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Membrane Proteome-Wide Response to the
Antifungal Drug Clotrimazole in Candida
glabrata: Role of the Transcription Factor
CgPdr1 and the Drug:H+ Antiporters CgTpo1_1

and CgTpo1_2*s
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and Miguel C. Teixeirat§||

Azoles are widely used antifungal drugs. This family of
compounds includes triazoles, mostly used in the treat-
ment of systemic infections, and imidazoles, such as clo-
trimazole, often used in the case of superficial infections.
Candida glabrata is the second most common cause of
candidemia worldwide and presents higher levels of in-
trinsic azole resistance when compared with Candida al-
bicans, thus being an interesting subject for the study of
azole resistance mechanisms in fungal pathogens.

Since resistance often relies on the action of membrane
transporters, including drug efflux pumps from the ATP-
binding cassette family or from the Drug:H* antiporter
(DHA)! family, an iTRAQ-based membrane proteomics
analysis was performed to identify all the membrane-
associated proteins whose abundance changes in C.
glabrata cells exposed to the azole drug clotrimazole.
Proteins found to have significant expression changes in
this context were clustered into functional groups, name-
ly: glucose metabolism, oxidative phosphorylation, mito-
chondrial import, ribosome components and translation
machinery, lipid metabolism, multidrug resistance trans-
porters, cell wall assembly, and stress response, compris-
ing a total of 37 proteins. Among these, the DHA trans-
porter CgTpo1_2 (ORF CAGLOE03674g) was identified as
overexpressed in the C. glabrata membrane in response
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to clotrimazole. Functional characterization of this puta-
tive drug:H* antiporter, and of its homolog CgTpo1_1
(ORF CAGL0GO03927g), allowed the identification of these
proteins as localized to the plasma membrane and con-
ferring azole drug resistance in this fungal pathogen by
actively extruding the drug to the external medium. The
cell wall protein CgGas1 was also shown to confer azole
drug resistance through cell wall remodeling. Finally,
the transcription factor CgPdr1 in the clotrimazole re-
sponse was observed to control the expression of 20 of
the identified proteins, thus highlighting the existence of
additional unforeseen targets of this transcription factor,
recognized as a major regulator of azole drug resistance
in clinical isolates. Molecular & Cellular Proteomics 15:
10.1074/mcp.M114.045344, 57-72, 2016.

Systemic fungal infections are a problem of increasing clin-
ical significance since the extensive use of antifungal drugs,
both as treatment and prophylaxis, has led to a huge increase
in the number of intrinsically resistant infections with fungal
pathogens (1, 2). This is particularly true for the non-albicans
Candida species Candida glabrata.

Candidemia represents the fourth most common nosoco-
mial infection in humans (3). Over the past two decades there
has been an increase in the number of infections concerning
non-albicans species, with C. glabrata arising as the second
most frequent pathogenic yeast in mucosal and invasive fun-
gal infections in humans, representing 15-20% of all infec-
tions caused by Candida species, depending on the geo-
graphical region (4-6). Together, C. albicans and C. glabrata
represent 65-75% of all systemic candidiasis, followed by C.
parapsilosis and C. tropicalis (5).

Azoles are one of the main families of drugs currently used
to treat or prevent fungal infections. C. glabrata presents a
higher level of intrinsic resistance to azoles than C. albicans
and develops further resistance during prolonged azole ther-
apy. The acquisition of azole drug resistance is commonly
associated with the expression of multidrug efflux pumps
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such as those from the ATP-binding cassette family and from
the major facilitator superfamily responsible for the efflux of
structurally and functionally unrelated compounds (2, 7). Ex-
pression of several of these transporters was shown to be
dependent on the transcription factor CgPdr1, recognized as
a major pleiotropic drug resistance mediator in C. glabrata
(8-10). Most studies conducted so far to study azole drug
resistance focus mainly on fluconazole.

Despite the notion that azole resistance mechanisms are
well established, this is not absolutely true for non-albicans
Candida species, and certainly it is not true for azole drugs
other than fluconazole. Since fluconazole is a triazole, it is
possible to assume that information gathered for fluconazole
may be extrapolated for other triazoles, like itraconazole and
posaconazole. However, this would not be the case for imid-
azole drugs, which are widely used for topical applications in
mucosal infections. Among these drugs, ketoconazole and
miconazole are the most well known, but for clotrimazole very
little information is available regarding its action and resist-
ance mechanisms in C. glabrata. In a study by Calahorra et al.
(11) the mode of action and resistance mechanisms of keto-
conazole and miconazole (both imidazoles) were studied in
the model S. cerevisiae. Although the primary mode of action
involves the inhibition of sterol synthesis common to all
azoles, these two drugs seem to also have an effect on cation
transport systems. Ketoconazole and miconazole produced
an efflux of K* at low concentrations (~200 um) leading to an
almost complete depletion of that ion in the cells. The drugs
appear to bind to the surface of the cell due to their am-
phipathic and cationic nature, decreasing the surface charge
of the membrane. As a consequence, both antifungals can
stimulate efflux of K™ at low concentrations, once at higher
concentrations, the uptake of H+ can be stimulated. The
change of the surface charge was hypothesized to lead to a
disruption of the membrane structure due to the interaction of
the antifungals with lipid rafts. These results were not found
with two triazole antifungals, fluconazole and itraconazole,
indicating that the active group of the molecules is the imid-
azole moiety of the molecule, thus showing a clear difference
between imidazole and triazole modes of action. Ketocona-
zole and miconazole were found to affect respiration, proba-
bly related to the cationic nature of the imidazolic portion of
the molecule. More studies highlighted the importance of
mitochondrial function for tolerance to antifungal drugs and
virulence, with functions in lipid homeostasis likely to be the
center of mitochondrial action in tolerance to antifungal drugs,
with some crosstalk between mitochondria and cell wall in-
tegrity, but the exact molecular mechanisms are not fully
understood (12, 13).

In this study, the C. glabrata response to clotrimazole, at the
membrane proteome level was examined. Based on the iden-
tified proteins exhibiting altered concentrations in the mem-
brane-enriched fraction, the effect of cell wall remodeling, in
the dependence of CgGas1, in clotrimazole resistance was

inspected. CgGas1 (ORF CAGL0G00286g) is a predicted gli-
cosylphosphatidylinositol-anchored cell wall bound protein
(14), homologue of the S. cerevisiae Gas1 B-1,3-glucanosyl-
transferase, required for cell wall assembly. The deletion of
CgGAS1 was shown to lead to an aggregation phenotype and
to lead to decreased growth rates (15).

Furthermore, the suggested role of the two uncharacterized
homologs of S. cerevisiae Tpo1 drug:H* antiporter in C.
glabrata, encoded by ORFs CAGL0G03927g (CgTPO1_1) and
CAGLOE03674g (CgTPO1_2) in clotrimazole drug resistance
was also evaluated, given the observed up-regulation of
CgTpo1_2 in C. glabrata membrane-enriched fractions ex-
posed to clotrimazole. S. cerevisiae Tpo1 is one of the best
characterized of the eukaryotic Drug:H+ Antiporters (16, 17).
The primary physiological role attributed to Tpo1 has been the
transport of polyamines (18), particularly spermidine (19).
However, Tpo1 has been shown to confer resistance to nu-
merous chemical stress agents, from herbicides (20) and ag-
ricultural fungicides (21) to the antifungal drug caspofungin
(22), among many others (16, 17). Interestingly, the Tpo1
homolog in C. albicans, CaFlu1, was found to complement
fluconazole hypersusceptibility in a S. cerevisiae Apdr5 mu-
tant but not to have a significant role in fluconazole resistance
in C. albicans (23). More recently, Flul was shown to confer
resistance to the salivary human antimicrobial peptide histatin
5, playing a direct role in its efflux from C. albicans cells, thus
reducing histatin 5 toxicity (24). Based on the proteomics
data, CgTPO1_1 and CgTPO1_2 were further analyzed, in this
study. The subcellular localization of these transporters and
their effect in antifungal drug resistance was assessed. Their
action as clotrimazole resistance determinants was correlated
with their action in the accumulation of radiolabeled clotrima-
zole in C. glabrata.

EXPERIMENTAL PROCEDURES

Strains and Growth Media—S. cerevisiae parental strain BY4741
(MATa, ura3A0, leu2A0, his3A1, met15A0) and the derived single
deletion mutant BY4741_Atpo1 were obtained from Euroscarf (http://
web.uni-frankfurt.de/fb15/mikro/euroscarf/). Cells were batch-cul-
tured at 30 °C, with orbital agitation (250 rpm) in basal medium (BM),
with the following composition (per liter): 1.7 g yeast nitrogen base
without amino acids or NH4™ (Difco, Franklin Lakes, NJ), 20 g glucose
(Merck, Kenilworth, NJ), and 2.65 g (NH4),SO, (Merck), supple-
mented with 20 mg/I methionine, 20 mg/L histidine, 60 mg/I leucine,
20 mg/I uracil (all from Sigma). C. glabrata parental strain KUE100 (25)
and derived single deletion mutants KUE100_Acggas?, KUE100_
Acgtpo1_1, or KUE100_Acgtpo1_2, as well as the C. glabrata strains
66032u and 66032u_Acgpdr1 (10), kindly provided by Thomas Edlind,
from the Department of Microbiology and Immunology, Drexel Uni-
versity, College of Medicine, Philadelphia, PA, were batch-cultured at
30 °C, with orbital agitation (250 rpm) in BM medium, with the follow-
ing composition (per liter): 1.7 g yeast nitrogen base without amino
acids or NH4™" (Difco), 20 g glucose (Merck), and 2.65 g (NH4),S04
(Merck). C. glabrata strain L5U1 (cgura3A0, cgleu2A0), kindly pro-
vided by John Bennett, (26) from the National Institute of Allergy and
Infectious Diseases, NIH, Bethesda, was grown in BM medium sup-
plemented with 20 mg/I uracil and 60 mg/Il leucine. Solid media
contained, besides the above-indicated ingredients, 20 g/I agar
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(Iberagar, Coina, Portugal). The plasmid pGREG576 was obtained
from the Drag & Drop collection.

