae BY4741 parental strain and its

transformants containing an empty vector pRS425 and the YAP1,

PDE2, and STB3 genes on YEp13 plasmid without or after treatment

with a subinhibitory concentration of CTBT (1 lg mL�1) for 1 h in

mid-log-phase cultures grown in YNB medium at 30 °C. Untreated

cultures (empty columns), CTBT-treated cultures (gray columns). The

average fluorescence intensity of rhodamine of 10 000 cells from

5 9 106 cells mL�1 culture was monitored flow cytometrically at 21 °

C. Data are presented as the mean ± SD of the results of four

independent experiments. Significance: *P < 0.05; **P < 0.01;

***P < 0.001. Values were calculated via the Student’s t-test. +++

Significant differences between untreated and CTBT-treated samples.

*//*** Significant differences between the CTBT-treated BY4741

parental strain and its CTBT-treated transformants overexpressing the

YAP1, PDE2, and STB3 genes.
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of mitochondria that are prone to the production of ROS

(Leadsham & Gourlay, 2010). The cAMP-PKA signaling

also inhibits the nuclear localization of Msn2p and

Msn4p (Görner et al., 1998; Jacquet et al., 2003), the two

homologous transcription factors that mediate a transient

cellular response to multiple stresses and to changes in

the nutritional environment (Gasch et al., 2000). More

than a hundred genes with Msn2p/Msn4p DNA-binding

stress response elements in their promoter regions have

been identified as overexpressed in CTBT-treated yeast

cells (Batova et al., 2010). The proteins encoded by mem-

bers of the Msn2p/Msn4p regulon belong in several func-

tional classes and include enzymes involved in

carbohydrate metabolism, antioxidant proteins and

proteins involved in protein degradation. However, the

PDE2 overexpression was sufficient to confer the CTBT

tolerance in yeast mutant lacking the Msn2p/Msn4p or

Yap1p transcription factors (Fig. 3). This observation cor-

roborates the hydrogen peroxide resistance conferred by

overexpressed PDE2 in the msn2Dmsn4D double mutant

(Park et al., 2005) and suggests that PKA can employ

diverse stress defense systems with overlapping function

(Park et al., 2005; Avrahami-Moyal et al., 2012).

Stb3p is the transcription factor that recognizes the

RRPE sequence in the promoters of its target genes. It

has been isolated in a screen looking for Sin3p-binding

partners (Kasten & Stillman, 1997). Sin3p is a component

of the two distinct histone deacetylase complexes Rpd3L

and Rpd3S (Rundlett et al., 1996). While histone deacety-

lation is generally associated with the gene repression

(Struhl, 1998), its role in transcriptional activation has

been appreciated only recently (Bernstein et al., 2000).

Histone deacetylases have been found to be required for

the activation of osmotic stress genes (Proft & Struhl,

2002), DNA damage-induced genes (Sharma et al., 2007),

as well as the PDR5 gene encoding the main multidrug

resistance efflux pump (Borecka-Melkusova et al., 2008).

Stb3p can act both as an activator (Liko et al., 2007) and

as a repressor (Liko et al., 2010) of gene expression. The

STB3 overexpression reduced the expression of genes for

Table 1. Specific GSH, GSSG, and superoxide concentrations and specific SODs, CAT, GPx, and GR enzyme activities of the Saccharomyces

cerevisiae BY4741 parental strain containing an empty vector pRS425 and the YAP1, PDE2, and STB3 genes on YEp13 plasmid after 1 h

treatment (signed with –t) with subinhibitory concentration of CTBT (1 lg mL�1). Mid-log phase cells were grown in YNB medium at 30 °C

