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The vacuolar-type H+-ATPase (V-ATPase) is crucial for themaintenance of ion homeostasis. Dysregulation of ion
homeostasis affects various aspects of cellular processes. However, the importance of V-ATPase in Candida
albicans is not totally clear. In this study, we demonstrated the essential roles of V-ATPase through Tfp1, a puta-
tive V-ATPase subunit. Deletion of TFP1 led to generation of an iron starvation signal and reduced total iron con-
tent,whichwas associatedwithmislocalization of Fet34p thatwasfinally due todisorders in copper homeostasis.
Furthermore, the tfp1Δ/Δmutant exhibited weaker growth and lower aconitase activity on nonfermentable car-
bon sources, and iron or copper addition partially rescued the growth defect. In addition, the tfp1Δ/Δmutant also
showed elevated cytosolic calcium levels in normal or low calciummedium that were relevant to calcium release
from vacuole. Kinetics of cytosolic calcium response to an alkaline pulse and VCX1 (VCX1 encodes a putative vac-
uolar Ca2+/H+ exchanger) overexpression assays indicated that the cytosolic calcium status was in relation to
Vcx1 activity. Spot assay and concentration-kill curve demonstrated that the tfp1Δ/Δmutant was hypersensitive
to fluconazole, which was attributed to reduced ergosterol biosynthesis and CDR1 efflux pump activity, and iron/
calcium dysregulation. Interestingly, carbon source utilization tests found the tfp1Δ/Δ mutant was defective for
growth on N-Acetylglucosamine (GlcNAc) plate, which was associated with ATP depletion due to the decreased
ability to catabolize GlcNAc. Taken together, our study gives new insights into functions of Tfp1, and provides the
potential to better exploit V-ATPase as an antifungal target.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The organelle vacuole serves as the main ion pool, and has a cen-
tral role in sequestering and storing metal ions. Vacuolar H+-ATPases
(V-ATPases) are ubiquitous proton pumps that couple ATP hydrolysis
to proton translocation across the membranes of intracellular com-
partments, and, in some cases, the plasmamembrane [1,2]. The proton
gradient across themembrane plays an important role in regulating ion
transport. Loss of V-ATPase activity compromises cellular pHhomeosta-
sis through indirectly affecting the plasma membrane proton pump
(Pma1) [3], alkali cation/H+ exchangers [4], and vacuolar buffering sys-
tems [4].

The critical role of V-ATPase in cation homeostasis was revealed in
the response to diverse chemical agents that trigger cation stress [5].
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These agents include membrane active compounds that trigger ion
fluxes [6], cation chelating agents or environmental conditions that
starve the fungi of essential cations such as Ca2+ and Fe2+ (EGTA,
BPS, alkaline pH), and toxic levels of cations that exceed cellular homeo-
static mechanism (Zn2+, Mn2+) [7]. Iron is an essential nutrient with
limited bioavailability for most organisms. The ability of Candida
albicans to acquire iron is deemed essential in pathogen–host interac-
tions and has a profound influence on many cellular processes. The
competition between pathogens and their hosts for iron serves as
C. albicans to evolve various strategies to regulate iron acquisition, stor-
age and utilization. In Saccharomyces cerevisiae, there is a high-affinity
iron transport system which consists of a copper-containing iron oxi-
dase, Fet3p, and a Fe3+-specific iron transporter, Ftr1p [8]. Fet3p is re-
quired for Ftr1p to exit the endoplasmic reticulum (ER), and then the
complex is transported to the Golgi to undergo glycosylation [9]. Subse-
quently, Fet3p is loaded with copper in a late Golgi or post-Golgi com-
partment. The mature protein complex was eventually moved onto
the plasma membrane for iron uptake. Therefore, the proper function
of Fet3p requires both normal copper homeostasis and vesicular traffic
[10]. Interestingly, loading of Fet3p with copper requires the acidifica-
tion of post-Golgi vesicular compartments, which is determined by
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the vacuolar H+-ATPase [10]. Any of these process defects results in
the appearance of apoFet3p on the cell surface and an inability to
grow on low iron medium. In S. cerevisiae, loss of vacuolar H+-ATPase
(V-ATPase) activity results in a striking induction of iron import and
mobilization genes controlled by the transcription factor Aft1, which is
characteristic of an iron deficiency signal [11]. However, the relation-
ship between vacuolar H+-ATPase and iron homeostasis in C. albicans
remains to be elucidated.

Calcium, as a secondmessenger, is of vital importance tomany phys-
iological processes. Thus, the intracellular concentration of calcium is
strictly controlled. In the budding yeast, cytosolic calcium concentration
is typically maintained at low levels (sub-micromolar) by a calcium ho-
meostasis system [12]. Stimulus-dependent opening of Ca2+ channels
in plasmamembrane and/or internal compartments triggers a rapid in-
crease in cytosolic calcium concentration in the cytosol, which is follow-
ed by efflux from cell or uptake back into internal stores to return
cytosolic Ca2+ to normal level. The pathogen C. albicans harbors puta-
tive Ca2+/H+ exchanger Vcx1, Ca2+ pump Pmc1 [13] and Ca2+ channel
Yvc1 [14] in the vacuolar membrane, and Ca2+ pump Pmr1 in the Golgi
membrane [15], which may collaborate to maintain cytosolic calcium
homeostasis. In S. cerevisiae, the Ca2+/H+ exchanger Vcx1, as a high ca-
pacity and low affinity vacuolar Ca2+ transporter, could efficiently
transport Ca2+ at a high concentration burst of cytosolic Ca2+ [16],
which is dependent on the activity of V-ATPase [17]. Ca2+-ATPase
Pmc1 is a high affinity Ca2+ transporter that can mediate transport in
response to subtle changes in cytosolic Ca2+. Yvc1 is responsible for
Ca2+ release from vacuole to cytosol. Pmr1 supplies the Golgi body
with calciumandmanganese. In addition, there is a high affinity calcium
system (HACS) comprised of Mid1, Cch1 and Ecm7 in the plasmamem-
brane [18]. All these transporters participate in maintaining cellular cal-
cium homeostasis.

The azoles, particularly fluconazole, are the most widely used anti-
fungals for the treatment of C. albicans [19]. The main mechanisms of
azole resistance include a defective Erg3 function, overexpression or
mutation of the target gene ERG11, overexpression of genes encoding
membrane transport protein such as ABC (ATP binding cassette) trans-
porters (e.g. CDR1) and/or the major facilitator superfamily (MFS) (e.g.
MDR1) [20]. In addition, the elevated sensitivity tofluconazole is also re-
lated to dysregulation of iron [21] and/or calcium homeostasis [22]. A
strain defective in iron uptake shows enhanced susceptibility to azole
antifungal drugs in Cryptococcus neoformans [21]. Strains defective in
the putative plasma membrane calcium channel (Cch1-Mid1) were
modestly more susceptible to fluconazole and showed a significant
loss of viability upon prolonged fluconazole exposure, suggesting that
calcium signaling is required for survival of azole stress in Candida
glabrata [22]. These findings suggest that, in the absence of iron and/
or calcium signaling, fluconazole has a fungicidal rather than a fungi-
static effect. In addition, it has been shown that ergosterol depletion
following azole antifungals might compromise V-ATPase and the
V-ATPase is a downstream target of azole drug [6]. However, whether
reduced V-ATPase activity has an effect on ergosterol biosynthesis fol-
lowing fluconazole treatment remains largely unknown.

N-Acetylglucosamine (GlcNAc) is an important carbon source
for many pathogens and can also act as a signaling molecule. In
C. albicans, multiple enzymes are required for theGlcNAc catabolism, in-
cluding Ngt1 (a transporter that takes up GlcNAc), Hxk1 (a kinase that
converts GlcNAc to GlcNAc-6-phosphate), Dac1 (a deacetylase that con-
verts GlcNAc-6-phosphate to glucosamine-6-phosphate) and Nag1 (a
deaminase that converts glucosamine-6-phosphate to glucose-6-
phosphate). Ngt1 is the first identified eukaryotic GlcNAc transporter,
which is a useful tool for studying the roles of GlcNAc in other organisms
[23]. In Streptomyces coelicolor, GlcNAc could inhibit siderophore pro-
duction via DasR, the GlcNAc utilization regulator, thus limiting iron up-
take and utilization, suggesting there is a relationship between nutrient
and iron [24]. Previous studies show that GlcNAc could inhibit growth of
some mutants due to the depletion of ATP [25] or toxic GlcNAc
derivatives. However, there is no report about the relation between V-
ATPase and GlcNAc.

