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stressors but not clinical antifungals.
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(Background: Fungal cells require Ca*>* influx and signaling to survive some antifungal assaults.
Results: High affinity Ca®>" influx systems in yeasts required the Kch1 K™ transporters for full activation in response to ER

Conclusion: Kch1 family proteins regulate Ca>" influx in many yeast species.
Significance: Targeting fungal K™ transporters or Ca®>" channels may improve efficacy of existing antifungals in narrow

N
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The activation of a high affinity Ca®* influx system (HACS) in
the plasma membrane is required for survival of yeast cells
exposed to natural or synthetic inhibitors of essential processes
(secretory protein folding or sterol biosynthesis) in the endo-
plasmic reticulum (ER). The mechanisms linking ER stress to
HACS activation are not known. Here we show that Kchl, a
recently identified low affinity K* transporter in the plasma
membrane of Saccharomyces cerevisiae, is up-regulated in
response to several ER stressors and necessary for HACS activa-
tion. The activation of HACS required extracellular K* and was
also dependent on the high affinity K* transporters Trk1l and
Trk2. However, a paralog of Kchl termed Kch2 was not
expressed and not necessary for HACS activation in these con-
ditions. The pathogenic yeast Candida albicans carries only one
homolog of Kch1/Kch2, and homozygous knock-out mutants
were similarly deficient in the activation of HACS during the
responses to tunicamycin. However, the Kch1 homolog was not
necessary for HACS activation or cell survival in response to
several clinical antifungals (azoles, allylamines, echinocandins)
that target the ER or cell wall. Thus, Kch1 family proteins rep-
resent a conserved linkage between HACS and only certain
classes of ER stress in these yeasts.

The endoplasmic reticulum (ER)? is a membranous compart-
ment consisting of tubules and flattened sacs involved in the
biosynthesis of lipids and sterols and the processing, matura-
tion, and transportation of secreted and membrane-bound pro-
teins. ER stress can occur when any of these processes become
limiting or taxed by environmental conditions such as nutrient
starvation, hypoxia, calcium starvation, and toxins that inhibit
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the normal processing, folding, and assembly of secretory pro-
teins. Chronic ER stress has been associated with several
human pathologies including aging and neurodegenerative dis-
ease (1, 2). Similarly, tumor cells are thought to have chronic ER
stress due to nutrient deprivation and hypoxic conditions,
which if exacerbated can trigger apoptotic cell death, making
the ER stress response a novel target for future therapies (3, 4).

Misfolded proteins in the ER can activate a well studied sig-
naling network known as the unfolded protein response (UPR),
which serves to relieve the stress by up-regulating molecular
chaperones and coordinating protein trafficking pathways (5).
The budding yeast Saccharomyces cerevisiae utilizes the trans-
membrane protein kinase and nuclease Irel, the Hacl tran-
scription factor, and up-regulation of genes to help repair the
damage caused by ER stressors (6 -10). However, UPR-inde-
pendent signaling networks also become activated and play
crucial roles in cell survival. For example, Irel and Hacl are not
required for the survival of yeast cells during prolonged expo-
sures to ER stressors, such as tunicamycin and dithiothreitol
(11, 12). Instead, cell survival depends on the activation of a
high affinity Ca®>" influx system (HACS), elevation of cytosolic
free Ca®>" concentrations, and activation of the Ca*>*/calmod-
ulin-dependent protein phosphatase known as calcineurin
(hereafter Cn) (13, 14). Although the essential targets of Cn in
this process have not been identified, activated Cn somehow
prevents limited rupture or permeabilization of the vacuolar
membrane during prolonged responses to ER stress and
thereby prevents subsequent nonapoptotic cell death (15).
Inhibitors of Cn, such as FK506 and cyclosporine, dramatically
convert tunicamycin, dithiothreitol, and other ER stressors
from fungistats to fungicides. Similarly, Cn inhibitors convert
the commonly used azole class of antifungal drugs, which target
sterol biosynthesis in the ER of fungal cells, from fungistats to
fungicides in a wide array of pathogenic fungi (13, 16-22).
Inhibitors of HACS or its upstream regulators may be useful in
antifungal therapies.

In S. cerevisiae, HACS is composed of Cch1, Mid1, and Ecm7
proteins that are homologous or analogous to the catalytic
a-subunit, the regulatory a28-subunit, and the regulatory
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v-subunit of voltage-gated Ca®>* channels present in animals
(23-27). The hypothesis that HACS responds to membrane
depolarization similar to its animal homologs is controversial
for several reasons. Feedback inhibition of HACS by Cn sug-
gests that protein kinases may stimulate HACS in response to
certain stimuli (13, 28, 29). The four putative voltage-sensing S4
domains within Cchl contain approximately half the number
of the positively charged residues found in their mammalian
counterparts (24), suggesting voltage insensitivity or perhaps
tuning to the extremely low resting membrane potential of fun-
gal cells (approximately —200 mV) (30-32). Finally, the Ca>"
currents generated through heterologous expression of Cchl
and Midl from the fungus Cryptococcus neoformans were
largely insensitive to voltage (33). On the other hand, two puta-
tive K* transporters, Kch1 and Kch2, were recently shown to
regulate HACS through the transportation of extracellular K™,
suggesting regulation through changes in the membrane
potential (34). Expression of Kchl and particularly Kch2 was
strongly induced by the response to mating pheromones, which
resulted in activated HACS, Cn, and cell survival mechanisms
during prolonged mating responses (34).