Membrane Proteome-Wide Analysis of C. glabrata Response to
Clotrimazole —Wild-type 66032 C. glabrata strain and the derived
66032_Acgpdr1 deletion mutant were cultivated in liquid BM medium
at 30 °C with orbital agitation (250 rpm) in the absence of stress until
the standardized culture ODg, ,,, (Optical density at 600 nm) of 0.8 =+
0.08 was reached. Cells were then transferred to fresh medium in the
absence of stress (control conditions) or in the presence of 100 mg/|
clotrimazole, with an initial ODgy nm Of 0.4 = 0.05. Upon 1 h of
cultivation, cells were harvested by centrifugation and resuspended in
A Buffer (50 mm Tris, pH 7.5, with 0.5 mm EDTA and 20% glycerol),
with protease inhibitors (10 mg/I leupeptine, 1 mg/| pepstatine A, 20
mg/| aprotinine, 2 mg/| trypsin/quimotrypsin inhibitor, 1.5 mg/I ben-
zamindine, and 1 mm phenylmethylsulfonyl fluoride (all obtained from
Sigma). Cell lysis was accomplished by consecutive steps of vortex-
ing and cooling in the presence of glass beads. The mixture was
centrifuged for clarification (8000 rpm, 5 min, 4 °C) and the top phase
collected. A Buffer was added to a final volume of 8 ml, the mix was
ultracentrifuged on a Beckman XL-90 ultracentrifuge (24,000 rpm, 90
min, 4 °C), and the pellet washed with 8 ml of 0,1 M Na,CO;, and
incubated on ice for 30 min with orbital agitation (60 rpm). The mixture
was then ultracentrifuged (26,000 rpm, 60 min, 4 °C), and the pellet
was washed with 8 ml of 50 mm tetraethylammonium bromide (Sigma)
and ultracentrifuged again (26,000 rpm, 60 min, 4 °C). This procedure
was repeated two more times and, finally, the pellet was resuspended
in 325 ul of 50 mm tetraethylammonium bromide with 8 m urea
(Sigma).

Expression proteomics analysis of the obtained membrane-en-
riched fraction was carried out using and iTRAQ-MS procedure as a
paid service at the Keck Foundation Biotechnology Resource Labo-
ratory, Yale University (http://medicine.yale.edu/keck/proteomics/
index.aspx). Briefly, samples were sonicated and proteins reduced by
adding 50 mm tris(2-carboxyethyl)phosphine, followed by 200 mm
methyl methane thiosulfonate. Protein digestion was achieved by
adding 10 ul of a solution of 1 mg/ml Lys-C, followed by incubation at
37 °C for 3 h, and 10 ul of 1 mg/ml trypsin, followed by overnight
incubation at 37 °C. Macrospin desalt of the digests with C18 spin
columns for cleanup and quantitation was carried out, followed by
dissolution in 65 ul of 500 mm tetraethylammonium bromide. iTRAQ
labeling was carried out based on the AAA quant protocol. iTRAQ
experiments were carried out through the SCX cartridge and experi-
ments run on 5,600.

The search parameters and acceptance criteria used were the
following: Peaklist generating software: ProteinPilot 4.5 and Mascot;
search engine: Paragon Search Engine (ProteinPilot 4.2); sequence
database/spectral library: Candida glabrata [5,478] from SwissProt
(May 2013); The database used was downloaded from UniProt, with
a total of 5,197 protein entries. Mass spectrometric analysis was done
on an AB SCIEX TripleTOF® 5600 mass spectrometer with AB SCIEX
ProteinPilot™ software used for protein identification and quantita-
tion. ProteinPilot utilizes a Paragon™ algorithm with hybrid sequence
tag and features probability database searches. Hence, specific de-
tails such as mass tolerances, specific modifications, etc. are not
utilized. All iTRAQ results are uploaded into the Yale Protein Expres-
sion database for investigator viewing. Protein identification was con-
sidered reliable for a protein score > 2, corresponding to a confi-
dence level of 99%. A reserve decoy database search, followed by
filtering of all peptides above 1% false discovery rate was carried out
before protein grouping.

Proteomics data analysis started from three iTRAQ sets (complete
raw data are supplied as Tables S1-S3, corresponding to each iTRAQ
set). The samples present in each of the sets were randomized to
prevent bias, and in different sets, distinct labels were used to tag the

samples, ensuring that protein identification in the MS step is not
biased by the tags. For each sample in a given set, protein quantifi-
cation was only considered for p value<.05. Protein expression
changes above 1,4-fold or below 0,71-fold were considered relevant.
Protein classification into functional groups was achieved based on
their predicted function, according to the Candida Genome Database
(www.candidagenome.org) or based on the function of their closest
S. cerevisiae homolog, according to the Saccharomyces Genome
Database (www.yeastgenome.org).

B-1,3-glucanase Susceptibility Assay—To monitor structural
changes at the cell wall level, a lyticase (8-1,3-glucanase, Sigma)
susceptibility assay was conducted as described before (27). C.
glabrata KUE100 and KUE100_Acggas? cells were grown in BM
medium, in the presence of 60 mg/l of clotrimazole, and harvested
following 0 or 30 min of cell incubation, during the period of early
adaptation to stress and at the exponential growth phase, when the
standardized ODgqq m, ©f 1.0 = 0.1 was attained. The harvested cells
were washed with distilled water and resuspended in 0.1 mm sodium
phosphate buffer (pH 7). After the addition of 10 ug/ml lyticase, cell
lysis was monitored by measuring the percentage decrease of the
initial ODggg nm Of the cell suspensions every 30 min for a total period
of 180 min. Statistical analyses of the results were performed using
analysis of variance, and differences were considered significant for p
values < .05.

Disruption of the CgGAS1, CgTPO1_1, and CgTPO1_2 Genes—
The deletion of the C. glabrata GAS1, TPO1_1, and TPO1_2 genes
(ORFs CAGL0G00286g, CAGL0G03927g and CAGLOE03674g, re-
spectively) was carried out in the parental strain KUE100, using the
method described by Ueno et al. (28). The target genes CgGAST,
CgTPO1_1, and CgTPO1_2 were replaced by a DNA cassette includ-
ing the CgHIS3 gene through homologous recombination. The re-
placement cassette was prepared by PCR using the primers 5'-
AGCTGTATCAAACAACTCACTGTATCAATCACTATTTTACTATAAC-
TAGATCAATAGGCCGCTGATCACG-3' and 5'-CCCGTTGATCATAT-
GAACATTAGGATTCATCAAATATTTAAATCATTCTGAAATTACATCG-
TGAGGCTGG-3 for the CgGAS1 gene, the primers 5'-GTT-
TTATCATTCGGTAGTCAACTGAATAAAAAAAATATATACATACATA-
CAAAACGGGCCGCTGATCACG-3" and 5'-TTGATTCTCTCTTTTAA-
AGGAAGAGTAGGAATCAGGATGTGGTCGCTTGAAGCTTACATCG-
TGAGGCTGG-3, for the CgTPO17_1 gene, and the primers 5'-CCA-
GTGCAGGAGAAGTAACAGCATATAATTCATCTCACGATAAGGAAG-
TTGGAGTGGGCCGCTGATCACG-3’ and 5'-AAAAGAGGGCACCAA-
TTTCGTTAAGATATTATTAGTTTTTATTCTTTTTGGATTTACATCGTG-
AGGCTGG-3 for the CgTPO1_2 gene. The pHIS906 plasmid includ-
ing CgHIS3 was used as a template and transformation was
performed as described previously (25). Recombination locus and
gene deletion were verified by PCR using the following pairs of prim-
ers: 5'-GTCTGGTTTCTTTCATAATAGC-3' and 5'-TTGGAGTAGTTA-
GCGAAC-3’; 5'-CGCCAAAGTATACCAATG-3' and 5'-CGGTGTTCC-
ACAAATCTGT-3’; and 5'-GGCTCATCCATCTTCGCT-3' and 5'-
AGCGAAGATGGATGAGCC-3', respectively.