Therefore, we tested a series of functions of Tfp1, a putative
V-ATPase subunit. In this study, we found that deletion of TFP1 gener-
ates an iron deprivation signal and leads to elevated cytosolic calcium
levels, which first reveals the intimate correlation between vacuolar
H+-ATPase and iron/calcium homeostasis in C. albicans. Furthermore,
the tfp1Δ/Δ cells are hypersensitive to antifungal drugs due to defective
ergosterol biosynthesis, reduced CDR1 efflux pump activity and
dysregulation of iron/calcium homeostasis, which for the first time
demonstrate that the antifungal activity of fluconazole is involved in
V-ATPase activity in C. albicans. In addition, the tfp1Δ/Δ mutant is un-
able to utilize GlcNAc as the sole carbon source owing to decreased
mRNA levels of GlcNAc catabolic genes, which might be related to the
role of V-ATPase in non-ionic homeostasis. Taken together, our results
highlight the pleiotropic effects that occur in cells with deletion of
TFP1 and validate Tfp1 as a potential drug target.

2. Materials and methods

2.1. Strains and media

The C. albicans strains used in the present study were listed in
Table 1. The C. albicans cells were routinely grown at 30 °C in YPDmedi-
um (2% glucose, 2% peptone, 1% yeast extract) supplemented with
80 μg/ml uridine, or synthetic drop-out medium (0.67% yeast nitrogen
base (YNB) without amino acid, 2% glucose, 0.2% complete mixture
lacking specific amino acid) for selection of specific transformants.
For spot growth assay, YPDmedium containing fluconazole, terbinafine
was achieved at the indicated concentrations, respectively.
Bathophenanthroline disulfonate (BPS, Sigma) was added to achieve
iron-limited conditions. For nonfermentable carbon source utilization
tests, YP medium (1% yeast extract, 2% peptone) was supplemented
with 2% acetate, 2% ethanol, 2% glycerol, and 1% ethanol plus 1% glycerol,
respectively. For test of different substrates as sole carbon sources, YNB
with complete amino acid mix was supplemented with 2% glucose, 2%
fructose, 2% galactose, 2% sucrose, 2% maltose, 2% GlcNAc, 1% galactose
plus 1% GlcNAc, respectively.

2.2. Strain constructions

C. albicans mutant strains used in this study were constructed by
PCR-mediated homologous recombination in C. albicans strain SN76 as
described previously [26].

A Fet34-GFP reporter gene was introduced into the indicated wild
type and tfp1Δ/Δ mutant strains by PCR-mediated homologous recom-
bination of GFP sequences to replace the open reading frame of one
copy of Fet34p using previously described methods [27]. Primers
FET34-GFP-1 and FET34-GFP-2 containing ~60 bp of sequence homolo-
gous to the 5′ and 3′ ends of the FET34 open reading framewere used to
amplify a cassette from pGFP-URA3 containing a GFP fragment and a
URA3 selectable marker. Following transformation into C. albicans, the
URA+ colonies were confirmed by PCR to carry the FET34-GFP reporter
gene.

The strains producing Fet34-HA fusion proteinswere constructed by
PCR-mediated homologous recombination as above described. Briefly,
the Fet34::3×HA-URA3 cassette containing the flanking homology
was amplified from the pFA-HA-URA3 template. Then, the cassette
was transformed into SN76 and the tfp1Δ/Δ strains to generate correct
recombinants.

2.3. RNA isolation and quantitative real-time PCR

For RNA preparation, cells were grown under appropriate media to
log phase. Then, cultures were harvested and cell pellets were frozen
in liquid nitrogen. Total RNA was extracted by the phenol/chloroform



Table 1
Strains and plasmids used in this study.

Strain/plasmid Genotype and description Source

Strains
SN76 ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G /arg4::his G [26]
tfp1Δ/Δ ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G tfp1::CdARG4/tfp1::CaHIS1 [7]
tfp1Δ/Δ + TFP1 ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G tfp1::CdARG4/tfp1::CaHIS1 ADE2::pBES116-TFP1-URA3 [7]
SN76-Fet34-HA ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G FET34/FET34-3×HA::URA3 This study
tfp1Δ/Δ-Fet34-HA ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G tfp1::CdARG4/tfp1::CaHIS1 FET34/FET34-3×HA::URA3 This study
SN76-Fet34-GFP ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G FET34/FET34-GFP::URA3 This study
tfp1Δ/Δ-Fet34-GFP ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G tfp1::CdARG4/tfp1::CaHIS1 FET34/FET34-GFP::URA3 This study
vcx1Δ/Δ ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G vcx1::CdARG4/vcx1::CaHIS1 This study
SN76 + VCX1ACT1p ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G /arg4::his G pAU34M-ACT1-VCX1::URA3 This study
tfp1Δ/Δ + VCX1ACT1p ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G tfp1::CdARG4/tfp1::CaHIS1 pAU34M-ACT1-VCX1::URA3 This study
tfp1Δ/Δpmc1Δ/Δ ura3Δ::λimm434/ura3Δ::λimm434 his1::his G/his1::his G arg4::his G/arg4::his G tfp1::CdARG4/tfp1::CaHIS1 pmc1::dpl200/pmc1::URA3-dpl200 This study

Plasmids
pSN69 Containing ARG4 marker, Kanr [26]
pSN52 Containing HIS1 marker, Kanr [26]
pBES116 ADE2-URA3-ADE2, AscI fragment in pBluescript II KS (+) G. Fink
pBES116-TFP1 3.2 kb full-length C. albicans TFP1 in pBES116 [7]
pAU34M-GFP ApR PACT1-GFP-URA3 [14]
pAU34M-ACT1-VCX1 ApR PACT1-VCX1-URA3 This study
pFA-HA-URA3 Containing a 1.8kb HA-URA3 cassette [7]
pGFP-URA3 Containing a GFP fragment and URA3 sequence [71]
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method as previously described [28]. The overall quality of RNAwas an-
alyzed by agarose gel electrophoresis. Quantitative real-time PCR was
performed in triplicate and repeated in three independent experiments
with Mastercycler ep realplex system. The primers used were listed in
Table 2. The SYBR Green qPCR SuperMix (TransGen Biotech) was used
for the real-time PCR analysis, and the ACT1 transcripts were used as
an endogenous control for the quantitative PCR. The relative changes
in gene expression were determined by the 2−△△CT method.

For GlcNAc catabolic gene expression, cells were grown overnight to
log phase, washed, and then incubated in synthetic medium containing
2% GlcNAc for 6 h, and the cells were harvested and frozen in liquid ni-
trogen. The RNA extraction and quantitative real-time PCRwere carried
out as described above.
2.4. Cellular iron content determination, iron uptake and ferric reductase
assay

Cellular iron content was determined according to the
bathophenanthroline disulfonate (BPS)-based colorimetric methods as
described previously [29]. Overnight cultures were re-cultivated in
YPD or YPG (YP + 2% glycerol) medium to log-phase. The cells were
harvested, washed three times and re-suspended in 500 μl of 3% nitric
acid, and boiled for 2 h to digest the cells completely. 400 μl of cell super-
natant was then mixed with 160 μl of 38 mg/ml sodium ascorbate,
320 μl of 1.7 mg/ml BPS, and 126 μl of 4 M ammonium acetate. After
10-min incubation at room temperature, the OD535 of the BPS–Fe
complex was determined by the Ultrospec 1000 UV–Visible spectro-
photometer. OD680was also recorded as the nonspecific absorbance. Ex-
periments were performed in triplicate. And the iron content was
calculated as the following formula: (OD535 − OD680) / cell number,
and displayed in arbitrary units (A.U.). The data were present as
means± standard deviation (SD) from a single experiment representa-
tive of three independent experiments.