Here we explore the possibility that Kch1 and Kch2 activate
HACS during the response to ER stresses in S. cerevisiae and the
pathogenic yeast Candida albicans. We also examine the indi-
vidual roles of Kch1, HACS, and Cn in the responses to azole-
class antifungals, other common antifungals, and additional
classes of membrane stresses that were previously shown to
activate HACS (13, 14, 27, 28). Remarkably, Kch1 family K*
transporters were induced or required for HACS activation by
the endomembrane and ER stressors but not by the antifungals.
Additional evidence suggests that K* transporters in the Trk1l
family represent alternative regulators of HACS. The findings
strengthen the argument for HACS regulation by changes in
transmembrane potential and suggest novel modes of antifun-
gal intervention.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, Culture Media, and Reagents—The
S. cerevisiae strains used in this study (Table 1) were obtained
from original sources or derived from parental strain W303-1A,
by means of standard genetic crosses or PCR-based methods
for introducing knock-out mutations and epitope tags (35).
Yeast strains were cultured in rich YPD medium or synthetic
SC medium (36) and shifted to alternative media as described
below. Tunicamycin was purchased from Sigma-Aldrich and
dissolved in DMSO. FK506 was obtained from Astellas Pharma
and dissolved in DMSO. Aqueous **CaCl, was purchased from
MP Biosciences or PerkinElmer.

For C. albicans experiments, all deletion strains were gener-
ated in the SC5314 background. All primers used in strain con-
struction are listed in Table 2. For disruption of the KCH1 gene,
two ~500-bp regions with homology to the 5’ promoter and 3’
terminator region were PCR-amplified and cloned into plasmid
pSES2A (38) with Kpnl/Xhol, and Notl/Sacl, respectively, gen-
erating plasmid pCS40. Plasmid pCS40 was digested with Kpnl/
Sacl, and the disruption cassette was gel-purified. For transfor-
mations, 300 ul of saturated SC5314 and JLR48 cultures were
allowed to recover in 10 ml of YPD, harvested, washed, and
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TABLE 1

Yeast strains used in this study

All strains are isogenic derivatives of S. cerevisiae strain W303-1A (MATa ade2-1
canl-100 his3-11,14 leu2-3,112 trp1-1 ura3-1) or C. albicans strain SC5314.

Source or
Name Description or genotype reference
Ke01 Wild type 41
Cso1 kch2:G418 34
CS02 kch1:TRPI 34
CS03 kch1::TRP1 kch2:G418 34
CS95 cchl:HIS3 34
CS34 KCH2-MYC,;:HIS3 34
CS83 KCHI-MYC,;:HIS3 34
CS166 KCHI-MYC,;:HIS3 irel:TRPI1 This study
CS39 pmrl:LEU2 This study
CS40 pmrl:LEU2 kch2:G418 This study
CS41 pmrl:LEU2 kchl:TRP1 This study
CS42 pmrl:LEU2 kch2:G418 kchl:: TRP1 This study
CS08 trk1:LEU2 trk2::HIS3 This study
CS11 trk1:LEU2 trk2::HIS3 kch1::TRPI kch2:G418 This study
SC5314 Candida albicans Wild-type 69
JLR48 cchl-1:FRT/cchl-2::FRT 70
CS126 kch1-1::FRT/kchl-2:FRT This study
CS135 cchl-1:FRT/cch1-2::FRT kchi-1::FRT/ This study
kch1-2:FRT
TABLE 2
Oligoneucleotides used in this study
Name Sequence (5°-3")
caKCH1-Kpnl-F GACGACGGTACCCACTTTTGTGTTTAGTTAGTTTCAAAG
caKCH1-Xhol-R GACGACCTCGAGCATTCTTTGATGCTGGTAAATAGCTATATCG
caKCHI1-Notl-F GACGACGCGGCCGCTAGTGAAAACTAGACAAGAAAATGG
caKCH1-Sacl-R AGTAAGAGCTCCATTTTTCTGGAGAAATACTATT
caKCHI-F GCTAATTTATCTTTACTCTATCGC
caKCHI-R GTTATCAAGAAAAGGGCATGATC
caKCHI1-Pstl-F GACGACCTGCAGATGGGTTCCAAAAACAAACGATATAGC
caKCH]1-Sall-R GACGACGTCGACAGTTTCAAAGTATTTCGAAACTCC

resuspended in 500 ul of LiOAc/Tris-EDTA solution. A stand-
ard transformation was then performed using 1 ug of linear
DNA in 200 ul of resuspended cells. Cells were plated, and
nourseothricin-resistant isolates selected on YPD + 200 ug/ml
NAT were picked. Colonies were selected according to Ref. 38.
Briefly, colonies were selected, allowed to grown overnight in
YPD to allow the cassette to flip out, and then plated on 25
pg/ml nourseothricin plates. Small colonies representing
strains in which one allele was excised (KCH1/kch1::FRT) were
selected and confirmed by colony PCR. Confirmed colonies
were then selected to undergo a second round of transforma-
tions. Double mutant strains (kc/1::FRT/kch1::FRT) were con-
firmed by colony PCR.