Parameter

Concentration/Activity

Empty vector YAP1 PDE2 STB3

O��
2 231 ± 4.5 221 ± 12 169 ± 14*** 135 ± 2***

O��
2 –t 224 ± 7.5 196 ± 23 152 ± 5.6 118 ± 3.2+++

GSH† 5.69 ± 0.2 2.73 ± 0.36*** 1.62 ± 0.21*** 1.69 ± 0.21***

GSH† –t 8.56 ± 0.58### 2.59 ± 0.41 1.50 ± 0.26 2.28 ± 0.13+++

GSSG† 0.057 ± 0.004 0.039 ± 0.077*** 0.05 ± 0.006 0.072 ± 0.007**

GSSG† –t 0.077 ± 0.006### 0.039 ± 0.004 0.05 ± 0.005 0.080 ± 0.005

GSH/GSSG 99.1 ± 4.1 71.1 ± 5.2*** 32.6 ± 2.9*** 23.7 ± 4.45***

GSH/GSSG –t 111.6 ± 10.4 62.1 ± 4.3+ 29.5 ± 5.8 28.4 ± 2.87

SODs‡ 4.76 ± 1.05 12.72 ± 0.71*** 10.24 ± 2.43*** 10.13 ± 0.81***

SODs‡ –t 11.67 ± 3.7### 11.45 ± 1.84 10.37 ± 0.71 11.09 ± 1.03

Mn-SOD‡ 1.22 ± 0.08 0.81 ± 0.17*** 0.87 ± 0.24* 0.58 ± 0.1***

Mn-SOD‡ –t 1.33 ± 0.11 1.05 ± 0.18 0.78 ± 0.077 0.34 ± 0.13+

Cu/Zn-SOD‡ 3.54 ± 1.13 11.91 ± 0.79*** 9.37 ± 2.57*** 9.55 ± 0.81***

Cu/Zn-SOD‡ –t 10.35 ± 3.83### 10.4 ± 1.74 9.59 ± 0.71 10.72 ± 1.01

CAT§ 0.10 ± 0.04 0.097 ± 0.026 0.16 ± 0.03* 0.33 ± 0.022***

CAT§ –t 0.084 ± 0.015 0.088 ± 0.023 0.13 ± 0.05 0.24 ± 0.04++

GPx¶ 4.45 ± 0.53 2.31 ± 0.46*** 1.56 ± 0.38*** 2.91 ± 0.28***

GPx¶ –t 4.40 ± 0.27 3.47 ± 0.28++ 2.64 ± 0.37++ 3.14 ± 0.51

GR¶ 47.80 ± 2.25 46.86 ± 3.04 41.78 ± 1.71** 44.3 ± 1.3*

GR¶ –t 47.85 ± 2.65 52.03 ± 3.87 41.58 ± 3.33 45.1 ± 2.9

Values were expressed as means ± SD, calculated from the data of four independent experiments.
†Specific concentrations are given in lmol (mg dry biomass)�1.
‡Specific activities are given in unit (min mg protein)�1.
§Specific activities are given in lmol (min mg protein)�1.
¶Specific activities are given in nmol (min mg protein)�1.

Significance: #,*,+P < 0.05; ##,**,++P < 0.01; ###,***,+++P < 0.001. Values were calculated via the Student’s t-test.
#//###Significant differences between untreated cells of BY4741 and its CTBT-treated cells.

*//***Significant differences between untreated cells of BY4741 and untreated cells of transformants.
+//+++Significant differences between untreated and CTBT-treated cells of transformants.
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ribosomal proteins and diminished the rate of amino acid

incorporation in Hos2p-dependent manner (Liko et al.,

2010). Recent transcriptome analysis revealed that at least

150 genes harboring the RRPE sequences in their promot-

ers are responsive to CTBT treatment of yeast cells.

Among them, almost a hundred genes, involved mainly

in ribosome biogenesis and protein synthesis, were down-

regulated (Batova et al., 2010), and 40 of them were over-

lapping with those identified in STB3 overexpressed cells

(Liko et al., 2010). Such downregulation of gene expres-

sion is saving energy needed for synthesis of the transla-

tion machinery and represents a general response to stress

conditions encountered by yeast cells. They can respond

to ROS exposure by delaying progression through the cell

division cycle that may enable them to repair any macro-

molecular damage without passing it on to their daughter

cells. In fact, several Stb3p target genes, including GPX1,

UBX6, YAP7, and those also activated by Yap1p, such as

YML131W, SOD2, HSP31, GTT2, OYE3, BCY1, and

AAD14, were upregulated in CTBT-treated cells (Batova

et al., 2010) and could account for the beneficial effect of

STB3 overexpression. This effect was not abolished by the

absence of specific components of signaling pathways

(Hog1p, Mpk1p, Ras2p) and transcription factors (Yap1p,

Stb5p, Msn2p/Msn4p) involved in yeast cell stress

responses. It was also observed in the absence of studied

individual subunits of histone deacetylase complexes

(Fig. 4) probably because of their partially overlapping

(Sharma et al., 2007) and dual role in transcriptional reg-

ulation (Dovey et al., 2010). Further studies are needed

to disclose the exact role of Stb3p in the control of oxida-

tive stress response in yeast cells.

The protective effect of the overexpressed YAP1, PDE2,

and STB3 genes against CTBT toxicity was accompanied

by changes in the overall regulation of the antioxidant

system of the yeast cells. It should be emphasized in

advance that the overexpression of the YAP1, PDE2, and

STB3 genes caused a disturbed internal redox state of the

untreated cells, which resulted in decreased concentra-

tions of O��
2 , H2O2, and GSH in the transformants. This

phenomenon was accompanied by the upregulation of

CAT and the downregulation of GR in the PDE2 and

STB3 transformants, and by the upregulation of Cu/Zn-

SOD in all transformants (Fig. 5, Table 1). A single gene

mutation-induced alteration in the redox state of yeast

cells has already been reported (Gazdag et al., 2003,

2011), but these are the first results indicating the conse-

quences of overexpressed YAP1, PDE2, and STB3 genes in

redox processes and their regulation.

Short-term (20 min) treatment with higher CTBT con-

centrations (2–4 lg mL�1) induced elevated O��
2 produc-

tion in the parental BY4741 cells (Batova et al., 2010). A

longer-term treatment (60 min) with a lower CTBT

concentration (1 lg mL�1) decreased the level of O��
2 in

cells overexpressing the PDE2 and STB3 genes, and also

the concentration of H2O2 in the parental strain and its

transformants via upregulation of the specific activity of

Cu/Zn-SOD in all examined strains. The activity of CAT

was higher in the PDE2 and STB3 transformants, as was

that of GPx in the transformants overexpressing the

YAP1, PDE2, and STB3 genes as compared with the

untreated parental cells. The phenotypic resistance of the

YAP1, PDE2, and STB3 transformants was a consequence

of the upregulation of some of their antioxidant enzymes

in comparison with the parental BY4741 strain. At the

beginning of redox-active CTBT treatment, they could

promptly inactivate the CTBT-induced ROS. However,

the GSH concentration was decreased in all transfor-

mants, and the CTBT treatment elevated its level only in

the parental cells and the STB3 transformant. These

results suggested that GSH is merely the first line, while

the antioxidant enzymes are the determining factor main-

taining redox homeostasis.

In conclusion, the genome-wide screening allowed us

to identify the YAP1, PDE2, and STB3 genes that, when

overexpressed, enhance the CTBT tolerance of yeast cells.

The protective effects of these genes are apparently con-

nected with the adaptation of the yeast genome expres-

sion to the presence of CTBT in its chemical

environment, leading to activation of the genes involved

in the oxidative and general stress responses, resulting in

a higher antioxidant capacity of yeast cells.
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