The iron uptake assay was evaluated by measuring the increase in
intracellular iron levels after 3 h of iron uptake in fresh YPD medium.
Mid-exponential phase strains were pre-grown in YPD medium for
24 h. These stationary-phase cells were harvested, and re-suspended
in fresh YPD medium at an optical density of 2.0. After 3 h incubation,
cells were harvested immediately, and washed with deionized water
for three times. Intracellular iron levels at the indicated time point
were measured by BPS-based colorimetric methods as described
above. Iron uptake activity was determined by the increase in
intracellular iron content, and presented as the increased iron content
per hour. The experiments were repeated independently three times
with similar results.

The ferric reductase assay was conducted according to the descrip-
tion previously [30] with a little modification. Briefly, cells were har-
vested and washed three times with Assay buffer (50 mM citrate
buffer, 5% glucose; pH 6.5), and incubated in Assay buffer at 37 °C in
the presence of 1 mM BPS and 1 mM ferric trichloride. After 15 min,
cells were removed by centrifugation, and the optical density of the su-
pernatant was measured at 520 nm. The activity was calculated as the
following formula: A520 × 4/22,140 × cell number, and displayed in
nmol Fe(II)/million cells/h. Experiments were conducted three times.
Data shown are representative of three independent experiments.

2.5. Metal analysis by ICP-MS

The overnight cultures of wild-type strain SN76 and the tfp1Δ/Δmu-
tantwere refreshed in YPDmedium for 18 h, collected by centrifugation,
and washed twice with 1 mM EDTA and three times with deionized
water. Cell pellets were weighed, and digested in 500 μl of 30% nitric
acid (HNO3) at 100 °C for 2 h. After digestion, the samples were diluted
to 5ml with deionizedwater and analyzed using a Perkin Elmer ICP-MS
to determine the metal content. The experiments were repeated three
times. The data were expressed as μg of metal/g fungal cells.

2.6. Western blotting and aconitase activity assay

Overnight cultures of the strains producing Fet34-HA protein were
re-cultivated to log phase in YPD medium. Protein extracts were pre-
pared by breakage with glass beads according to previously described
protocol [32]. Lysates were analyzed by SDS-PAGE, and immunoblotted
with mouse anti-HA high-affinity antibodies (Sigma) for HA-tagged
proteins. And anti-alpha tubulin antibody (Novus Biologicals) was
used as a loading control.

Aconitase activity assay is based on the formation of isocitrate by the
iron–sulfur protein aconitase, which is used by isocitrate dehydroge-
nase (IDH) for the reduction of NADP [31]. The aconitase-catalyzed
isocitrate formation from cis-aconitate is coupled with isocitrate dehy-
drogenase and NADP. Briefly, cells cultivated in YPG were harvested
and the cell extracts (N50 μg protein)were added to the sample cuvette
which contained 950 μl of aconitase buffer (100 mM triethanolamine,
1.5 mM Mg2+, 0.1% Triton X-100; pH 8.0), 200 μM cis-aconitase,



Table 2
List of primers used in this study.

Primer Sequence (5′–3′)

ACT1-5RT GGTAGACCAAGACATCAAGG
ACT1-3RT CCGTGTTCAATTGGGTATCT
SEF1-5RT ATCCCCTACACCAACCAAC
SEF1-3RT CATGAAGTCACTGGCCTATG
HAP43-5RT GATCACCACCTTCATCATCTG
HAP43-3RT GACGCTGGAGTATCAACACT
FTH1-5RT TGATTTGTGGACCGTAGCTG A
FTH1-3RT GCCAACACAGCAGCATTTACA
FRE10-5RT ATTATTTGCTGCCATCACGTTG
FRE10-3RT GCTTTATCAGTGGTTTCGTTGA
FTR1-5RT CTTCATCGTTTTCAGAGAAT
FTR1-3RT CAACCAATAATAAGACAGAC
ARN1-5RT CTGGTGCTGTGTTGTTCC
ARN1-3RT AGCCCACATCCCGATACC
AFT2-5RT GATGATATCAAGCCATGGC
AFT2-3RT CCTCACACTATAGTTAGCTC
ISU1-5RT TCCAAGATTAGCTATTCCAAC
ISU1-3RT CCCGTTTCTTCATCAACCTG
CFL1-5RT AAGTGGTAAAGGCAACAGCG
CFL1-3RT ACCAAGTAACCCTGAACCGT
CTR1-5RT GATTCAGCCACATCAATGGT
CTR1-3RT CATACCTTCCATAGCCATAC
CUP2-5RT GTATCAGAGGTCATCGTGTC
CUP2-3RT CTTATGACAAGCACATGAAGG
CCC2-5RT TGTCACGGTGGTTTTGGAAG
CCC2-3RT AGAGTAAGTTCTTGATGATCG
ERG1-5RT GTACGTGGGGCTGCATTTC
ERG1-3RT CACTGGGTTGTTTTGTTTGC
ERG3-5RT TGCCACTACTGCCATTCCAG
ERG3-3RT GGCCAGTGTAACCATCTATG
ERG11-5RT CTGAGAAGAGAACGTGGTGA
ERG11-3RT GAAGTAGAAGCAGAAGTATGTTG
CDR1-5RT TGAATACCACGGGTTTGATG
CDR1-3RT TCATGTTCATATGGATTGACC
MDR1-5RT GCCGATTACAAACCAACTCT
MDR1-3RT ATCATCATCACCATCCCAAG
CCH1-5RT GAAACCAATGCAACACCATTC
CCH1-3RT GCACCAATATCTTCTTAACTCG
MID1-5RT TAACCGAGACCACCACCAC
MID1-3RT CCCCGTCACTATTAATGCACTA
PMC1-5RT CCCGTTGCTAAAGCCATGAA
PMC1-3RT GAAATCCCTTCTGCCAAATC
VCX1-5RT GCTGGTGGGATTACAAGAGT
VCX1-3RT AACGATCAACAAGACAACGG
PMR1-5RT CAGTGTTTGAAATGATGAGCGAC
PMR1-3RT CTTCAGGAATAGCAGCAACC
YVC1-5RT TTAACGGAGTGGATGCTACC
YVC1-3RT GGAGTTTTGATTCTGGCAGG
RTA2-5RT TCATCATGGCAGGTGTATAC
RTA2-3RT CCCGACTGAACTATCTTTATG
HKX1-5RT CTGTCGTTGAAAGAGAATTCC
HKX1-3RT CACAACTATAGTTATCCTCTC
DAC1-5RT CCCTGAGTTGGTTAGTGAGG
DAC1-3RT ACAGTAGGACACGTAGCAGT
NAG1-5RT TTGCCAAAATCAACTCCACC
NAG1-3RT CCAATCCCAAATACTCGTCC
FET34-HAF GAACAAAGCATTACTGAGCAGGCTGCAACTGGTTCCTCTT

CTAGCCCTTCAAACAAA
CCCGGGTACCCATACGATGTTC

FET34-HAR AGAATGTTGTTTCAATGTATAATCCATCAAAGAGAGTTACTT
CACTGGGTCAATCAAA
CATACGACTCACTATAGGGAG

FET34-GFP-1 GAACAAAGCATTACTGAGCAGGCTGC
AACTGGTTCCTCTTCTAGCCCTTCAAACAAA
GGTGGTGGTTCTAAAGGTGAAGAATTATT

FET34-GFP-2 TTCTTTGACTGTTATTCAACAACACCACTCTCTCGCCATATA
AAAAAATTAACCAATTT
CCTAGAAGGACCACCTTTGATTG

VCX1 primer1 AGTCGTTTCTTTGTGGTTGT
VCX1 primer3 CACGGCGCGCCTAGCAGCGGCTCTGTTGGTTTGTTTTATTTG
VCX1 primer4 GTCAGCGGCCGCATCCCTGCTCATGATGATAAGAAAGAGG
VCX1 primer6 AGACCTGCTTCATCTCACTT
Universal primer2 CCGCTGCTAGGCGCGCCGTGACCAGTGTGATGGATATCTGC
Universal primer5 GCAGGGATGCGGCCGCTGACAGCTCGGATCCACTAGTAACG
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1.3mMNADP+ and 400 μU IDH. After thoroughly mixing and 2-min in-
cubation at room temperature, the increase of absorbance at 340 nm
was determined every minute in double-beam spectrophotometer for
10–15 min. Aconitase activity was calculated using the absorption
coefficient of 6220 M−1 cm−1, and expressed as nmol of cis-aconitase
converted/min/mg protein. These experiments were performed at
least three times independently. Data from one representative experi-
ment are presented as means ± SD.