**Ca®" Uptake Assays—Total cellular accumulation of Ca**
was measured as described previously (39). Briefly, yeast cul-
tures were grown to log phase in SC or YPD medium overnight,
harvested, and resuspended in fresh SC-100 medium spiked
with tracer **CaCl, (PerkinElmer) in the presence or absence of
tunicamycin, N,N,N’,N"-tetrakis-(2-pyridylmethyl) ethylene-
diamine (TPEN), miconazole, terbinafine, or caspofungin with
or without FK506 as indicated in the figures. SC-100 medium
was similar to SC medium, except that the YNB component was
replaced with yeast nitrogen base lacking calcium chloride,
magnesium sulfate, sodium chloride, and potassium phosphate
(Sunrise Scientific Products), supplemented with 100 mg/liter
sodium phosphate, 0.5 g/liter MgSO,, and 100 um CaCl, and
indicated concentrations of KCl. Cultures were then incubated
at 30 °C in 96-well filtration plates (Millipore MultiScreen HTS
plates), harvested by filtration, washed four times with ice-cold
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buffer A (10 mm CaCl,, 5 mm Na-HEPES, pH 6.5) on a vacuum
filtration unit (Millipore), and dried at room temperature. The
filters were covered with Microscint20 scintillation mixture
(PerkinElmer), and counted using a TopCount NXT (Packard)
or a Tri-Carb 2200 (Packard) liquid scintillation counter.

Western Blotting—Cultures were grown to log phase at 30 °C
in YPD medium, adjusted to Ay, ~0.5 in standard SC medium,
and split into five aliquots. Samples were treated with 1 ug/ml
FK506, 2.5 pug/ml tunicamycin, 5 mm dithiothreitol (DTT) for
4.5 h at 30 °C before processing. Processing involved centrifug-
ing one Agq, unit of cells at 4 °C, lysis of cells with trichloro-
acetic acid, extraction of proteins with SDS sample buffer, then
SDS-PAGE, and Western blotting as described previously (40).
Blots were probed with anti-MYC monoclonal 9E10 antibodies
(Covance). Protein standards were probed with anti-PGK1
(Abcam).

B-Galactosidase Assays—The activation of the UPR signaling
pathway was monitored using plasmid pCZY1 (2u URA3
UPRE-LacZ) (9). The activation of the calcium signaling path-
way was monitored with plasmid pAMS366 (2u URA3
4xCDRE-LacZ) (37). To measure the activation of the Ca®™
signaling cascade, cultures bearing the plasmid pCZY1 were
grown overnight to log phase in SC medium lacking uracil. 2.5
pg/ml tunicamycin was added to 10 ml of log phase cultures
and incubated at 24 °C with spinning and harvested every hour.
To measure UPR activation, cultures bearing pAMS366 were
grown overnight to log phase in SC medium lacking uracil. 5
pg/ml tunicamycin or 5 mMm BAPTA was added to log phase
cultures, and tubes were allowed to rotate at 24 °C with spin-
ning for 3 and 3.5 h, respectively. Cultures were assayed for
B-galactosidase activity as described previously (41).

Cell Death Measurements—S. cerevisiae cultures were grown
overnight to log phase in SC medium at 30 °C. 0.2 A, of cells
was harvested, resuspended in standard SC medium, and mixed
with 2-fold serial dilutions of tunicamycin. Cells were then
incubated at room temperature for 10 h in a flat-bottom 96-well
dish (BD Biosciences). For cell death of C. albicans strains in the
presence of tunicamycin, log phase cultures grown in YPD
overnight at 24 °C were added to 2-fold serial dilutions of tuni-
camycin in a flat-bottom 96-well dish and incubated at 30 °C for
7 h. For cell death measurements of C. albicans strains in the
presence of antifungal drugs, cultures were grown overnight at
30°C in SC medium to saturation, and saturated cells were
diluted 1:4 into 2-fold dilutions of miconazole, terbinafine, or
caspofungin in the presence or absence of 1 pug/ml FK506 in a
flat-bottom 96-well dish and incubated at 30 °C for 24 h. In all
experiments, the preincubated cells (20 ul) were mixed with
180 ul of PBS containing 1 pug/ml propidium iodide, and the live
and dead cells were counted automatically using a 96-well flow
cytometer FACSArray (BD Biosciences). At least 5,000 cells in
each sample were counted.