For the disruption of CgTPO71_2 (ORF CAGLOE03674g) in the
Acggas1 derivative, the SAT1 cassette, encoding a nourseothricin
selection marker was used for homologous recombination. The SAT1
cassette was obtained by PCR, using the pA83 plasmid as template
and the following specific primers: 5'-GATCCCAGTGCAGGAGAAG-
TAACAGCATATAATTCATCTCACGATAAGGAAGTTGGAGTGATGG-
ACGGTGGTATGTTTTA-3' and 5'-ATATAACTCTAGTCCCATTTTTT-
AATTTGGAAGTTGGGATATCGAGATAAGGATAGGTGCTTAGGCG-
TCATCCTGTGCTC-3'. The designed primers contain, besides a re-
gion with homology to the first and last 20 nucleotides of the SAT7
coding region (italic), 60 nucleotide sequences with homology to the
upstream and downstream regions of CgTPO7_2 (bold). The succ-
essful recombination of the SAT7 cassette was verified by PCR using
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the following specific primers: 5'-TTTGCTGCTTCGCCAGT-
TAT-3’ and 5'-TGTAAATGCACCTGCAATGG-3'. The designed prim-
ers are homologous to a sequence in the upstream region of
CgTPO1_2 and to a sequence in the coding region of the SAT7
cassette, respectively.

Cloning of the C. glabrata CgTPO1_1 and CgTPO1_2 Genes
(ORFs CAGL0G03927g and CAGLOE03674g, Respectively)—The
pGREG576 plasmid from the Drag & Drop collection was used to
clone and express the C. glabrata ORFs CAGL0G03927g and
CAGLOE03674g in S. cerevisiae, as described before for other heter-
ologous genes (29-31). pPGREG576 was acquired from Euroscarf and
contains a galactose-inducible promoter (GAL7), the yeast selectable
marker URAS3, and the GFP gene, encoding a green fluorescent
protein (GFPS65T), which allows monitoring of the expression and
subcellular localization of the cloned fusion protein. CAGL0OG03927g
or CAGLOE03674g DNA was generated by PCR, using genomic DNA
extracted from the sequenced CBS138 C. glabrata strain, and the
following specific primers: 5'-GAATTCGATATCAAGCTTATCGATAC-
CGTCGACAATGGTGGAAGAGATATCGCC-3' and 5'-GCGTGACAT-
AACTAATTACATGACTCGAGGTCGACTTAAGCGTAGTAAGCATCC-
3'; or 5'-GAATTCGATATCAAGCTTATCGATACCGTCGACAATGTC-
CTCCACTAGTAGCG-3' and 5'-GCGTGACATAACTAATTACATGA-
CTCGAGGTCGACTTATAACGAATATGCGTAC-3', respectively. The
designed primers contain, besides a region with homology to the first
20 and last 19 nucleotides of the CAGL0OG03927g coding region
(italic) and the first and last 19 nucleotides of the CAGLOE03674g
coding region (italic), nucleotide sequences with homology to the
cloning site flanking regions of the pGREG576 vector (underlined).
The amplified fragments were cotransformed into the parental S.
cerevisiae strain BY4741 with the pGREG576 vector, previously cut
with the restriction enzyme Sall, to obtain the pGREG576_CgTPO1_1
or pGREG576_CgTPO17_2 plasmids. Since the GAL1 promoter only
allows a slight expression of downstream genes in C. glabrata, to
visualize by fluorescence microscopy the subcellular localization of
the CgTpo1_1 or CgTpo1_2 proteins in C. glabrata, new constructs
were obtained. The GAL7 promoter present in the pGREG576_
CgTPO1_1 and pGREG576_CgTPO1_2 plasmids was replaced by
the copper-induced MTI C. glabrata promoter, giving rise to the
pGREG576_MTI_CgTPO1_1 and pGREG576_MTI_CgTPO1_2 pla-
smids. The MTI promoter DNA was generated by PCR, using genomic
DNA extracted from the sequenced CBS138 C. glabrata strain, and
the following specific primers: 5'-TTAACCCTCACTAAAGGGAACAA-
AAGCTGGAGCTCTGTACGACACGCATCATGTGGCAATC-3' and 5'-
GAAAAGTTCTTCTCCTTTACTCATACTAGTGCGGCTGTGTTTGTTT-
TTGTATGTGTTTGTTG-3'. The designed primers contain, besides a
region with homology to the first 26 and last 27 nucleotides of the first
1,000 bp of the MTI promoter region (italic), nucleotide sequences
with homology to the cloning site flanking regions of the pGREG576
vector (underlined). The amplified fragment was cotransformed into
the parental strain BY4741 with the pGREG576_CgTPO1_1 or
pGREG576_CgTPO1_2 plasmids, previously cut with Sacl and Notl
restriction enzymes to remove the GAL7 promoter, to generate the
pGREG576_MTI_CgTPO1_1, and pGREG576_MTI_CgTPO1_2 pla-
smids. The recombinant plasmids pGREG576_CgTPO17_1, pPGREG576_
CgTPO1_2, pGREG576_MTI_CgTPO1_1, and pGREG576_MTI_
CgTPO1_2 were obtained through homologous recombination in S.
cerevisiae and verified by DNA sequencing.

CgTpo1_1 and CgTpo1_2 Subcellular Localization Assessment—
The subcellular localization of the CgTpo1_1 and CgTpo1_2 proteins
was determined based on the observation of BY4741 S. cerevisiae or
L5U1 C. glabrata cells transformed with the pGREG576-CgTPO1_1
and pGREG576-CgTPO71_2 or pGREG576-MTI-CgTPO1_1 and
pGREG576-MTI-CgTPO1_2 plasmids, respectively. These cells ex-
press the CgTpo1_1_GFP or CgTpo1_2_GFP fusion proteins, whose

localization may be determined using fluorescence microscopy. S.
cerevisiae cell suspensions were prepared by cultivation in MM4-U
medium, containing 0.5% glucose and 0.1% galactose, at 30 °C, with
orbital shaking (250 rpm) until a standard culture ODgyg , = 0.4 =
0.04 was reached. At this point, cells were transferred to the same
medium containing 0.1% glucose and 1% galactose, to induce pro-
tein expression. C. glabrata cell suspensions were prepared in BM-U
medium, until a standard culture ODgqg ,yy = 0.4 *+ 0.04 was reached,
and transferred to the same medium supplemented with 50 um
CuSO, (Sigma), to induce protein overexpression. After 5 h of incu-
bation, the distribution of CgTpo1_1_GFP or CgTpo1_2_GFP fusion
proteins in S. cerevisiae or in C. glabrata living cells was detected by
fluorescence microscopy in a Zeiss Axioplan microscope (Carl Zeiss
Microlmaging, Oberkochen, Germany), using excitation and emission
wavelength of 395 and 509 nm, respectively. Fluorescence images
were captured using a cooled CCD camera (Cool SNAPFX, Roper
Scientific Photometrics, Sarasota, FL).

Antifungal Susceptibility Assays in C. glabrata—The susceptibility
of the parental strain KUE100 toward toxic concentrations of the
selected drugs was compared with that of the deletion mutants
KUE100_Acggas1, KUE100_Acgtpo1_1, KUE100_Acgtpo?_2, and
KUE100_Acgtpo1_2_Acggas1 by spot assays or by comparing
growth in liquid medium. The ability of CgTPO7_1 and CgTPO1_2
gene expression to increase wild-type resistance to the tested chem-
ical stresses was also examined in the URAS3- strain L5U1 C. glabrata
strain, using the pGREG576_MTI_CgTPO1_1 and pGREG576_
MTI_CgTPO1_2 centromeric plasmids.

KUE100 C. glabrata cell suspensions used to inoculate the agar
plates or liquid medium were midexponential cells grown in basal BM
medium, until culture ODggg nm = 0.4 = 0.02 was reached and then
diluted in sterile water to obtain suspensions with ODgyg nm = 0.05 *
0.005. These cell suspensions and subsequent dilutions (1:5; 1:25)
were applied as 4 ul spots onto the surface of solid BM medium,
supplemented with adequate chemical stress concentrations. L5U1
C. glabrata cell suspensions used to inoculate the agar plates were
midexponential cells grown in BM medium, supplemented with 50 um
CuSO, (Sigma), to induce protein overexpression, without uracil when
using the L5U1 strain harboring the pGREG576-derived plasmids,
until culture ODgqg iy = 0.4 = 0.02 was reached, and then diluted in
sterile water to obtain suspensions with ODgg ,,,, = 0.05 * 0.005.
These cell suspensions and subsequent dilutions (1:5; 1:25) were
applied as 4 ul spots onto the surface of solid BM medium, without
uracil for strains transformed with the pGREG576-derived plasmids,
supplemented with 50 um CuSO, and with adequate chemical stress
concentrations. The tested drugs included the following compounds,
used in the specified concentration ranges: the azole antifungal drugs
ketoconazole (10 to 60 mg/l), fluconazole (20 to 80 mg/l), miconazole
(0.08 to 0.14 mg/l), tioconazole (0.2 to 0.9 mg/l), itraconazole (5 to 40
mg/l), and clotrimazole (2.5 to 10 mg/l), the polyene antifungal drug
amphotericin B (0.12 to 0.19 mg/l), the fluoropyrimidine 5-flucytosine
(0.010 to 0.017 mg/l), the pesticide mancozeb (0.5 to 2.5 mg/l), and
the polyamines spermine (2 to 4.5 mm) and spermidine (3 mm to 5 mm)
(all from Sigma).