2.7. p-Phenylenediamine (PPD) oxidase assays

Plasma membrane extracts were obtained from the tfp1Δ/Δmutant
with or without CuCl2 treatment using a method described by Marvin
et al. [36]. Then the extracted plasma membrane was used to assay
PPD oxidase activity as follows. 25 μg of the cell membrane protein frac-
tion was resuspended in 600 μl assay buffer (100 mM sodium acetate
pH 5.7, 0.06% Triton X-100, 0.05% PPD) and incubated at 30 °C for 1 h.
Color development was followed in a spectrophotometer at 530 nm at
30 min intervals for a total of 2 h. Oxidation rates were calculated
after subtracting the rate of a blank sample that contained assay buffer
with no added protein. Experiments were repeated at least three times.

2.8. Drug susceptibility tests

For drug susceptibility analysis, overnight cultures were resuspend-
ed in YPD medium supplemented with 80 μg/ml uridine and grown to
mid-log phase at 30 °C. Cultures were adjusted to an optical density of
0.2. A series of 10-fold dilutions were prepared in sterile distilled
water. 3 μl of each dilutionwas spotted onto solid YPDmediumwithflu-
conazole, terbinafine, or SDS at the indicated concentrations. In addi-
tion, tolerance to fluconazole was assayed in liquid YPD medium with
various concentrations of fluconazole as indicated. 100 μl of cells with
a starting OD600 of 0.1 in YPD medium was added to a 96-well plate.
Then different concentrations of fluconazole were supplemented.
Every treatmentwas conducted in triplicate and repeated in three inde-
pendent experiments. Data from one representative experiment are
presented as means ± SD.

2.9. Efflux of R6G

The efflux measurement of R6G was conducted according to the de-
scription by Thomas [33] with a small modification. Overnight cultures
of each strain were resuspended in 100ml YPDmediumwith a starting
OD600 of 0.5, and allowed to grow for 6 h. The cells were pelleted,
washed twice with PBS buffer (pH 7.0), and resuspended in PBS to 2%
cell suspension. R6G was added at a final concentration of 10 μM. Cell
suspensions were incubated at 30 °C with shaking (200 rpm) for 3 h
under glucose starvation conditions. The de-energized cells were
then washed and resuspended again in PBS at a 2% cell suspension. At
10-min intervals, a portion (1 ml) of the cells was removed and centri-
fuged at 9000 ×g for 2 min, and the absorption of the supernatants was
measured at 527 nm. At 10min, 2% glucosewas added to PBS to observe
energy-dependent efflux activity. Experiments were carried out at least
times, and data were shown from one representative experiment.

2.10. Cytosolic calcium level measurement

2.10.1. Cytosolic calcium levels
Overnight cultures of the strainswere refreshed in YPDmedium and

incubated at 30 °C for 4 h. Then the cells were centrifuged, washed three
times with a Hank's balanced salt solution (HBSS) buffer (pH 7.2) and
treated with fluo-3/AM (Sigma) at 37 °C for 50 min. After that, the pel-
lets were collected, and washed three times, then measured using an
excitation wavelength of 488 nm and an emission wavelength of
520 nm in a fluorescence plate reader (Enspire).
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2.10.2. Cytosolic calcium fluctuation
Overnight cultures of SN76, tfp1Δ/Δ mutant, and vcx1Δ/Δ mutant

were introduced into fresh YPD medium and incubated for 4 h. The
cells were harvested, washed three times, and treated with fluo-3/AM
at 37 °C for 50 min. After that, the pellets were harvested and washed
three times. Calcium flux measurements were performed by flow cy-
tometry, using a BD FACSCalibur flow cytometer (BD). The baseline
ratio was acquired before the addition of KOH solution. Data were ana-
lyzed off-line using the WINMDI 2.9.

2.11. ATP level determination

Overnight cultures of the strains were harvested, washed, and then
incubated in synthetic medium containing 2% GlcNAc for 6 h. The cells
were harvested, and protein extracts were prepared by liquid nitrogen
extraction. The cellular ATP levels were measured using ATP Assay Kit
(Nanjing Jiancheng), according to the protocol. Experiments were con-
ducted at least three times. And the data were shown as means ± SD.

3. Results

3.1. Deletion of TFP1 triggers iron starvation signal

Iron homeostasis is critical in cells since iron is an essential nutrient
required for the growth and metabolism of C. albicans [34]. Previous
study found that loss of V-ATPase activity in yeast generates an iron
deprivation signal [11]. To investigate the effect of TFP1 disruption on
iron homeostasis in C. albicans, we determined the transcript expression
of iron uptake-related genes. The results showed that deletion of TFP1
led to up-regulation of iron import and mobilization genes (Fig. 1A),
suggesting that the tfp1Δ/Δ mutant was starved of iron. In order to di-
rectly assess the iron status of tfp1Δ/Δmutant, total cellular iron content
wasmeasured according to the bathophenanthroline disulfonate (BPS)-
Fig. 1.Deletion of TFP1 generates an irondeprivation signal inC. albicans. (A) qRT-PCR analysis o
of ACT1 in both strains. (B–D) Cellular whole iron content, iron uptake capacity and ferric redu
Protein expression and localization of Fet34p were analyzed in SN76 and the tfp1Δ/Δmutant. #
levelsweremeasured by ICP-MS. (H) The growth of three strainswas observed on low copper an
total iron content in the tfp1Δ/Δ mutant was observed after copper addition. (K) PPD oxidase
copper could rescue the growth defect of tfp1Δ/Δ mutant on iron-limited medium. *, Significan
based colorimetric methods. As expected, the tfp1Δ/Δ mutant had sig-
nificantly low total iron levels and iron uptake capacity in comparison
with the wild-type strain (Fig. 1B, C). Therefore, it was anticipated
that the high-affinity iron uptake system in the tfp1Δ/Δ mutant may
be defective. To confirm this hypothesis, the activity of ferric reductases
of high affinity iron acquisition system was measured. The results
showed the activity of ferric reductases was significantly increased in
the tfp1Δ/Δ mutant compared with the wild-type strain (Fig. 1D). One
possibility is that the assembly of complexes of multicopper ferroxidase
and high-affinity iron permease was presumed to be of imbalance. In
C. albicans, Fet34p is assumed to be the major multicopper ferroxidase
with a predicated role in high-affinity iron uptake [35]. The post-
translational modification and proper localization of Fet34p are neces-
sary for normal function [35]. Therefore, the protein expression and gly-
cosylation of Fet34pwere analyzed.Western blotting assay showed that
there was no significant difference in protein expression of Fet34p be-
tween the tfp1Δ/Δ mutant and wild-type strain, and the Fet34p was
normally glycosylated in both strains (Fig. 1E). However, the localiza-
tion observation of Fet34p exhibited that amajority of Fet34-GFP fusion
protein was shown on the cell surface of wild-type strain SN76 (Fig. 1F,
upper). However, in the tfp1Δ/Δmutant Fet34pwas dispersed in the cy-
tosol (Fig. 1F, bottom). In S. cerevisiae, copper is required for the activa-
tion of Fet3p oxidase in the high affinity iron uptake system [36]. And
the loading of copper onto Fet3p takes place in post-Golgi vesicles,
which needs both normal copper homeostasis and vesicular traffic
[10]. Therefore, we speculated that the reduced iron uptake and growth
defect on low iron in the tfp1Δ/Δmutant should be associated with dis-
orders in copper homeostasis [37]. To substantiate the speculation, we
measured the total copper levels in both wild-type strain SN76 and
the tfp1Δ/Δ mutant. The ICP assay showed that the tfp1Δ/Δ mutant ex-
hibited elevated copper content (Fig. 1G). Further phenotype observa-
tion found that the tfp1Δ/Δ mutant was sensitive to both low and high
copper (Fig. 1H). These results suggest that disruption of TFP1 indeed
f the relative expression levels of iron-related genes thatwere normalized to the expression
ctase activity were measured in the three strains. Data were shown as means ± SD. (E–F)
indicates a putative Fet-HA N-linked glycosylated product. Bar, 5 μm. (G) The total copper
d high copper. (I) RelativemRNA levels of the copper-related geneswere analyzed. (J) The
activity was measured in the tfp1Δ/Δ mutant after the addition of copper. (L) Addition of
t difference (P b 0.05) between the tfp1Δ/Δ mutant and control strains.
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affects copper homeostasis. What's more, the changed expression
levels of copper-related genes, such as CTR1 (copper transporter),
CUP2 (putative copper-binding transcription factor), and CCC2
(copper-transporting P-type ATPase of Golgi), also reflected the alter-
ation of copper homeostasis in the tfp1Δ/Δmutant (Fig. 1I). Interesting-
ly, though deletion of TFP1 led to an increase in copper homeostasis,
copper supplementation could significantly elevate the iron content
(Fig. 1J) and oxidation activity of PPD, an organic substrate used as an
oxidase indicator (Fig. 1K), in the tfp1Δ/Δ mutant. And spot assay
showed that the growth defect of the tfp1Δ/Δmutant on low ironmedi-
um could be overcome by addition of iron or copper to the medium
(Fig. 1L), further confirming that the defective high affinity iron trans-
port system of the tfp1Δ/Δ mutant was in association with the blocked
incorporation of copper into Fet34p due to disorders in copper homeo-
stasis. In addition, we observed that iron addition also increased intra-
cellular iron levels in the tfp1Δ/Δ mutant (Fig. S1), which is similar to
the effect of copper addition. Taken together, deletion of TFP1 affected
copper homeostasis that impeded on the delivery of copper to Fet34p,
and consequently impacted on the localization of Fet34p and the
high-affinity iron uptake system, and eventually reduced iron uptake
from the extra-environment.