Statistical Analyses—All statistical analysis was performed in
the graphing software Prism. For all experiments, at least three
biological replicates were analyzed in parallel and plotted as
averages (+S.D.). Statistical significance was assessed by two-
way analysis of variance on k¢l mutant strains relative to the
isogenic control strains. Significant differences were marked in
the figures as * (p < 0.05) or ** (p < 0.01).
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RESULTS

Kchl Regulates Ca®" Uptake and CN Activation in S. cerevi-
siae Cells Exposed to Tunicamycin—The activation of HACS
during the response to mating pheromones was recently shown
to depend on the related fungus-specific proteins Kchl and
Kch2 (34). To test whether Kch1 and Kch2 are required for the
activation of HACS during a very different kind of stress, ER
stress, the uptake of **Ca*>" was measured in kc/kI kch2 double
mutants and single mutants during a 4-h exposure to tunica-
mycin in the presence of FK506, an inhibitor of Cn that relieves
the feedback inhibition of HACS. The kch2 single mutant cells
exhibited wild-type levels of **Ca®" uptake, whereas the kch1
single mutant cells and the kchl kch2 double mutant cells
exhibited significantly lower levels of *>’Ca®" uptake during the
response to tunicamycin (Fig. 1A). The defects observed in kch1
mutants and kchl kch2 double mutants were not as severe as
those of the cchI mutants, suggesting residual HACS activation
in the absence of Kchl and Kch2. Similarly, when Cn was not
inhibited (Fig. 1B), kchl kch2 double mutants exhibited less
**Ca®" accumulation than wild-type cells, although HACS
activity was much lower in these conditions. To test whether
Cn signaling also declines in kchI mutants, expression of the
CDRE-lacZ reporter gene was measured after exposure to tuni-
camycin. The kch1 mutant cells demonstrated significantly less
CDRE-lacZ expression than wild-type cells and about the same
as the HACS-deficient cch I mutant cells and the cch1 kchi dou-
ble mutant cells (Fig. 1C). These results suggest that Kch1 func-
tions in the same signaling pathway as HACS and Cn. To deter-
mine whether the defect in Cn signaling observed in kchl
mutant cells was extreme enough to prevent cell survival during
the response to tunicamycin, cell death was measured after
exposure to tunicamycin by staining with propidium iodide.
Similar to Cn-deficient and HACS-deficient cells, the kchi
mutant cells exhibited enhanced cell death after prolonged
exposure to tunicamycin (Fig. 1D). Collectively, these findings
show that the activation of HACS, Cn, and essential cell survival
pathways during the response to tunicamycin requires Kchl
but not Kch2.

DNA microarray experiments suggested that transcripts
encoding Kch1, but not Kch2, were strongly induced during the
exposure to tunicamycin via the canonical UPR signaling path-
way (42). To test whether Kch1 and Kch2 protein levels were
altered during the response to ER stress, Western blots were
performed on cells expressing genomic variants of Kchl and
Kch2 containing the Myc, ; tag at their C termini. Unlike the
mating pheromone a-factor, tunicamycin and DTT exposures
failed to induce expression of Kch2 (Fig. 24). Both ER stressors
strongly induced expression of Kch1 as well as a slight shift in
mobility on SDS-PAGE that could not be blocked by FK506
(Fig. 2B). The up-regulation, but not the mobility shift, of Kch1
was dependent on Irel gene function (Fig. 24). These findings
explain why Kch2 was not required for HACS activation during
the response to ER stressors and suggest that Kchl up-regula-
tion and post-translational modifications are associated with
the effect.

To test whether Kch1 is necessary for proper signaling in the
UPR pathway, UPRE-lacZ expression was measured in the
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FIGURE 1.Kch1 regulates HACS-dependent Ca?* accumulation in response to tunicamycin. Aand B, “*Ca " uptake into cultures of S. cerevisiae strains that
contain combinations of Kch1, Kch2, and Cch1 (strains K601, CS01, CS02, CS03, CS04) was measured after a 4-h incubation in SC-100 (10 mm KCI) medium in the
presence or absence of 3 ug/ml tunicamycin plus 0.25 ug/ml FK506, as indicated. C, B-galactosidase activity of the above mentioned strains transformed with
a CDRE-lacZreporter gene (pAMS366) in SC medium in the presence of 2.5 ug/ml tunicamycin. Samples were collected at the indicated time points. D, wild type
and kch1 mutants (K601 and CS02) were exposed to 2-fold dilutions of tunicamycin, incubated for 10 h, and stained with propidium iodide. Live and dead cells
were counted by flow cytometry. In all panels, averages for three biological replicates (£S.D.) are shown, and significant differences between kch1 and KCH1

control cells are indicated (**; see “Experimental Procedures”).

presence of two ER-damaging agents, tunicamycin and BAPTA
(Fig. 2B). Under these conditions, wild-type cells induced
UPRE-lacZ expression more than 10-fold, whereas irel
mutants exhibited greatly diminished responses. UPRE-lacZ
expression in kchl mutant cells was ~80% of wild-type cells,
suggesting that Kchl is largely unnecessary for UPR signaling
during ER stress.