Antifungal Susceptibility Assays in S. cerevisiae—The susceptibility
of the parental strain BY4741 toward toxic concentrations of the
selected drugs was compared with that of the deletion mutant
BY4741_Atpo1 by spot assays. The ability of CgTPO1_1 and
CgTPO1_2 genes to increase wild-type resistance to the tested
chemical stresses and to complement the susceptibility phenotype
exhibited by the BY4741_Atpo1 single deletion mutants was also
examined, using the pGREG576_CgTPO7_1 and pGREG576_
CgTPO1_2 centromeric plasmids through which the C. glabrata
genes are expressed under the GAL1 promoter.
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S. cerevisiae cell suspensions used to inoculate the agar plates
were midexponential cells grown in MM4-U medium, containing 0.5%
glucose and 0.1% galactose, until culture OD 449 ,n = 0.4 * 0.02 was
reached, and then diluted in sterile water to obtain suspensions with
ODggo nm = 0.05 = 0.005. These cell suspensions and subsequent
dilutions (1:5; 1:25) were applied as 4 ul spots onto the surface of
solid MM4-U medium, containing 0.1% glucose and 1% galactose,
supplemented with growth inhibitory chemical stress concentrations.
The tested drugs and other xenobiotics included the following com-
pounds, used in the specified concentration ranges: the polyamines
spermidine (2 mm) and spermine (2.5 mwm), and the fungicide manco-
zeb (1.25 mg/l).

[PH]-clotrimazole Accumulation Assays—°®H-clotrimazole transport
assays were carried out as described before (31). The internal accu-
mulation of clotrimazole was determined by calculating the ratio
between the radiolabeled clotrimazole measured within the yeast
cells and in the external medium (Intracellular/Extracellular). The pa-
rental strain KUE100 and the mutant strains KUE100_Acgtpo1_1 and
KUE100_Acgtpo1_2 were grown in BM medium until mid-exponential
phase and harvested by filtration. Cells were washed and resus-
pended in BM medium, to obtain dense cell suspensions (ODggg nm =
0.5 + 0.1, equivalent to ~1.57 mg (dry weight) ml~"). Readily, 0.1 um
of ®H-clotrimazole (American Radiolabeled Chemicals, St. Louis, MO;
1mCi/ml) and 30 mg/I of unlabeled clotrimazole were added to the cell
suspensions. Incubation proceeded for an additional period of 30
min. The intracellular accumulation of labeled clotrimazole was fol-
lowed by filtering 200 nl of cell suspension, at adequate time inter-
vals, through prewetted glass microfiber filters (Whatman GF/C, Pitts-
burgh, PA). The filters were washed with ice-cold TM buffer and the
radioactivity measured in a Beckman LS 5000TD scintillation counter.
Extracellular ®H-clotrimazole was estimated, by radioactivity assess-
ment of 50 ul of the supernatant. Nonspecific ®H-clotrimazole ad-
sorption to the filters and to the cells (less than 5% of the total
radioactivity) was assessed and taken into consideration. To calculate
the intracellular concentration of labeled clotrimazole, the internal cell
volume (Vi) of the exponential cells, grown in the absence of drug and
used for accumulation assays, was considered constant and equal to
2.5 ul (mg dry weight)™ (32). Statistical analysis of the results were
performed using analysis of variance, and differences were consid-
ered significant for p values < .05.

CgTPO1_1 and CgTPO1_2 Expression Measurements—The levels
of CgTPO1_1 and CgTPO1_2 transcripts were assessed by real-time
PCR. Synthesis of cDNA for real time RT-PCR experiments, from total
RNA samples, was performed using the MultiscribeTM reverse tran-
scriptase kit (Applied Biosystems, Carlsbad, CA) and the 7500 RT-
PCR Thermal Cycler Block (Applied Biosystems), following the man-
ufacturer’s instructions. The quantity of cDNA for the following
reactions was kept around 10 ng. The subsequent RT-PCR step was
carried out using SYBR® Green reagents. Primers for the amplifi-
cation of the CgTPO1_1, CgTPO1_2 and CgACT1 cDNA were de-
signed using Primer Express Software (Applied Biosystems) and are
5'-CGCTGCTTCCCCAGTTATCT-3" and 5'-CTAGCACACCACGTCT-
ACCGTAA-3'; 5'-AGGACCCGCTCTATCGAAAAA-3’ and 5'-GCTGC-
GACTGCTGACTCAAC-3’; and 5'-AGAGCCGTCTTCCCTTCCAT-3’
and 5'-TTGACCCATACCGACCATGA-3’, respectively. The RT-PCR
reaction was carried out using a thermal cycler block (7500 Real-Time
PCR System, Applied Biosystems). Default parameters established
by the manufacturer were used and fluorescence detected by the
instrument and registered in an amplification plot (7500 System SDS
Software, Applied Biosystems). The CJACTT mRNA level was used
as an internal control. The relative values obtained for the wild-type
strain in control conditions were set as 1, and the remaining values
are presented relative to that control. To avoid false positive signals,
the absence of nonspecific amplification with the chosen primers was

confirmed by the generation of a dissociation curve for each pair of
primers. Statistical analysis of the results were performed using an-
alysis of variance, and differences were considered significant for p
values < .05.

RESULTS

Proteome-Wide Protein Identification in C. glabrata Mem-
brane-Enriched Fraction—624 proteins were identified in the
membrane-enriched fraction in C. glabrata, 131 encoded by
characterized genes, while 493 are encoded by noncharac-
terized ORFs, comprising around 10% of the predicted C.
glabrata proteome. To the best of our knowledge, this is the
first membrane proteome-wide analysis carried out in C.
glabrata, making this list of proteins an invaluable repository
of information on the functional analysis of all of these 624
proteins. To obtain a global perspective of the functional
distribution of these membrane-associated proteins, the on-
line gene ontology term-based grouping tool GoToolBox
(http://genome.crg.es/GOToolBox/) was used, considering
their S. cerevisiae homologs. Using this tool, only 1.44% of
the total proteins were found to have cytoplasm-localization
associated gene ontology terms, attesting the high specificity
of the applied approach for the yield of membrane proteins.
Figure 1 highlights the most-enriched gene ontology terms
associated to the C. glabrata membrane proteome. As ex-
pected, they are all related to transmembrane transport func-
tions and membrane-associated metabolic processes and
include proteins involved in the synthesis of ergosterol and
phospholipids but also transmembrane transporters and pro-
teins involved in cell trafficking. The whole list of positively
identified membrane-associated proteins is available in Table
S4. Details on the protein quantification can be assessed at
the Mass Spectrometry Interactive Virtual Environment
(MassIVE) repository (http://massive.ucsd.edu/ProteoSAFe/
datasets.jsp; MassIVE ID: MSV000079209). Annotated spec-
tra for single peptide identification for each protein is provided
in MS-viewer (http://prospector2.ucsf.edu/prospector/cgi-
bin/msform.cgi?form = msviewer; search keys: qrvm65goix;
xffxn22szm; tm0y9 X Ohqd).

Membrane Proteome-Wide Changes Occurring in Re-
sponse to Clotrimazole in C. glabrata—The analysis of the
membrane-enriched fraction of the C. glabrata proteome ob-
tained from cells exposed to clotrimazole when compared
with control conditions allowed the identification of 12 pro-
teins whose content increases and 25 proteins whose expres-
sion decreases upon exposure to the drug. Since only four of
these 37 proteins had been previously characterized, their
clustering was carried out based on the role of their predicted
S. cerevisiae homologs (Table | and Fig. 2). Among the ob-
tained clusters, the most populated one is ribosome compo-
nents and translational machinery, with two ribosomal
proteins being up-regulated, while the remaining 20 are
down-regulated. This observation appears consistent with a
decreased translation rate, which has been considered part of
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Fic. 1. Categorization, based on the
biological process taxonomy of gene
ontology, of the proteins identified in
membrane-enriched fractions of C.
glabrata cells. These genes were clus-
tered using the GoToolBox software
(http://genome.crg.es/GOToolBox/), and
the most highly ranked statistically sig-
nificant (p value<10~'°) gene ontology
terms are displayed. The protein fre-
quency within each class is indicated by
the black bars, compared with the fre-
quency registered for the C. glabrata
whole genome, indicated by the gray
bars, gene frequency being the percent-
age of the genes in a list associated to a
specific GO term.

the so-called “environmental stress response” (33). This fea-
ture is consistent with growth arrest elicited by sudden expo-
sure to clotrimazole-induced stress.

Within the remaining classes, three are related to carbon
and energy metabolism, comprising a total of nine proteins:
glucose metabolism, oxidative phosphorylation, and mito-
chondrial import. These nine proteins include CgGsf2, an
endoplasmic reticulum protein predicted to promote the traf-
fic of hexose transporters.

All 4 proteins present in the multidrug resistance transport-
ers are up-regulated upon exposure to clotrimazole. This is
consistent with the characterization of several of these pro-
teins as efflux pumps, despite a role in specific clotrimazole
transport had only been described for CgQdr2 (31). The most
up-regulated protein in this cluster is CgCdr1, widely charac-
terized as an important ATP-binding cassette transporter.
Accordingly, its S. cerevisiae homolog, ScPdr5, was previ-
ously found to be involved in clotrimazole extrusion (34).
Additionally, CgSng2 has been characterized as a multidrug
transporter (35), as well as its S. cerevisiae homolog (36). The
up-regulation of CgSng2 observed in this study predicts a
possible role for this transporter in clotrimazole extrusion.
CgTpo1_2 is the only protein from this cluster uncharacterized
in C. glabrata, presenting here a slight up-regulation upon
clotrimazole exposure. Its S. cerevisiae homolog is known to
confer resistance to spermine, putrescine, and spermidine;
catalyzing the extrusion of polyamines in S. cerevisiae (18,
19). The up-regulation of CgTpo1_2 in clotrimazole-exposed
C. glabrata cells raises the possibility that this predicted MDR
transporter plays a role in imidazole transport in C. glabrata.
This hypothesis will be addressed in this study.