3.2. Iron/copper improves the respiratory growth of the tfp1Δ/Δ mutant

Iron deficiency could compromise the ability of cells to switch from
fermentation to respiratory metabolism [38]. To determine whether
disruption of TFP1 affected respiration metabolism, comparative
growth analysis was conducted on different nonfermentable carbon
sources. We observed that the tfp1Δ/Δ mutant grew poorly on these
nonfermentable carbon sources, and the growth defect could be rescued
to some extent by iron addition (Fig. 2A). To confirm whether the
growth defect was due to iron depletion, we measured total iron levels
of the strains grown in YPG medium and found that the total iron con-
tent was low in the tfp1Δ/Δ mutant as expected (Fig. 2B). The above
study has demonstrated that iron addition could elevate total iron levels
in the tfp1Δ/Δmutant, further confirming that the defective growthwas
attributed to iron deficiency. It is reported that the key TCA-cycle en-
zyme aconitase activity is decreased under iron-limited media [21,39].
Our result also showed that the aconitase activity in the tfp1Δ/Δmutant
was decreased, approximately 25% of the control strains (Fig. 2C). The
above findings have demonstrated that copper addition could also in-
crease the iron content in the tfp1Δ/Δ mutant. In addition, copper is
an essential cofactor of cytochrome c oxidase, which is the last enzyme
in the respiratory electron chain of mitochondria and is controlled by
copper homeostasis [40]. Therefore, the respiratory growth defect of
the tfp1Δ/Δ mutant was presumed to be also rescued by the addition
of copper. As anticipated, we observed that copper supplement partly
restored the growth of the tfp1Δ/Δ mutant on nonfermentable carbon
sources (Fig. 2D). To sum up, more iron or copper was required for re-
spiratory growth of the tfp1Δ/Δ mutant.

3.3. Tfp1 contributes to the maintenance of cytosolic calcium levels

In S. cerevisiae, V-ATPase is important for maintenance of cytosolic
calcium homeostasis [41]. Tfp1, as a putative subunit of the vacuolar
proton pump, was also related to calcium homeostasis in C. albicans
[7]. To further investigate the potential mechanism that Tfp1 was in-
volved in calcium homeostasis, the cytosolic calcium levels were



Fig. 2. Iron/copper improves respiratory growth of the tfp1Δ/Δ mutant. (A) The growth of wild-type strain SN76, tfp1Δ/Δ mutant and complemented strain was observed on
nonfermentable carbon sources (with or without addition of iron). (B) The total iron levels weremeasured in the three strains grown in YPGmedium. (C) Aconitase activity was analyzed
in the three strains grown in YPG medium. * indicates significance at P b 0.05. (D) The growth defect of tfp1Δ/Δ mutant could be rescued partly by copper addition.
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measured upon deletion of TFP1. The results showed that cytosolic cal-
cium levels were significantly increased in the tfp1Δ/Δ mutant both in
normal (YPD) and low calcium (YPD supplemented with 3 mM EGTA)
medium (Fig. 3A). Moreover, the addition of EGTA, a calcium chelator,
remarkably increased cytosolic calcium levels in the tfp1Δ/Δ mutant.
In addition, EGTA concentration-kill analyses showed that the inhibito-
ry effect of EGTA was gradually enhanced with its concentration in-
creasing, and 2 mM EGTA was enough to significantly inhibit the
growth of the tfp1Δ/Δ mutant (Fig. 3B). To elucidate the mechanism,
we examined the expression levels of calcium transporter genes by
qRT-PCR analysis. The real-time analysis exhibited that the expression
levels of plasma membrane calcium channel CCH1 andMID1, the vacu-
olar membrane calcium pump PMC1 and the vacuolar membrane calci-
um channel YVC1 were up-regulated (Fig. 3C). In addition, attention
should be paid to that the expression levels of VCX1 were not affected,
indicating that Tfp1 did not affect Vcx1 at transcriptional level. The
up-regulation of PMC1 and much higher cytosolic calcium levels in the
double mutant tfp1Δ/Δpmc1Δ/Δ (Fig. 3D) indicated that the deletion
of TFP1 triggered compensatory activation of Pmc1, just like in
S. cerevisiae V-ATPase mutants [41]. However, the whole calcium levels



Fig. 3. Tfp1 contributes to themaintenance of cytosolic calcium levels. (A) Cytosolic calcium levelswere observed in the three strains grown in normal (YPD) and low (YPD supplemented
with 3mMEGTA) calciummedium. (B) EGTA concentration-kill curvewas determined in SN76 and the tfp1Δ/Δmutant. (C) The expression levels of calcium transport-related geneswere
measured as the ratio relative to the nuclear target ACT1 gene in both strains. (D) Cytosolic calcium levels weremeasured in SN76, tfp1Δ/Δ and tfp1Δ/Δpmc1Δ/Δmutants. (E) The cellular
whole calcium levels were determined by ICP-MS analysis. * indicates significance at P b 0.05.
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in the tfp1Δ/Δ mutant were reduced (Fig. 3E), suggesting that the ele-
vated cytosolic calcium levels mainly result from the release of internal
stores. When EGTA was added to YPD medium and chelated the extra-
environment calcium ion, the expression levels of PMC1 and VCX1 in the
tfp1Δ/Δ mutant were reduced, and the expression levels of YVC1 were
increased compared with YPD medium, suggesting that EGTA addition
further induced calcium release from intracellular stores, and caused
much higher cytosolic calcium levels and growth toxicity in the tfp1Δ/
Δ mutant.

3.4. Cytosolic calcium status is related to Vcx1 activity

In S. cerevisiae, loss of Vcx1 activity results in elevated cytosolic cal-
cium levels in V-ATPase deficient cells [41]. In our study, the tfp1Δ/Δ
mutant also exhibited high levels of cytosolic calcium. To clarify wheth-
er the activity of calcium transporter Vcx1 was affected by Tfp1 in
C. albicans, the homozygous vcx1Δ/Δ was constructed. Our results
showed that the cytosolic calcium response of the vcx1Δ/Δ mutant to
an alkaline stimulus was similar to that of the tfp1Δ/Δ mutant (Fig. 4B,
C). Both strains exhibited a slow incomplete removal of the elevated
cytosolic calcium within 300 s, which was significantly different from
the wild-type strain. The wild-type strain displayed a very fast removal
of the peak calcium and restored to the normal calcium level within
200 s (Fig. 4A). Therefore, we speculated that loss of Tfp1 might affect
cytosolic calcium fluctuation through regulating Vcx1p activity. In
order to further confirm the hypothesis, VCX1 was overexpressed in
the wild-type and tfp1Δ/Δ strains. As expected, the cytosolic calcium
levels in the tfp1Δ/Δ mutant with overexpressed VCX1 reached the
same extent as the wild-type strain (Fig. 4D). Taken together, we
could conclude that disruption of TFP1 affected the activity of Vcx1.