Extracellular K" Is Required for Ca®" Influx in Response to
Tunicamycin—The activation of HACS during the response
to mating pheromones required extracellular K* in addition to
Kch1 or Kch2 (34). To test the role of extracellular K™ during
the response to ER stress, kchi kch2 double mutants and the
control strain were exposed to tunicamycin plus FK506 in syn-
thetic growth medium containing *>Ca*" and varying amounts
of dissolved KCl. Indeed, extracellular K* promoted **Ca**
uptake in both strains in a dose-dependent fashion (Fig. 34)
with the wild-type strain exhibiting significantly stronger
responses at almost every K™ concentration. The difference
between the wild-type and kch1 kch2 double mutant strain was
more pronounced when FK506 was omitted and the Cn-depen-
dent feedback inhibition of HACS was restored (Fig. 3B). The
residual **Ca®" uptake that occurred in the absence of Kchl
and Kch2 was likely due to residual HACS activation because it
depended on extracellular K* and it also depended on the high
affinity K™ transporters Trk1l and Trk2 (Fig. 3, A and B). At high
concentrations of K*, tunicamycin activated HACS in trk1 trk2
double mutant cells and, to alesser degree, in the kch1 kch2 trk1
trk2 quadruple mutant cells. These experiments show that high
affinity transporters Trk1l and Trk2 play important roles in the
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activation of HACS in low K™ conditions (less than 50 mm) that
cannot be fulfilled by Kch1 (or Kch2). On the other hand, Kch1
contributed to HACS activation in high K* conditions in the
presence or absence of Trk1 and Trk2 and in low K* conditions
only when Trk1 and Trk2 were operational. The aggregate find-
ings suggest that Kch1, Trkl, and Trk2 regulate HACS by con-
trolling K™ uptake likely through their effects on the trans-
membrane electrical potential of the plasma membrane.

Other ER Stressors Utilize Kchl and Kch2 for Activation of
HACS—The membrane permeable reducing agent DTT can
suppress the formation of disulfide bonds in the endoplasmic
reticulum, leading to protein misfolding and the activation of
the UPR signaling pathway (13). DTT therefore elicits cellular
responses that overlap with those of tunicamycin, an inhibitor
of N- and O-glycosylation of secretory proteins (43). When
DTT was used instead of tunicamycin to stimulate yeast cells in
different K* concentrations, the resulting uptake of **Ca** was
different in several ways. First, although the stimulatory effects
of Kchl remained evident, *>Ca*>" uptake into wild-type and
kchl kch2 double mutant cells in the presence of FK506 was
several times lower in cells responding to DTT relative to the
cells responding to tunicamycin (Fig. 3C). Second, the stimula-
tory effects of Kch1 and Kch2 on **Ca®* uptake disappeared in
the trkl trk2 double mutant cells (Fig. 3C) and in all the cells
when FK506 was omitted (Fig. 3D). DTT and tunicamycin
induced Kchl expression and post-translational modifications
to similar extents (Fig. 2B). It is possible that DTT secondarily
inhibits HACS by reducing disulfide bridges in the regulatory
subunits, Midl and Ecm7 (27).

VOLUME 288+NUMBER 48-NOVEMBER 29, 2013



K* Transporters Linking ER Stress to Ca’* Channels in Yeasts

A Kch2-Myc, Kchi1-Myc,q
anti-Myc L B P ———
anti-Pgk1 o - — %—-
™ -+ - - - + - +
prr - =+ iretA  WT
a-factor - - =
B Kch1-Myc,,
anti-Myc b aay O an
anti-GAPDH -—
™ - - + + - -
DTT - - - — + +
FK506 — 4+ — 4+ — 4
C 10000
owT "k
Bkch1 ]
1000 { ®jret
2 N
€ 100 E
=)
5
S 104 m
1
0 ™ BAPTA

FIGURE 2. Altered expression and modification of Kch1 in response to
tunicamycin and DTT. A and B, whole-cell lysates of cells expressing Kch2-
Myc,5 (A) or Kch1-Myc,; (A and B) were prepared after a 4-h exposure to
tunicamycin (TM), DTT, a-factor, and/or FK506 as indicated. C, assays of B-ga-
lactosidase activity of wild type, kchi, and irel mutants (K601, CS03,
DNY1048) transformed with a UPRE-lacZ reporter gene (pCZY1) in the pres-
ence or absence of tunicamycin or BAPTA after incubation for 3 or 3.5 h,
respectively. Averages for three biological replicates (+S.D.) are shown, and
significant differences between kch1 and KCH1 control cells are indicated
(**; see “Experimental Procedures”).

Perturbation in ER Ca®>* homeostasis is known to result in
ER stress and the activation of the UPR signaling pathway (13).
The membrane-permeable metal chelator N,N,N',N"-tetrakis-
(2-pyridylmethyl) ethylenediamine (TPEN) has been shown to
activate the UPR signaling pathway and HACS in yeast, pre-
sumably through an ability to chelate Ca®" and other metal ions
within the endoplasmic reticulum (13). Although TPEN did not
induce expression or modification of Kch1 like DTT and tuni-
camycin (not shown), the elevated *>Ca®" uptake observed in
TPEN-exposed cells was dependent on Kch1 (Fig. 4B).