The remaining cluster harbors two proteins related with lipid
and cell wall metabolism. The putative cell wall remodeling
protein CgGas1, up-regulated in this cluster, presumes some
level of cell wall response against clotrimazole stress.

Effect of CgPdr1 Deletion in the Membrane Proteome-
Wide Changes Occurring in Response to Clotrimazole in C.

ergosterol metabolic process

glycerophospholopid metabolic process

protein amino acid glycosylation
vesicle-mediated transport
transmembrane transport
oxidative phosphorylation

lipid biosynthetic process

ion transport

transport

0 5 10 15 20 25 30 35 40 45 50
glabrata—The analysis of the membrane-enriched fraction of
the C. glabrata proteome obtained from cells exposed to
clotrimazole in the absence of the transcription factor CgPdr1
was assessed and compared with that of the C. glabrata
wild-type cells exposed to clotrimazole. Among the 37 pro-
teins whose expression was seen to change in the wild-type
strain, six proteins were found to be repressed by CgPdr1,
possibly in an indirect fashion, while six proteins were found
to be activated by CgPdr1 (Table I). For the remaining 25
proteins, no statistically significant change could be detected
in the current experiment.

Particularly interesting in this context are the six proteins
that were found to be induced by clotrimazole in the depend-
ence of CgPdr1: the multidrug transporters CgSng2 and
CgCdr1; the hexadecenal dehydrogenase Hfd1; the ribo-
somal protein Rpl26A; the component of the translocase of
outer membrane complex Tom70; and the p-1,3-glucanosyl-
transferase Gas1. Interestingly, at least one CgPdr1-binding
site is found in the promoter regions of the first four genes,
suggesting that the action of CgPdr1 in their expression may
be direct. These results are consistent with the characteriza-
tion of several of these proteins as efflux pumps and of their
expression to be dependent on CgPdr1 in response to other
chemical stress inducers (30, 31, 35, 37). The expression
changes here observed reinforce CgPdr1 as a major pleiotro-
pic drug resistance mediator and highlight its role in mediating
the expression of multidrug transporters in response to clo-
trimazole. The observation regarding the lipid metabolism
related protein CgHfd1 is consistent with previous microarray
studies, reporting the activation of CgHfd1 upon exposure to
fluconazole induced stress in the dependence of CgPdr1 (9).
It would be interesting to assess whether this result may relate
to the imidazole mode of action on lipid raft binding, with Hfd1
possibly intervening in plasma membrane lipid destabilization
as a resistance mechanism dependent on CgPdr1.

CgTpo1_1 and CgTpo1_2 Expression Confer Resistance to
Azoles and Other Chemical Stress Inducers—The deletion of
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TABLE |

Set of 37 proteins found to have significant expression changes in C. glabrata wild-type cells in the presence of clotrimazole and correspondent
fold changes in Acgpdr1 mutant cells upon exposure to the drug. Protein clustering was performed based on the role of their predicted S.

cerevisiae homologs

C. glabrata protein

S. cerevisiae

Description of the function of the C. glabrata

Wild-type fold change
(upon clotrimazole

Acgpdr1 fold change
(upon clotrimazole

(ORF) name homolog protein or of its S. cerevisiae homolog stress) stress)
Glucose
metabolism
CAGLOL01485g GSF2 Uncharacterized. S. cerevisiae homolog encodes a 2.26 2.302
ER localized integral membrane protein that
may promote secretion of certain hexose
transporters, including Gal2
PGK1 PGK1 Uncharacterized. S. cerevisiae homolog encodes a 6.31 4.932
(CAGLOL077229g) 3-phosphoglycerate kinase; key enzyme in
glycolysis and gluconeogenesis
Oxidative
phosphorylation
CAGLOH05489g ATP4 Uncharacterized. S. cerevisiae homolog encodes a 1.68 1.49
subunit b of the stator stalk of mitochondrial
F1FO ATP synthase
CAGLOF04565g COR1 Uncharacterized. S. cerevisiae homolog encodes a 0.32 4.79
core subunit of the ubiquinol-cytochrome ¢
reductase complex, a component of the
mitochondrial inner membrane electron
transport chain
RIP1 RIP1 Uncharacterized. S. cerevisiae homolog encodes a 0.10 1.962
(CAGL0103190g) ubiquinol-cytochrome-c reductase; a Rieske
iron-sulfur protein of the mitochondrial
cytochrome bc1 complex
CAGL0G10131g QCR2 Uncharacterized. S. cerevisiae homolog encodes a 0.40 0.68
subunit 2 of the ubiquinol cytochrome-c
reductase complex, a component of the
mitochondrial inner membrane electron
transport chain
CAGLOG10153g QCR7 Uncharacterized. S. cerevisiae homolog encodes a 0.21 1.24°
subunit 7 of the ubiquinol cytochrome-c
reductase complex, a component of the
mitochondrial inner membrane electron
transport chain
Mitochondrial
import
CAGLOI10472g PHB1 Uncharacterized. S. cerevisiae homolog encodes a 3.09 2.182
subunit of the prohibitin complex (Phb1p-
Phb2p), a 1,2 MDa ring-shaped inner
mitochondrial membrane chaperone that
stabilizes newly synthesized proteins
CAGLOL12936g TOM70 Uncharacterized. S. cerevisiae homolog encodes a 0.57 0.37
component of the TOM (translocase of outer
membrane) complex; involved in the recognition
and initial import steps for all mitochondrially
directed proteins
Ribosome
components and
translation
machinery
CAGLOA03388g RPL15B Uncharacterized. S. cerevisiae homolog encodes a 2.22 1.782
ribosomal 60S subunit protein L13B; not
essential for viability
CAGLOE02013g RPL18A Uncharacterized. S. cerevisiae homolog encodes a 2.21 217
protein component of the small (40S) ribosomal
subunit
CAGLOE03938g RPL8SB Uncharacterized. S. cerevisiae homolog encodes a 0.16 0.13
ribosomal 60S subunit protein L8B
CAGLOF07073g RPS2 Uncharacterized. S. cerevisiae homolog encodes a 0.45 0.64
protein component of the small (40S) subunit
CAGLOF09031g RPS4A Uncharacterized. S. cerevisiae homolog encodes a 0.47 0.53
protein component of the small (40S) ribosomal
subunit
CAGL0G00990g RPPO Uncharacterized. S. cerevisiae homolog encodes a 0.59 1.032
conserved ribosomal protein PO of the
ribosomal stalk
CAGL0G01078g RPL26A Uncharacterized. S. cerevisiae homolog encodes a 0.22 0.11
ribosomal 60S subunit protein L33B
CAGL0G06490g RPS7A Uncharacterized. S. cerevisiae homolog encodes a 0.22 0.36
protein component of the small (40S) ribosomal
subunit
CAGLOH00462g RPS5 Uncharacterized. S. cerevisiae homolog encodes a 0.55 0.84°

protein component of the small (40S) ribosomal
subunit
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TABLE |—CONTINUED

mediated azole resistance; increased
abundance in azole resistant strains

" S. - : Wild-type fold change Acgpdr1 fold change
C. glabrata protein oo Description of the function of the C. glabrata : ;
(ORF) name chegﬁijslloage protein or of its S. cerevisiae homolog (upon Sctgtsl‘lsrpazole (upon Scilgtsrg?azole
CAGL0J03234g RPS24B Uncharacterized. S. cerevisiae homolog encodes 0.33 0.31
a protein component of the small (40S)
ribosomal subunit
CAGLOK06567g RPL27A Uncharacterized. S. cerevisiae homolog encodes 0.13 0.24
a ribosomal 60S subunit protein L27A
CAGLOKO07414g RPL20B Uncharacterized. S. cerevisiae homolog encodes 0.36 0.332
a ribosomal 60S subunit protein L20A
CAGLOK11748g RPS11A Uncharacterized. S. cerevisiae homolog encodes 0.47 0.60
a protein component of the small (40S)
ribosomal subunit
CAGLOL08114g RPS22A Uncharacterized. S. cerevisiae homolog encodes 0.52 0.402
a protein component of the small (40S)
ribosomal subunit
CAGLOL12870g TMA19 Uncharacterized. S. cerevisiae homolog encodes 0.26 3.242
a protein that associates with ribosomes
CAGLOMO02695g RPL5 Uncharacterized. S. cerevisiae homolog encodes 0.45 0.58
a ribosomal 60S subunit protein L5
EFT2 EFT1 Uncharacterized. S. cerevisiae homolog encodes 0.43 0.36
(CAGLOA03234g) an elongation factor 2
CAGLOH089769 RPL1A Uncharacterized. S. cerevisiae homolog encodes 0.41 0.502
a ribosomal 60S subunit protein L15A
CAGLOHO03773g RPL7 Uncharacterized. S. cerevisiae homolog encodes 0.36 0.472
a nucleolar protein with similarity to large
ribosomal subunit L7 proteins; constituent of
66S pre-ribosomal particles
CAGLO0I00792g RPS16A Uncharacterized. S. cerevisiae homolog encodes 0.20 0.31
a protein component of the small (40S)
ribosomal subunit
SSB1 SSB2 Uncharacterized. S. cerevisiae homolog encodes 0.58 0.512
(CAGL0C05379g) a cytoplasmic ATPase that is a ribosome-
associated molecular chaperone
TEF3 TEF3 Uncharacterized. S. cerevisiae homolog encodes 0.58 0.77
(CAGL0B034879) a gamma subunit of translational elongation
factor eEF1B
Lipid and cell wall
metabolism
HFD1 HFD1 Uncharacterized. Gene is upregulated in azole- 6.74 1.19°
(CAGLOK035099g) resistant strain. S. cerevisiae homolog
encodes a hexadecenal dehydrogenase
GAS1 GAS1 Putative glycoside hydrolase of the Gas/Phr 3.92 1.612
(CAGL0G002869g) family; predicted GPI-anchor; S. cerevisiae
homolog encodes a beta-1,3-
glucanosyltransferase, required for cell wall
assembly
Multidrug
resistance
transporters
CAGLOE03674g TPO1 Uncharacterized. S. cerevisiae homolog encodes 1.44 1.57
a polyamine transporter of drug:H(+)
antiporter DHA1 family
CgQDR2 QDR2 Drug:H+ antiporter of the Major Facilitator 4.29 3.11
(CAGL0G086249g) Superfamily, confers imidazole drug
resistance; activated by Pdr1p and in azole-
resistant strain
CgSNQ2 SNQ2 Plasma membrane ATP-binding cassette (ABC) 2.78 0.72°
(CAGL0/04862g) transporter; involved in Pdr1p-mediated azole
resistance
CgCDR1 PDR5 Multidrug transporter of ATP-binding cassette 6.40 0.20
(CAGLOMO1760g) (ABC) superfamily; involved in Pdr1p-