3.5. The tfp1Δ/Δ mutant is sensitive to azole drugs

Previous study reveals that the dysregulation of cellular ion homeo-
stasis is closely associated with fluconazole sensitivity [42]. Moreover,
the mutants defective in V-ATPase activity exhibit increased sensitivity
to azoles antifungal agents in Schizosaccharomyces pombe [43]. The
above findings have shown that the putative C. albicans V-ATPase
subunit Tfp1 was also essential for the maintenance of cellular iron/
copper/calcium homeostasis. Therefore, it is of interest to investigate



Fig. 4. Elevation in cytosolic calcium levels is related to loss of Vcx1 activity. (A–C) The kinetics of cytosolic calcium response to an alkaline stimuluswasmeasured inwild-type strain SN76
(A), the tfp1Δ/Δmutant (B), the vcx1Δ/Δmutant (C). (D) Cytosolic calcium levelswere determined in thewild-type strain SN76 and the tfp1Δ/Δmutantwith orwithout overexpression of
VCX1.
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the correlation between Tfp1 and azole antifungal susceptibility. The
fluconazole sensitivity of tfp1Δ/Δ cells was validated by two different
assays. The spot analysis showed that the tfp1Δ/Δmutant was sensitive
to fluconazole and terbinafine (Fig. 5A), which function by targeting the
enzymes of ergosterol biosynthesis pathway. In addition, the flucona-
zole sensitivity of the tfp1Δ/Δ cells was further characterized by
concentration-kill analyses (Fig. 5B). With the concentrations of flucon-
azole increasing, the growth ability of the three strains was gradually
decreased, and the tfp1Δ/Δ mutant was significantly attenuated for
growth. To investigate the molecular mechanism of fluconazole sensi-
tivity in the tfp1Δ/Δ mutant, three factors might be involved.

The primary targets of fluconazole and terbinafine are enzymes of
ergosterol biosynthetic pathway, Erg11 and Erg3, respectively [39].
Overexpression or point mutation of ERG11 confers fluconazole resis-
tance [41,42]. Defective sterol C5, 6 desaturase encoded by ERG3 has
been also considered to be one of the azole resistance mechanisms
in C. albicans [44]. Ergosterol biosynthesis genes ERG1, ERG3, and
ERG11 are the most significant genes involved in the resistance to
azoles. Therefore, we measured ERG1, ERG3 and ERG11 mRNA abun-
dance by qRT-PCR. Gene expression data analysis indicated that
deletion of TFP1 caused down-regulation of ERG1 and ERG11, and
up-regulation of ERG3 (Fig. 5C), suggesting that the fluconazole sensi-
tivity of the tfp1Δ/Δ mutant was closely related to ergosterol synthe-
sis. In addition, ergosterol is required for cell membrane integrity
[45]. The result was also further confirmed by the spot assay that
the tfp1Δ/Δ mutant was sensitive to membrane-targeting antimicro-
bial agent SDS (Fig. 5D).

Besides, another significant mechanism of azole sensitivity is a de-
creased activity of membrane-proteins that efflux the drugs [46].
There are two main classes of efflux proteins in C. albicans, the ATP-
binding cassette (ABC) pumps and the major facilitator superfamily
(MFS) transporters [47]. Clinically relevant azole sensitivity is most
often associated with decreased expression of mRNAs for the ABC
genes CaCDR1 and CaCDR2 [48]. To study the effect of TFP1 disruption
on drug efflux pump activity, we measured the expression of CDR1
and MDR1. The result showed that the expression of CDR1 was down-
regulated comparedwith thewild-type strain (Fig. 5E). On the contrary,
transcript levels of MDR1 were significantly higher in the tfp1Δ/Δ mu-
tant (Fig. 5E), which was in line with the previous report wherein up-
regulation of MDR1 in a petite mutant strain of C. albicans was
documented [49]. To study the efflux activity of CDR1 pumps, the ability
to efflux rhodamine 6G (R6G), a substrate of CDR1 pumps,was analyzed
in the tfp1Δ/Δmutant [50].Without glucose addition, no R6G effluxwas
observed in both strains. Upon the addition of glucose, an increase in
Abs (527 nm) value was observed from 0.04 to 0.19 in 10 min in the
wild type strain. In contrast, the tfp1Δ/Δ mutant exhibited an increase
from 0.04 to 0.13 in 10min, indicating that themutant had a partial de-
ficiency in R6G efflux, probably due to the reduced activity of CDR1
pumps.

In addition to the association of fluconazole sensitivity with the er-
gosterol biosynthesis and drug efflux capacity, dysregulation of ion ho-
meostasis caused by fluconazole might be another reason [42,51].
Previous study has indicated that V-ATPase is the dominant proton
pump at endomembrane and plays an important role for the regulation
of ion homeostasis [52]. Therefore, we anticipated that the fluconazole
sensitivity might be associated with imbalance in ion homeostasis in
the tfp1Δ/Δ mutant. To confirm the hypothesis, we measured the ex-
pression changes of iron and calcium-related genes in response to flu-
conazole. The expression levels of CFL1, FRE10, FTR1, VCX1 and PMR1
were up-regulated in the wild type strain when treated with flucona-
zole, but could not respond to the same extentwhen TFP1wasdisrupted
(Fig. 6). In addition, the expression change of RTA2was significantly low



Fig. 5. The tfp1Δ/Δ mutant was sensitive to fluconazole. (A) The three strains were spotted onto YPD plates supplemented with fluconazole (FLC) or terbinafine (TER) at the indicated
concentrations. Cells were photographed after twodays of incubation at 30 °C. (B) Fluconazole concentration-kill curvewasmeasured in SN76, the tfp1Δ/Δmutant and the complemented
strain. (C) The expression levels of ergosterol biosynthesis genes (ERG1, ERG3 and ERG11) were determined by qRT-PCR analysis. (D) Growth phenotype of the tfp1Δ/Δ mutant was ob-
served undermembrane-targeting agent SDS. (E) Relative levels of CDR1 andMDR1were analyzed in the tfp1Δ/Δmutant compared to thewild-type strain. (F) Efflux of fluorescent R6G, a
substrate of CDR1 pumps, was measured in the wild-type and tfp1Δ/Δ strains.

Fig. 6. Relative fold changes of iron and calcium transport genes were determined in re-
sponse to fluconazole treatment in both strains.
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in the tfp1Δ/Δ mutant compared with the wild-type strain in response
to fluconazole. The disruption of RTA2 could block the emergence of
calcium-mediated tolerance to fluconazole by aggravating its impair-
ment to the plasma membrane of C. albicans [53]. Taken together,
these data suggested that the enhanced sensitivity of the tfp1Δ/Δ mu-
tant to fluconazole may be due to dysregulation of iron and calcium ho-
meostasis, in addition to the reduced ergosterol content and CDR1 efflux
pump activity.