Yeast cells lack a homolog of the sarco/endoplasmic reticu-
lum Ca®>* ATPase and instead utilize a homolog of the secre-
tory pathway Ca®>" ATPase (SPCA) known as Pmr1 to supply
Ca®" to the endoplasmic reticulum and Golgi complex (44—
46). Similarly to the addition of TPEN, pmrl mutants also
exhibit elevated **Ca®>* uptake via activated HACS (13). The
further loss of Kchl in pmrl mutants strongly diminished
*>Ca®" uptake, whereas the further loss of Kch2 had no signif-
icant effect (Fig. 4A4). Therefore, Kchl mediated the elevated
HACS activity observed in the pmrI mutant cells.

HACS Dependence on Kch1 Is Conserved in C. albicans—The
opportunistic pathogen C. albicans utilizes HACS and Cn to
survive assaults by tunicamycin (13) as well as antifungal com-
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pounds that target the ER (1618, 20). To determine whether
the sole homolog of Kch1l in C. albicans, termed caKchl, plays a
role in these processes, both alleles of caKCHI were deleted,
and **Ca®" accumulation was measured in response to tunica-
mycin and FK506. Similar to S. cerevisiae, **Ca®" accumulation
in the kch1™”~ mutant strain was significantly lower than the
parent strain and higher than both the cch! ™"~ mutant and the
kch1™"~ cchl™”~ double mutant (Fig. 54). To test whether this
Ca®>" accumulation deficit resulted in cell death, strains were
stained with propidium iodide after prolonged exposure to
tunicamycin. The kchl™”~ mutant exhibited a much higher
level of cell death than the control strain, but somewhat less cell
death than the kchl ™"~ cchl”~ double mutant strain (Fig. 5B).
Thus, tunicamycin-stressed C. albicans depended on Kch1 and
HACS for cell survival, similar to S. cerevisiae.

Fig. 6 illustrates the roles of Kchl, HACS, and Cn in the
responses of C. albicans to synthetic antifungal drugs that tar-
get different enzymes in the ER and plasma membrane.
Miconazole, an inhibitor of cytochrome P-450 lanosterol 14a-
demethylase during ergosterol biosynthesis in the ER (47),
stimulated strong *>Ca®" uptake similarly in wild-type cells and
kch1™”~ cells but not the cchl ™~ and kchl ™"~ cchl ™ cells
(Fig. 6A), suggesting that this compound activates HACS
through a mechanism that does not depend on Kch1. Similarly,
Kch1 was not required for HACS and Cn to suppress cell death
after exposure to miconazole (Fig. 6B). Terbinafine, an inhibi-
tor of squalene epoxidase (Ergl) early in the ergosterol biosyn-
thesis pathway in the ER (20), produced 25-fold stronger
*5Ca®" uptake than miconazole in these conditions, and Kch1
was not detectably required for this process (Fig. 6C). Surpris-
ingly, Kch1 promoted survival of cchl~”~ cells in the presence
or absence of FK506 and promoted the death of cells that were
proficient in HACS and Cn (Fig. 6D), suggesting unique roles of
Kchl in this condition that were independent of HACS and Cn.
Caspofungin, an inhibitor of the cell wall component 3-1,3-p-
glucan (48), generated a very small amount of **Ca>" uptake
that was partially dependent on HACS and Kchl (Fig. 6E).
Unlike miconazole and terbinafine, caspofungin triggered cell
death in the wild-type strain, and the effect was slightly
increased in the mutants lacking Cchl (Fig. 6F). Thus, these
common antifungal compounds all activated HACS, Cn, and
survival mechanisms independent of Kch1.

DISCUSSION

Regulation of HACS in Yeasts by Kchl and K™—We report
here that K* regulates HACS in a broader variety of yeast spe-
cies and conditions than just S. cerevisiae cells responding to
mating pheromones (34). Specifically, the putative K* trans-
porters Kchl in S. cerevisiae and its ortholog caKch1 in C. albi-
cans participate in the activation of HACS during the response
to ER stress. The ER stressors DTT and tunicamycin induced
expression and post-translational modification of Kchl in
S. cerevisiae. Kchl was necessary for most HACS-dependent
Ca*>" uptake and Cn activation under these conditions, as indi-
cated by diminished CDRE-lacZ expression and cell survival in
kchl1 knock-out mutants. Interestingly, full HACS activation
still occurred in irel mutants responding to ER stress (13), sug-
gesting that induction of Kchl is not always necessary for
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HACS activation. Other ER stressors, such as TPEN and Pmr1
deficiency that both affect Ca®>" homeostasis in secretory
organelles, failed to induce Kchl expression (data not shown)
and yet increased HACS activity through mechanisms that
were only partially dependent on Kch1. These findings suggest
that Kchl may respond to ER stress through both transcrip-
tional and post-translational mechanisms.