@ Fold change quantification considered as not reliable (p value>.05).

® Fold change value outside of the chosen cut-offintervals (0.71 < fold change < 1.4).

CgTPO1_1 and especially CgTPO1_2 in C. glabrata was
found to increase the susceptibility of this pathogen to clo-
trimazole but also to other imidazoles such as miconazole,
ketoconazole, and tioconazole; as well as triazoles such as
itraconazole and fluconazole (Fig. 3A). Additionally, an effect
in susceptibility to other antifungal drug families was ob-
served, namely to the polyene amphotericin B, the pyrimide

analog flucytosine, the fungicide mancozeb, and to the poly-
amine spermine (Fig. 3A). As determined by spot assays,
the wild-type strain KUE100 is capable of growing in the
tested concentrations, while the Acgtpo7_71 and especially
Acgtpo1_2 mutants display reduced growth when compared
with wild type, suggesting a role of CgTPO17_1 and CgTPO1_2
as azole drug resistance determinants in C. glabrata. The
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Multidrug
resistance transporters

Fic. 2. Major functional groups
found to have significant expression
changes in the membrane-enriched
proteome upon exposure to clotrima-
zole in C. glabrata. Proteins with signif-
icant expression changes include ribo-
some components and translation
machinery (22 proteins), lipid and cell
wall metabolism (two proteins), multi-
drug resistance transporters (four pro-
teins), mitochondrial import (two pro-
teins), oxidative phosphorylation (five
proteins), and glucose metabolism (two
proteins).

Lipid and cell
wall metabolism

Mitochondrial import

Oxidative phosphorylation

Glucose metabolism

Ribosome components
and translation machinery

overexpression of CgTPO1_1 or CgTPO1_2 in a wild-type
strain was concordantly found to increase C. glabrata natural
resistance toward the tested antifungal drugs (Fig. 3B). Con-
sistent with the attributed role of S. cerevisiae Tpo1 in poly-
amine (18) and mancozeb (21) resistance, CgTPO7_1 or
CgTPO1_2 expression was also found to increase C. glabrata
resistance to the polyamine spermine and the fungicide man-
cozeb (Figs. 3A and 3B).

Using S. cerevisiae has an heterologous expression system,
the effect of CgTPO1_1 and CgTPO1_2 expression on yeast
resistance to polyamines and mancozeb was further tested in
order to assess if their genes are able to complement their S.
cerevisiae homolog. The deletion of the S. cerevisiae TPO1
gene was found to increase the susceptibility to the polyamine
spermine and the fungicide mancozeb. When expressed in
the Atpo1 S. cerevisiae background, the CgTPO7_1 and
CgTPO1_2 genes were able to rescue the observed suscep-
tibility phenotype to spermine and mancozeb (data not
shown).

CgTpoi1_1 and CgTpo1_2 Are Localized to the Plasma
Membrane in C. glabrata and when Heterologously Expressed
in S. cerevisiae—C. glabrata cells harboring the pGREG576_
MTI_CgTPO1_1 and pGREG576_MTI_CgTPO1_2 plasmids
were grown to midexponential phase in minimal medium and
then transferred to the same medium containing 50 um CuSO,
to induce fusion protein expression. At a standard ODgq o, Of
0.5 = 0.05, obtained after 5 h of incubation, cells were in-
spected by fluorescence microscopy. In C. glabrata cells, the
CgTpo1_1_GFP and CgTpo1_2_GFP fusion proteins were
found to be localized to the cell periphery (Fig. 4). In a similar
approach, S. cerevisiae cells harboring the pGREG576_
CgTPO1_1 and pGREG576_CgTPO1_2 plasmids were grown
to mid-exponential phase in minimal medium containing 0.5%
glucose and 0.1% galactose and then transferred to the same
medium containing 0.1% glucose and 1% galactose, to pro-
mote protein overexpression. At a standard ODgyg ,,, 0f 0.5 =

0.05, cells were analyzed by fluorescence microscopy and the
fusion proteins were found to be localized to the cell periphery
(Fig. 4). These results strongly suggest plasma membrane
localization for both CgTpo1_1 and CgTpo1_2, similar to that
observed for their S. cerevisiae homolog Tpo1.

CgTpo1_1 and CgTpo1_2 Mediate °H-clotrimazole Efflux in
C. glabrata—Based on the identification of CgTpo1_1 and
CgTpo1_2 as plasma membrane MDR transporters conferring
resistance to azole drugs, their possible involvement in reduc-
ing clotrimazole accumulation in stressed yeast cells was
examined. Under these conditions, the deletion of the
CgTPO1_1 gene, and especially the deletion of the CgTPO7_
2 leads to a very significant decrease in the exponential
growth rate when compared with the parental strain (Fig. 5).
3H-clotrimazole accumulation assays were carried out in the
absence or presence of the encoding genes. Consistent with
the observed susceptibility phenotypes, Acgtpo?_1 and
Acgtpo1_2 deletion mutants were found to accumulate four-
and fivefold more radiolabeled clotrimazole than the corre-
sponding parental KUE100 strain, respectively (Figs. 6A and
6B). These results strongly suggest that CgTpol_1 and
CgTpo1_2 activities increase C. glabrata resistance toward
clotrimazole by reducing its accumulation within yeast cells.

CgTPO1_1 and CgTPO1_2 Transcript Levels Are Up-Reg-
ulated under Clotrimazole Stress—The effect of C. glabrata
cell challenge with inhibitory concentrations of clotrimazole in
CgTPO1_1 and CgTPO1_2 transcript levels was evaluated.
The transcript levels of CgTPO7_1 were seen to have no
significant change upon 1h of exposure to inhibitory concen-
trations of clotrimazole (Fig. 7A), whereas the transcript levels
of CgTPO1_2 were found to have a sevenfold increase
upon clotrimazole exposure (Fig. 7B). These results show
CgTPO1_2 transcript levels to be responsive to clotrimazole
exposure, consistent with the observed increase of CgTpo1_2
concentration in the membrane of clotrimazole-exposed C.
glabrata cells (Table I). Expression values attained in Acgpdr1
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A Control Ketoconazole Clotrimazole Miconazole Tioconazole
20 mg/L 7.5 mg/L 0.1 mg/L 0.5 mg/L

a b c a b c a c a c

Amphotericin B Flucytosine

a b c

KUE100

KUE100_Acgtpol-1

KUE100_Acgtpol-2

Control Fluconazole Itraconazole
60 mg/L 5mg/L
a b [ a b c
KUE100
KUE100_Acgtpol-1
KUE100_Acgtpol-2

Control SPM SPMD Mancozeb 0.17 mg/L 0.05 mg/L
3.0 mM 5.5 mM 1.5 mg/L ¢
a b c b c
KUE100
KUE100_Acgtpol-1
KUE100_Acgtpol-2
B Gontrol Ketoconazole Clotrimazole Miconazole Tioconazole
onro 20 mg/L 10 mg/L 0.12 mg/L 0.7 mg/L
a b c a b c a b c
L5ULl +v
L5U1 + CgTpol_1
L5U1 + CgTpol_2
Control Fluconazole Itraconazole
80 mg/L 20 mg/L
a b c
a b c a b c
L5UL +v
L5U1 + CgTpol_1
L5U1 + CgTpol_2