3.6. The tfp1Δ/Δ mutant impairs in the utilization of GlcNAc

In S. coelicolor, GlcNAc utilization regulator, DasR, could transcrip-
tionally repress the iron utilization repressor dmdR1 to control
siderophore production, providing a link between nutrient and metal
ion [54]. To further explore the potential role of TFP1 in C. albicans, we
tested the growth of C. albicans strains on different carbon source plates.
The result showed that there were no significant differences in carbon
metabolism between the wild-type and tfp1Δ/Δ mutant strains except
for GlcNAc (Fig. 7A). Therefore, we anticipated that the growth defect



Fig. 7. The tfp1Δ/Δmutant was unable to utilize GlcNAc as sole carbon source. (A) Growth of the three strains was observed on different carbon sources. (B) Relative expression levels of
GlcNAc catabolic genes were analyzed by qRT-PCR. (C) Cellular ATP levelsweremeasured in both strains after treatment by GlcNAc for 6 h. *, Significant difference (P b 0.05) between the
tfp1Δ/Δ mutant and wild-type strain SN76.
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of the tfp1Δ/Δmutant on GlcNAc might be associated with iron uptake.
To verify the assumption, we observed the growth of the tfp1Δ/Δ mu-
tant on GlcNAc plate supplemented with iron, the result showed that
the growth defect of the tfp1Δ/Δ mutant was not rescued by iron addi-
tion (data not shown). Hence, reasons for this phenotype may be ex-
plained from three other aspects. First, the tfp1Δ/Δ mutant might be
unable to take up GlcNAc; second, GlcNAc or its derivatives may be
toxic to the tfp1Δ/Δ mutant; third, GlcNAc could not be catabolized by
the tfp1Δ/Δ mutant. To validate these hypotheses, we observed the lo-
calization of GlcNAc specific transporter Ngt1. The images unveiled
that Ngt1 was normally localized on the plasma membrane in the tfp1
Δ/Δmutant, and the overexpression ofNGT1 failed to rescue the growth
defect (data not shown), revealing that deletion of TFP1 did not affect
GlcNAc transporter, Ngt1. To demonstrate the second aspect, we ob-
served the growth of tfp1Δ/Δ mutant on galactose plus GlcNAc. The re-
sult showed that the tfp1Δ/Δ mutant can survive on the plate,
suggesting that GlcNAc or its derivative was not toxic. To confirm the
third speculation, we measured the expression levels of the enzymes
of GlcNAc catabolic pathwaybyqRT-PCR. The result showed that the ex-
pression levels of threemain enzymes, includingHKX1,DAC1 andNAG1,
were all down-regulated compared with the wild-type strain (Fig. 7B).
Further study found that the ATP levels were significantly decreased
in the tfp1Δ/Δmutant after treatment byGlcNAc for 6 h (Fig. 7C). There-
fore, ATP depletion due to the decreased ability to catabolize GlcNAc
might be responsible for growth defect of the tfp1Δ/Δmutant onGlcNAc
agar plate.

4. Discussion

As an important proton pump, V-ATPase plays essential roles in
many cellular processes, including both vacuolar acidification related
functions (canonical roles) and other roles that are not readily attribut-
able to its proton-motive activity (non-canonical roles) [55,56]. The ca-
nonical functions, such as endocytic traffic, protein processing and
degradation and so on, are well documented. However, the non-
canonical roles, including membrane fusion, scaffold for protein–pro-
tein interactions and so on, are still poorly understood, which need fur-
ther investigation. Therefore, the effects of loss of V-ATPase were far-
reaching and may be involved in a complex network. In this study, we
investigated the functions of a putative V-ATPase subunit Tfp1 in cellu-
lar ion homeostasis, fluconazole resistance and GlcNAc utilization,
which provides new insights into the functional roles of V-ATPase.

4.1. Tfp1 is required for ion homeostasis

It is known that V-ATPase plays an important role in the control of
pH and ionic homeostasis in eukaryotes [57]. InHistoplasma capsulatum,
the V-ATPasemutants do not grow on iron-limited medium [58]. Previ-
ous studies concluded that several kinds of mutants of S. cerevisiaewere
unable to grow on iron-restricted medium, including mutants that are
defective in the structural components of the high affinity iron uptake
system [21], the assembly of the transport system [59], or vacuolar traf-
ficking or acidification [10,60]. In S. cerevisiae, the vma2Δmutant gener-
ates an iron deprivation signal that is alleviated by induction of TAS2
[11]. In our study,we found that deletion of TFP1 resulted in the inability
to grow on low iron medium, and generated an iron starvation signal
with reduced iron levels and iron uptake capacity. Further study dem-
onstrated that the decreased iron uptake might be attributed to
mislocalization of multicopper oxidase Fet34p, which was associated
with disorders in copper homeostasis. In the mutants of S. cerevisiae
that exhibit a low iron growth defect, its apoFet3 could be transported
to the cell surface but has no enzyme activity [10,60]. However, it is



2742 C. Jia et al. / Biochimica et Biophysica Acta 1853 (2015) 2731–2744
equally true that defective multicopper oxidase compromised the abili-
ty of strains to grow on iron-limited medium in both S. cerevisiae and
C. albicansmutants [35,60]. Previous study demonstrates that activation
of multicopper oxidase requires copper loading [60], which requires
normal copper homeostasis and acidification of post-Golgi vesicular
compartments [10]. In our study, we found that deletion of TFP1 caused
disorders in copper homeostasis. However, copper addition could
elevate multicopper oxidase activity and iron levels in the tfp1Δ/Δ mu-
tant, as well as overcome the growth defect on low iron. Hence, iron up-
take was closely associated with copper homeostasis in the tfp1Δ/Δ
mutant. It is reported that the pH gradient across the vacuolar mem-
brane plays a critical role in maintaining optimal copper homeostasis
[61], and the delivery of copper to multicopper oxidase requires acidifi-
cation of post-Golgi vesicular compartments,which is dependent on the
vacuolar H+-ATPase [10]. Therefore, loss of V-ATPase activity might
cause both disorders in copper homeostasis and compromised copper
delivery, as well as reduced acidification of post-Golgi vesicular com-
partments, and finally affects functions of Fet34p and high-affinity
iron uptake.

The TCA cycle and electron transport chain should be negatively af-
fected by iron depletion because these processes depend on specific
iron-containing enzymes [21]. In C. neoformans cfo1mutant, iron deple-
tion compromises the growth and aconitase activity on nonfermentable
carbon sources that were in line with our study [21]. In our study, the
growth defect of tfp1Δ/Δ cells was partly rescued by iron addition, sug-
gesting that the growth defect was related to iron availability. In addi-
tion, copper addition could also restore the growth of the tfp1Δ/Δ
mutant to some extent, which was likely due to elevated iron content
or cytochrome c oxidase. However, the clsΔ mutants of S. cerevisiae
that are unable to grow on nonfermentable carbon sources have normal
rates of respiration and normal levels of several respiratory chain en-
zymes in isolated mitochondria [62], which was not in agreement
with our results. In our study, the cellular iron levels were reduced in
the tfp1Δ/Δmutant, whichmay explain the compromised aconitase ac-
tivity. Since the iron levels in the clsΔ and vma2Δmutants of S. cerevisiae
are either not measured or not altered.

In addition to iron and copper homeostasis, disruption of TFP1 also
led to a disturbance of calcium homeostasis manifested by decreased
total calciumcontent and elevated cytosolic calcium levels, growth inhi-
bition by EGTA addition, and sensitivity to high calcium concentrations
[7]. Further study found that disruption of TFP1 affected calcium-related
transporters expression and/or activity. First, the tfp1Δ/Δmutant exhib-
ited reduced total calcium levels, suggesting that the function of the
high-affinity calcium uptake system was affected. And the elevated cy-
tosolic calcium concentration in the tfp1Δ/Δmutant was due to calcium
release from internal stores. Second, TFP1 disruption up-regulated
PMC1, suggesting that loss of V-ATPase caused compensatory up-
regulation of PMC1 that was consistent with previous report [41]. This
conclusionwas further confirmed by the significantly elevated cytosolic
calcium levels in the double mutant tfp1Δ/Δ pmc1Δ/Δ. Third, the ex-
pression levels of VCX1were not affected upon deletion of TFP1, indicat-
ing that VCX1 was not mediated by Tfp1 at transcriptional level. EGTA
addition further increased cytosolic calcium levels in the tfp1Δ/Δ mu-
tant, which was related to down-regulation of PMC1 and VCX1 and
up-regulation of YVC1 in low calciummedium comparedwith in normal
calcium medium. In S. cerevisiae, the elevated cytosolic calcium levels
reported to V-ATPase mutants have been attributed to loss of Vcx1 ac-
tivity [41]. In our study, kinetics of cytosolic calcium response to an alka-
line stimulus exhibited that the response of vcx1Δ/Δmutantwas similar
to that of tfp1Δ/Δmutant. Moreover, overexpression of VCX1 in the tfp1
Δ/Δ mutant decreased cytosolic calcium to wild-type levels. These re-
sults indicate that calcium status in the tfp1Δ/Δ mutant was closely re-
lated to Vcx1 activity. However, the vcx1Δ/Δ mutant did not show
calcium sensitivity and significantly elevated cytosolic calcium (data
not shown), indicating that there are additional complexities in the
role of Tfp1 in calcium homeostasis maintenance.
In addition, the inhibitor of vacuolar acidification, chloroquine, also
led to decreased total iron content (Fig. S2A) and elevated cytosolic cal-
cium levels (Fig. S2B) in the wild-type strain, indicating that the disor-
ders in ion homeostasis may be associated with defective vacuolar
acidification.
4.2. Deletion of TFP1 leads to sensitivity to fluconazole