We show here that the physiological activation of HACS in
response to tunicamycin also depended very strongly on Trk1
and Trk2, well characterized K* transporters in yeasts (50 -53),
and was highly sensitive to the concentration of K* in the envi-
ronment. Trkl and Trk2 lowered the requirements for extra-
cellular K* from ~50 mm in trk1 trk2 double mutants to ~1 mm
in control strains that contained or lacked Kchl (Fig. 3A).
Therefore, HACS activation depended on the influx of K* ions
orintracellular K" rather than extracellular K" concentrations.
Interestingly, Kch1 did not lower the requirements for extracel-
lular K™ like Trk1 and Trk2 but instead increased the amplitude
of HACS activation independent of Trk1 and Trk2 at the effec-
tive concentrations of K*. This finding could suggest a role for
Kch1 on HACS activation that is either independent of K* or
dependent on some other K* transporter; however, no such
role was evident in trkI trk2 mutant cells that were stressed
with DTT instead of tunicamycin (Fig. 3C). Additionally, this
finding is consistent with the possibility that Kch1 plays less of
arole in K nutrition than Trk1 and Trk2 and more of a role in
setting the transmembrane electrical potential, in much the
same way that the Kir channels and NALCN channels help set
the resting potentials of mammalian cells (54, 55). In fact, Kch1-
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significant differences between kch1and KCH1T control cells are indicated (* or
**. see “"Experimental Procedures”).

dependent K™ currents were inwardly rectifying in both yeast
and animal cells similar to Kir channels (34, 56). More work is
necessary to discriminate whether Kch1 functions as a channel,
transporter, or regulator of a channel or transporter.

The finding that HACS relies upon Trkl family proteins in
addition to Kchl family proteins and their common substrate
(K™) is further evidence that HACS senses changes to mem-
brane voltage in yeasts, similar to its homologs in animals. More
evidence comes from the rapid kinetics of HACS activation in
response to sudden elevation of the environmental pH (27, 57).
Because S. cerevisiae cells utilize an electrogenic H™ ATPase
instead of an electrogenic Na*/K* ATPase to energize their
plasma membranes, the high pH shock is expected to depolar-
ize the cell membrane (27, 57). The strongly negative resting
potential of S. cerevisiae cells may necessitate fewer numbers of
positively charged residues within the voltage-sensing S4
domains of Cchl to achieve voltage sensitivity of HACS. Lastly,
the apparent voltage insensitivity of a reconstituted HACS
composed of Cchl and Midl homologs from C. neoformans
(33) may reflect the narrow voltage range examined (—100 mV
and higher) and/or the absence of a y-subunit homolog (Ecm?
in S. cerevisiae (27)). The effects of increasing or decreasing the
number of charges in the S4 domains of HACS in these fungi
has not been explored, but the results may be relevant to under-
standing the NALCN type of Na™ leak channels, which are the
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essential orthologs of Cchl in animals (58) that contain a sim-
ilarly reduced number of positive charges in their S4 domains.

Roles of Kchl, HACS, Ca®*, and Cn during Antifungal
Assaults—Inhibitors of Cn, such as FK506 and cyclosporine,
have long been known to convert azole-class antifungals, ER
stressors, and natural mating pheromones from fungistats to
fungicides (13, 16-22, 29, 49, 59-61), spurring research
into the upstream regulators and downstream effectors of Cn in
these phenomena that might be targeted for future antifungal
therapies. The present study contributes several new findings
to this ongoing enterprise. First, Kchl family proteins played
important roles in HACS activation, Cn activation, and cell sur-
vival during exposures to tunicamycin in both S. cerevisiae and
C. albicans, suggesting a conservation of Kch1 function at least
among these yeasts. However, the contributions of Kchl were
less important during exposures of S. cerevisiae to DTT and
insignificant during exposures of C. albicans to miconazole,
terbinafine, and, to a lesser extent, caspofungin, although
HACS and Cn were strongly activated in all these conditions
and important for cell survival. The findings therefore suggest
that other cellular factors can sometimes regulate HACS inde-
pendent of Kch1. The strong role of Trk1 and Trk2 in the reg-
ulation of HACS in tunicamycin-exposed S. cerevisiae suggests
that other K* transporters or channels or perhaps direct regu-
lators of HACS itself may respond to common antifungals. Sec-
ond, HACS and Cn occasionally promoted cell survival in an
additive fashion, as if they functioned independently. The clear-
est example of this phenomenon was observed during the expo-
sure of C. albicans to miconazole (Fig. 6A). In the absence of
Cn, the uninhibited HACS may activate other Ca®*-sensitive
survival factors such as Cmk2, which has been implicated
already in the survival of S. cerevisiae cells exposed to mating
pheromones and ER stressors (13, 14, 49). In the absence of
HACS, alternative low affinity Ca>" influx systems (29, 62) may
contribute to the activation of Cn and Cmk2, resulting in cell
survival. Therefore, functional redundancies may also exist at
the levels of Ca®>* influx and Ca®* effectors. Third, Kchl
uniquely promoted survival of C. albicans cells exposed to low
doses of terbinafine in the absence of both HACS and Cn (Fig.
6D). Although more work would be required to understand this
phenomenon, it hints at the possibility that K™ influx may influ-
ence the mechanism that governs vacuole rupture, which has
been proposed as the key event that discriminates cell survival
and eventual cell death (15). Rather than pinpointing a simple
linear pathway that prevents vacuole rupture and promotes cell
survival during antifungal assaults, this study suggests a net-
work of interacting transporters and channels, Ca®" influx sys-
tems, and Ca”" effector proteins that contribute in varying
degrees, under certain conditions and in differing species, to
achieve cell survival.