Amphotericin B Flucytosine

SPM SPMD Mancozeb
Control 45 mM 5.0 mM 05 mg/L 047 "‘9”‘ 908 "‘9”‘
L5Ul +v
L5U1 + Tpol_1
L5U1 + Tpol_2
Fic. 3. CgTpo1_1 and CgTpo1_2 confer resistance to azole antifungal drugs in C. glabrata cells. (A) Comparison of the suscep-

tibility to inhibitory concentrations of several chemical stress inducers, at the indicated concentratlons, of the C. glabrata KUE100,
KUE100_Acgtpo1_1 and KUE100_Acgtpo1_2 strains, in YPD agar plates (SPM - spermine and SPMD - spermidine) and BM plates
(remaining drugs) by spot assays. (B) Comparison of the susceptibility to several drug stress inducers, at the indicated concentrations, of
the C. glabrata L5U1 strain, harboring the pGREG675 cloning vector (v) or the pGREG576_MTI_CgTPO1_1 or pPGREG576_MTI_CgTPO1_2
plasmids in YPD agar plates (SPM and SPMD) and BM agar plates (remaining drugs), without uracil, by spot assays. (C) Comparison of
the vector pGREG576 (v) or the derived CgTPO1_1 or CgTPO1_2 expression plasmids pGREG576_CgTPO1_1 or pPGREG576_CgTPO1_2,
on MM4 agar plates by spot assays. The inocula were prepared as described under “Experimental Procedures.” Cell suspensions used
to prepare the spots were 1:5 (B) and 1:25 dilutions of the cell suspension used in (A). The displayed images are representative of at least
three independent experiments.
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Fic. 4. Fluorescence of exponential phase BY4741 S. cerevisiae
and L5U1 C. glabrata cells, harboring the expression plasmids
PGREG576_CgTPO1_1 and pGREG576_CgTPO1_2 or pGREG576_
MTI_CgTPO1_1 and pGREG576_MTI_CgTPO1_2, after galactose
or copper-induced recombinant protein production, respectively.
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Fic. 5. Comparison of growth curves of C. glabrata KUE100
(l,]), KUE100_Acgtpo1_1 (A,A) and KUE100_Acgitpo1_2 (4,)
cell populations, in liquid BM medium, in the absence (open
symbols) or presence of 90 mg/l clotrimazole (filled symbols),
measured in terms of variation in ODggy,. The displayed growth
curves are representative of at least three independent
experiments.

mutant cells show a slight decrease in the case of CgTPO1_1;
however, this decrease was not found to be statistically rele-
vant (Fig. 7A). On the other hand, the attained expression
values confirm that CgPdr1 is not controlling the observed
CgTPO1_2 up-regulation (Fig. 7B).

CgGas1 Expression Confers resistance to Azoles—The de-
letion of CgGAST1 in C. glabrata was found, based on spot
assays, to increase the susceptibility of this pathogen to
several azole antifungal drugs, such as clotrimazole, micona-
zole, ketoconazole, tioconazole (imidazoles), and fluconazole
and itraconazole (triazoles). The wild-type strain (KUE100) is
capable of growing in the tested concentrations, while the
Acggas1 mutant displays very limited growth when compared
with the wild type, therefore showing a higher degree of
susceptibility toward the tested azole drugs (Fig. 8A).

Response to Clotrimazole Includes Cell Wall Remodeling,
Mostly Independently of CgGas1—A possible role of CgGas1
in cell wall resistance was assessed through the evaluation of
lyticase susceptibility in yeast cells before and after adapta-
tion to clotrimazole. The susceptibility to lyticase of exponen-

tial wild-type (KUE100) cells was seen to be lower than that
exhibited by Acggas? deletion mutant cells (Fig. 8B) grown in
the absence of clotrimazole. This result indicates that, in the
absence of stress, the cell wall of Acggas? cells is more
susceptible than that of wild-type cells. In wild-type or
AcggasT cells, sudden exposure to clotrimazole during 30 min
leads to similarly increased susceptibility to lyticase, showing
that clotrimazole appears to have a drastic effect at the level
of the cell wall structure. However, once adapted to exponen-
tial growth in the presence of clotrimazole, either wild-type or
Acggas1 cells exhibited levels of lyticase resistance that are
even higher than those exhibited by nonstressed cells. This
result suggests that adaptation to clotrimazole includes cell
wall remodeling. Altogether, the lack of the CgGas1 putative
cell wall assembly protein increases lyticase susceptibility at
the level of cell wall in control conditions, eventually helping
the C. glabrata cells to cope with sudden stress exposure.
However, even in the absence of this protein cell wall remod-
eling taking place during adaptation to clotrimazole still takes
place but at a slower rate than observed in the wild-type cell
population.

CgGas1 Reduces the Intracellular Accumulation of *H-clo-
trimazole in C. glabrata—Once the C. glabrata CgGas1 was
identified as conferring resistance to azole drugs, its possible
involvement in reducing clotrimazole accumulation in yeast
cells was examined. The accumulation of radiolabeled clo-
trimazole in nonadapted C. glabrata cells suddenly exposed
to 30 mg/l clotrimazole was seen to be ~2 times higher in
cells devoid of CgGas1 when compared with the KUE100
wild-type cells (Fig. 9C). These findings strongly suggest that
CgGas1 contributes to C. glabrata tolerance toward clotrima-
zole also by reducing its accumulation within yeast cells.
These results show CgGas1 to be an important factor for cell
wall composition, apparently necessary for clotrimazole re-
sistance by catalyzing glucan linkage and chain elongation,
thus reducing drug diffusion through the cell wall and into the
cytosol.

Given that the deletion of the CgTPO17_2 gene was previ-
ously found to significantly increase the susceptibility of this
pathogen to azole drugs as well, a double deletion mutant
was constructed in order to assess if both genes contribute in
a cumulative manner to azole drug resistance. The deletion of
both genes in C. glabrata was found, based on spot assays
and growth curves, to further increase the susceptibility to the
antifungal drugs clotrimazole, miconazole, tioconazole (imida-
zoles), and fluconazole (triazole) when compared with the
susceptibility attained for the correspondent single mutants,
leading to a drastic decrease in the growth rate of C. glabrata
cells in the presence of clotrimazole (Figs. 9A and 9B). The
accumulation of radiolabeled clotrimazole was also tested in a
KUE100_Acggas1_Acgtpo1_2 double mutant. The accumula-
tion of radiolabeled clotrimazole in nonadapted C. glabrata
cells suddenly exposed to 30 mg/l clotrimazole was seen to
be ~5 times higher in double mutant cells when compared
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FiG. 6. Time-course accumulation of i i
radiolabeled ®H-clotrimazole in strains §
KUE100 (W) wild-type and KUE100_ 8,200
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KUE100_Acgtpo1_2 (#) (B), during cul- 2% 2001
tivation in BM liquid medium in the pres- g g
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FiG. 7. Comparison of the variation of
the CgTPO1_1 (A) and CgTPO1_2 (B)
transcript levels in the 66032u C.
glabrata wild-type strain and in the de-
rived 66032u_ Acgpdr1 deletion mutant,
before (control) and after 1 h of exposure
60 mg/l clotrimazole. The presented
transcript levels were obtained by quan-
titative RT-PCR and are relative CgTPO1_
1/CgACT1 or CgTPO1_2/CgACTT mRNA,
relative to the values registered in the
66032 parental strain in control condi-
tions. The indicated values are averages
of at least three independent experi-
ments. Error bars represent the corre-
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with wild-type cells (Fig. 9C). However, the deletion of
CgTPO1_2 in the Acggas1 background increases the amount
of clotrimazole accumulation in C. glabrata cells but only to
levels close to the ones registered in the KUE100_Acgtpo1_2
single mutant.

DISCUSSION

In this work, the first iTRAQ-based membrane proteomics
study focused on the fungal pathogen C. glabrata was under-
taken, leading to functional characterization of the C. glabrata
CgTpo1_1 and CgTpo1_2 drug:H™ antiporters, and of the cell
wall assembly protein CgGas1 in the context of clotrimazole
drug resistance.

Using a membrane proteomics analysis, several proteins
from distinct functional groups were found to be differentially
expressed in C. glabrata clotrimazole response. Ribosomal
proteins were among the down-regulated ones, in accord-
ance with the environmental stress response described by
Gasch et al. (33), in which ribosomal proteins have a stress-
dependent repression as a mechanism to conserve mass and
energy while redirecting transcription to genes whose expres-
sion is induced by stress. The up-regulated proteins encom-
pass glucose metabolism, also in accordance with the pre-
dicted environmental stress response (33), and therefore were
considered to be part of a general response. The more spe-
cific roles of CgCdr1 and CgSng2 in clotrimazole response,

sponding standard deviations. *p < .05.

Acgpdrl

registered in this study, could also eventually be predicted
based on their known role in fluconazole adaptive response
(38). Interestingly, in a distinct proteomics study using flu-
conazole-resistant C. glabrata strains and consistent with our
work, several proteins involved in energy transfer and various
metabolic pathways were identified (39). In the referred study,
resistant strains have been described to exhibit several up-
regulated membrane proteins, in contrast with the down-
regulation verified for several intracellular proteins in response
to the drug. These data reinforce the relevance for directed
membrane fraction proteomics studies, such as the work
presented herein, as these proteins can reveal important fac-
tors and mechanisms of azole drug resistance in this patho-
genic yeast.