Fluconazole is one of the most commonly prescribed antifungal
drugs for the treatment of fungal infections, which targets the biosyn-
thesis of ergosterol that is the main sterol of fungal membranes [63].
In our study, the tfp1Δ/Δ mutant exhibited hypersensitivity to flucona-
zole and terbinafine, and expression changes of three key enzymes in
ergosterol synthesis pathway, including Erg1, Erg3 and Erg11. ERG1
and ERG11 were down-regulated and ERG3 was up-regulated. There
are reports that iron deprivation results in up-regulations of ERG3 and
down-regulation of ERG11, finally leads to lowering of ergosterol con-
tent [24,64]. Therefore, the reduced iron levels in the tfp1Δ/Δ mutant
may contribute to the expression alteration of these genes, and further
led to fluconazole sensitivity. In addition, a recent study has identified
V-ATPase as a major downstream target of widely used azole drug,
and demonstrates that the antifungal activity of azole affects V-ATPase
function through impeding on ergosterol biosynthesis [6]. Vice versa,
our study indicates that V-ATPase function is required for ergosterol
biosynthesis and tolerance of azole, suggesting that V-ATPase and anti-
fungal activity of azole have an influence on each other.

Overexpression of drug efflux pump is another well-known mecha-
nism for the development of fluconazole resistance in C. albicans [65].
Our results showed that deletion of TFP1 led to up-regulation of MDR1
and down-regulation of CDR1. The R6G efflux test unveiled reduced ef-
flux activity of CDR1 pumps in the tfp1Δ/Δmutant. Therefore, the sensi-
tivity of the tfp1Δ/Δmutant to fluconazole may be also associated with
the decreased CDR1 pump efflux activity. Some mutants that affect the
high affinity iron uptake show an increased sensitivity to fluconazole in-
dependent of efflux pump proteins, Cdr1 and Cdr2 [24], which is incon-
sistent with our results. It might be due to that loss of TFP1 affects more
cellular processes other than iron homeostasis. Inmammalian cells, iron
depletion leads to the activation of MDR1 mediated by hypoxia induc-
ible factor-1 (HIF-1) [66,67]. Therefore, the up-regulation of MDR1
may be attributed to low iron levels in the tfp1Δ/Δ mutant. In brief,
the reduced CDR1 efflux capacity is another underlying mechanism by
which disruption of TFP1 causes fluconazole susceptibility.

The effect of fluconazole plus cationic drug treatment was enhanced
by themalfunction of alkali-metal-cation transporters that contribute to
the regulation of membrane potential and cation homeostasis [68].
Vasicek et al. observed that an upc2Δ/Δ mutant, defective in regulating
the expression of genes involved in ergosterol biosynthesis, exhibited
enhanced susceptibility to fluconazole [42]. Furthermore, mRNA analy-
sis unveils that fluconazole exposure results in down-regulation of
high-affinity iron uptake genes upon deletion of UPC2. In addition, mu-
tants defective in high affinity iron uptake also displayed enhanced
susceptibility to fluconazole [21,24]. In S. cerevisiae and C. albicans, ami-
odarone sensitivity correlates with cytosolic calcium overload, and low
doses of amiodarone andfluconazole are strongly synergistic and exhib-
it potent fungicidal effects in combination [6,69], which was similar to
the elevated cytosolic levels in the tfp1Δ/Δ mutant. In the present
study, we found that when TFP1 is intact, fluconazole exposure results
in up-regulation of six genes related to iron and calcium uptake or ho-
meostasis (CFL1, FRE10, FTR1, VCX1 and PMR1). When TFP1 is disrupted,
fluconazole exposure results in down-regulation of these genes, sug-
gesting that TFP1 might be required for these processes. Therefore, we
speculated that fluconazole sensitivity of the tfp1Δ/Δmutantmay be as-
sociated with the dysregulation of iron and calcium homeostasis. Be-
sides, the relative fold change of RTA2 was low in the tfp1Δ/Δ mutant
in response to fluconazole, which was associated with azole resistance
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in C. albicans [51]. Herein, the expression changes of all above genes
were in association in azole sensitivity.

Taken together, reduced ergosterol biosynthesis and CDR1 efflux
pump activity, and dysregulation of iron and calcium homeostasis to-
gether contribute to fluconazole sensitivity of the tfp1Δ/Δ mutant.
4.3. Disruption of TFP1 leads to the inability to utilize GlcNAc

In C. albicans, there are at least two ways to acquire iron. One is
directly through high affinity iron uptake system, and another is
through siderophore [70]. In S. coelicolor, GlcNAc could inhibit
siderophore production [52], indicating that there is a relationship be-
tween nutrient and iron. Our study for the first time reported that the
putative V-ATPase mutant, the tfp1Δ/Δ mutant, was unable to make
use of GlcNAc. Further investigation unveiled that it was due to de-
creased catabolic ability of the tfp1Δ/Δ mutant to GlcNAc rather than
iron limitation. In addition,we found that theATP levelswere decreased
in the tfp1Δ/Δmutant after treatment by GlcNAc for 6 h, further demon-
strating that the defective growth of the tfp1Δ/Δ mutant on GlcNAc
plates was due to depletion of ATP. However, transcription factors in-
volved in controlling GlcNAc catabolic genes are still unclear in
C. albicans. Thereby, the underlying mechanism by which V-ATPase af-
fected the GlcNAc catabolic enzymes remains to be further investigated.

In consideration of the pleiotropic effects displayed by cells with de-
fective Tfp1, we proposed a simple mode for the functions of Tfp1
(Fig. 8). Tfp1, as a putative subunit of V-ATPase, is involved in mainte-
nance of several types of ion homeostasis, including copper, iron and
calcium. Disorders in ion homeostasis further impede on varieties of
other cellular processes, such as respiratory growth, fluconazole resis-
tance, and ergosterol biosynthesis. In addition, we for the first time
found that deletion of TFP1 affects GlcNAc metabolism. While previous
study reported that there is a correlation between GlcNAc and metal
ion, iron addition could not rescue the growth defect, suggesting that
Tfp1 might mediate GlcNAc utilization by non-ionic mechanism.
While the functions of Tfp1 in ion homeostasis have been delineated
to some extent, the role of Tfp1 in non-ionic homeostasis, such as
GlcNAc metabolism, remains further investigated. In all, our results
Fig. 8.A simplemodel for the role of Tfp1 inC. albicans. Deletion of TFP1 results in disorders
in copper homeostasis, which affects iron uptake. Subsequently, depletion of iron exerts a
profound influence on respiratory growth in C. albicans. Besides, disruption of TFP1 leads
to elevated cytosolic calcium levels through loss of Vcx1. In addition, the tfp1Δ/Δ mutant
was hypersensitive to fluconazole through reduced ergosterol biosynthesis and CDR1
pump activity, and dysregulation of iron and calcium homeostasis. Last but not least, the
tfp1Δ/Δ mutant was unable to utilize GlcNAc as sole carbon source due to decreased ex-
pression levels ofHKX1, DAC1, andNAG1. HDN indicates GlcNAc catabolic genes, including
HKX1, DAC1, and NAG1.
add to the list of proteins that may be used as a target to intervene
with V-ATPase functions in C. albicans.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.08.005.
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