The echinocandin class of antifungals, including caspofun-
gin, is well known to have fungicidal activity on diverse species
through blockade of cell wall biogenesis (63). Remarkably,
HACS and Cn promoted survival of C. albicans cells that were
exposed to sublethal doses of caspofungin (Fig. 6F). The
increased cell death observed in HACS and Cn-deficient
mutants of C. albicans may explain why these mutants exhibit
hypersensitivity to caspofungin in standardized assays of cul-

JOURNAL OF BIOLOGICAL CHEMISTRY 34867



K* Transporters Linking ER Stress to Ca®* Channels in Yeasts

A

300 1
B+0
8.4 FK506
225 B4 MIC

=+ MIC FK506

45Ca2+ Uptake
nmol/ 10° cells)

150 A
75 1
0
wTt kchi1-/-  cch1-/-  kchi1-/-
cchi-/-
C *%
8000 1
0+0
% 6000
23 B4 FK506
8o
52 8+TB
& T 4000 B, TB FK506
© o
QE
RIS
2000 1
0 - .
wTt kchi1-/-  cch1-/-  kchi1-/-
cchi-/-
250
200 1 B+0
B+ FK506
150 B+ CAS

"+ CAS FK506

45Ca2+ Uptake
(nmol/ 10° cells)

wTt kch1-/-

cchi1-/-

kch1-/- cchi-/-

B

— + FK506

—O-wT

O keh1-/-
—®—cchi-/-

—&— kch1-/- cchi-/-
—O-wr
——=kch1-/-
—®—cchi-/-

—&— kch1-/- cchi-/-

25 1

0.05 0.5

Caspofungin (ug/ml)

FIGURE 6. Ca®* accumulation and cell death in Ca?* pathway mutants in response to commonly used antifungals. A, C,and £, “*Ca®" uptake into strains
listed in Fig. 5 in SC-100 medium (10 mm KCl) after exposure to 0.25 ug/ml miconazole (MIC) (A), 25 ug/ml terbinafine (TB) (C), or 25 wg/ml caspofungin (CAS)
(E) in the presence or absence of 1 ug/ml FK506 after 4 h of incubation. Averages for three biological replicates (+S.D.) are shown, and significant differences
between kch1 and KCHT control cells are indicated (**; see “Experimental Procedures”). B, D, and F, cell death measurements on saturated cultures in SC media
in the presence of indicated concentrations of miconazole (B), terbinafine (D), or caspofungin (F) in the presence or absence of 1 ug/ml FK506 after a 24-h
incubation. Cells were stained with propidium iodide and measured by flow cytometry.

ture growth (64). The abilities of HACS and Cn to suppress the
lethal consequences of caspofungin, terbinafine, miconazole,
tunicamycin, and dithiothreitol, which all inhibit different
enzymes in the plasma membrane and ER, suggest that the cal-
cium signaling network operates as a general defense system in
fungal cells that responds to diverse membrane stressors.

Understanding how Cn defends fungal cells from antifungal
assaults will be potentially useful in the development of new
methods for controlling fungal pathogens in humans. Several
prominent targets of Cn, including Crz1, SIm1/Slm2, Hph1/
Hph2, and Renl/Ren2, have been shown to be unnecessary for
the survival-promoting activity of Cn in S. cerevisiae (14, 40,
65). Identifying the targets of Cn that promote cell survival or
prevent cell death in each of the conditions will be important
for determining whether the antifungals share a common
mechanism of action that is normally thwarted by the activa-
tion of Cn.

34868 JOURNAL OF BIOLOGICAL CHEMISTRY

Cn activation in chronic myelogenous leukemia cells has
been shown recently to promote both cell survival in vitro and
cancer progression in vivo after exposure to imatinib (Gleevec),
which inhibits the Bcr-Abl oncogene that drives several cancers
(66). Cn also prevents the death of normal cells of the proximal
tubules of kidneys, thus explaining the nephrotoxic side effects
of the immunosuppressants FK506 and cyclosporine (67, 68).
Therefore, some of the cell death-defying functions of Cn may
be conserved across the eukaryotic kingdoms and potentially
exploited in the treatment of wide ranging diseases. More
research in all these areas will be necessary to define the critical
targets of Cn in all these circumstances.
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