More interesting was the observation that the multidrug
transporter CgTpo1_2 and the cell wall related protein Cg-
Gas1 appear to be implicated in clotrimazole response. So
far, CgTpo3 was the only transporter from the Tpo1-4 group
to be associated with azole drug resistance in C. glabrata
(30). CgTpo1_1 and CgTpol1_2 (ORFs CAGL0G03927g and
CAGLOE03674g, respectively) are described herein as the
fourth and fifth members of the DHA1 family to be associated
with azole drug resistance, after CgQdr2, CgAgr1, and
CgTpo3 (29-31). Azole antifungal drugs, to which CgTpo1_1
and cgTpo1_2 confer resistance, were found to include the
imidazoles clotrimazole, miconazole, tioconazole, and keto-
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Fic. 8. CgGas1 confers resistance to azole antifungal drugs in C. glabrata cells. (A) Comparison of the susceptibility to azole antifungal
drugs, at the indicated concentrations, of the C. glabrata KUE100 wild-type and KUE100_Acggas? strains, in BM agar plates by spot assays.
The inocula were prepared as described under “Experimental Procedures.” Cell suspensions used to prepare the spots were 1:5 (B) and 1:25
(C) dilutions of the cell suspension used in (A). The displayed images are representative of at least three independent experiments. (B) Lyticase
susceptibility in Candida glabrata KUE100 (4 ,l,A) and KUE100_Acggas? (< ,[1,A) cells harvested in the exponential phase of growth in the
absence of stress (¢, <) or upon 30 min of exposure to 30 mg/| clotrimazole (M,C), or in the exponential phase of growth reached upon
adaptation to 30 mg/I clotrimazole (A,A). After addition of 10 mg/| lyticase, the decrease in the ODgqq v, Of the cell suspension was measured
periodically and indicated as a percentage of the initial ODgy0 - The indicated values are averages of at least three independent experiments.

Error bars represent the corresponding standard deviations. **p < .01.

conazole, used in the treatment of superficial skin and muco-
sal infections but also the triazoles itraconazole and flucona-
zole, used against systemic infections. Given the observation
that clotrimazole accumulation is three to five times higher in
the absence of CgTPO1_1 or CgTPO1_2 than observed in
wild-type C. glabrata cells, the mechanism underlying the role
of CgTpo1_1 and CgTpo1_2 in clotrimazole resistance ap-
pears to be direct transport of the drug. Nonetheless and
similarly to what was observed for their S. cerevisiae homolog,
Tpo1, CgTPO1_1, and CgTPO1_2 deletion was also found to
increase susceptibility to spermine, suggesting a physiologi-
cal role for these transporters in polyamine homeostasis. In-
terestingly, the homolog of these transporters in C. albicans,
FLUT, was previously found to confer fluconazole resistance
when expressed in S. cerevisiae (23). These transporters were
further found to confer resistance to the polyene antifungal
drug amphotericin B and to the fungicide mancozeb. Interest-
ingly, the related DHA transporter CgTpo3 does not appear to

confer resistance to flucytosine or amphotericin B (30), while
CgAqri is involved in flucytosine resistance (29). These ob-
servations seem to imply that CgTpo1_1 and CgTpo1_2 are
gifted with extraordinary substrate variety, even within their
own DHA1 family (7). Consistent with these results, their S.
cerevisiae homolog was demonstrated to confer resistance to
at least, five different drugs besides polyamines, including the
fungicide cycloheximide, the antiarrythmic drug quinidine, the
polyene nystatin, and the herbicides 2-methyl-4-chlorophe-
noxyacetic acid and 2,4-dichlorophenoxyacetic acid (16, 17).

The possibility that these transporters could be regulated
by the major controller of the MDR phenomenon in C.
glabrata, CgPdr1, was further investigated. As far as we could
determine, the expression of these transporters appears to be
independent on CgPdr1. Consistently, an analysis of the
CgTPO1_1 and CgTPO1_2 promoter regions, performed
in the Regulatory Sequence Analysis Tools web site (http://
rsat.ulb.ac.be/), was unable to identify any of the CgPdr1-
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Fic. 9. The combined action of CgTpo1_2 and CgGas1 confers resistance to azole antifungal drugs in C. glabrata cells. (A)
Comparison of the susceptibility to azole antifungal drugs, at the indicated concentrations, of the C. glabrata KUE100 wild-type and
KUE100_Acggas1 strains, in BM agar plates by spot assays. The inocula were prepared as described under “Experimental Procedures.” Cell
suspensions used to prepare the spots were 1:5 (B) and 1:25 (C) dilutions of the cell suspension used in (A). The displayed images are
representative of at least three independent experiments. (B) Comparison of growth curves of C. glabrata KUE100 (l,J), KUE100_Acggas?
(A,A) and KUE100_Acggas1_Acgtpol_2 (¢, <), in liquid BM, in the absence (open symbols) or presence of 90 mg/l clotrimazole (filled
symbols), measured in terms of variation in ODgq,. The displayed growth curves are representative of at least three independent experiments.
(C) Time-course accumulation of clotrimazole in KUE100 (), KUE100_Acggas? (224) and KUE100_Acggas1_Acgtpo1_2 (A) strains, during
cultivation in BM liquid medium in the presence of radiolabeled ®H-clotrimazole. Accumulation values are the average of at least three

independent experiments. Error bars represent the corresponding standard deviations. *p < .05.

binding elements (BCCRYYRGD and TCCRYGGA) (9), sup-
porting the possibility that these transporters may not be
under direct control of CgPdr1.

This study further highlights the importance the cell wall
protein CgGas1 in yeast resistance to clotrimazole. So far, C.
glabrata Gas1 is described to be constitutively expressed,
probably due to an important role in cell wall homeostasis
since its deletion was found to result in the formation of cell
aggregates and growth defects, much in tune with the ob-
served S. cerevisiae mutant phenotype (15). The formation of
aggregates has been also reported for the C. albicans hom-
olog gene deletion mutant (40). Based on the obtained data,
the changes undergone by the cell wall upon sudden clo-
trimazole challenge were studied using a lyticase susceptibil-
ity screening assay. It is remarkable to realize that just upon
30 min of clotrimazole exposure C. glabrata cell walls become
more susceptible to lyticase, suggesting that this drug has a
deleterious effect at the cell wall level. Also consistent with the
harmful effect of clotrimazole in the cell wall is the observation
that C. glabrata cells adapted to exponential growth in the
presence of clotrimazole exhibit cell walls that are clearly
more resistant to lyticase. The cell wall remodeling that un-
derlies this observation is expected to depend on the cell-
wall-related genes found to confer resistance to clotrimazole.
Interestingly, the observed strengthening of the cell wall
makes the clotrimazole-adapted cells even more lyticase tol-

erant than nonstressed exponentially growing cells. The fact
that clotrimazole has such an effect over the cell wall, a
structure targeted directly by the new class of antifungal
drugs, the echinocandins, suggests that a combined therapy
using echinocandins and azoles may be a promising ap-
proach that, to the best of our knowledge, has not been
attempted so far. The cell-wall-related protein CgGas1 was
found to be required for clotrimazole resistance, with the
correspondent deletion mutant displaying higher susceptibil-
ity to azole drugs and showing increased clotrimazole intra-
cellular accumulation, suggesting a role in making the cell wall
less permeable to this compound. The obtained results sug-
gest that CgGas1 may have a protective effect in sudden
exposure to clotrimazole, but it appears to have a limited role
in the observed clotrimazole-induced cell wall remodeling.
Since two distinct mechanisms for antifungal resistance
in C. glabrata were addressed in this study, namely drug
efflux mediated by the transporter proteins CgTpo1_1 and
CgTpo1_2, and cell wall integrity mediated by cell wall as-
sembly protein CgGas1, the eventual cross-talk between
these two mechanisms was assessed. In fact, C. glabrata
cells devoid of both CgTPO7_2 and CgGAS1 were found to
accumulate similar levels of clotrimazole to the ones attained
for the single mutant Acgtpo1_2. These results indicate that
despite the fact that C. glabrata cells accumulate two times
more drug in the absence of CgGAS7, the absence of
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CgTPO1_2 appears to have a more deleterious effect in terms
of drug accumulation. Despite this observation, the fact that
the double deletion of CgTPO7_2 and CgGAS1 genes leads
to an increased susceptibility to clotrimazole, when compared
with each of the individual single mutants, highlights the co-
operative action of these proteins in providing protection
against this drug. Indeed, the obtained results suggest that
the effect of CgGas1 in clotrimazole resistance goes beyond
cell wall remodeling and decreased drug accumulation. Inter-
estingly, a very recent study by Eustice and Pillus (41) re-
ported new functions for this protein in DNA damage re-
sponse upon exposure to genotoxins in the model S.
cerevisiae, apparently through an unforeseen role in regulat-
ing transcriptional silencing. This line of evidence, still to be
fully explored, expands immensely the possible effects of
CgGas1 deletion that may contribute to the increased sus-
ceptibility exhibited by Acggas? cells.

Altogether, the results described in this study highlight the
importance of multidrug transporters from the major facilitator
superfamily in antifungal resistance phenotypes. The charac-
terization of C. glabrata CgTpo1_1 and CgTpo1_2 multidrug
transporters involved in azole drug resistance reinforces the
need to study remaining members of this family in this in-
creasingly relevant pathogenic yeast, given that these trans-
porters are likely to have clinical impact. This work also high-
lights the importance of genome/proteome-wide approaches
in the identification of new antifungal resistance mechanisms.
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