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Salivary histatin 5 (Hst 5), a potent toxin for the human fungal pathogen Candida albicans, induces
noncytolytic efflux of cellular ATP, potassium, and magnesium in the absence of cytolysis, implicating these ion
movements in the toxin’s fungicidal activity. Hst 5 action on Candida resembles, in many respects, the action
of the K1 Killer toxin on Saccharomyces cerevisiae, and in that system the yeast plasma membrane potassium
channel, Toklp, has recently been reported to be a primary target of toxin action. The question of whether the
Candida homologue of Saccharomyces Toklp might be a primary target of Hst 5 action has now been investi-
gated by disruption of the C. albicans TOKI gene. The resultant strains (TOKI/tokl) and (tokl/tokl) were
compared with wild-type Candida (TOKI/TOKI) for relative ATP leakage and killing in response to Hst 5.
Patch-clamp measurements on Candida protoplasts were used to verify the functional deletion of Toklp and to
provide its first description in Candida. Toklp is an outwardly rectifying, noisily gated, 40-pS channel, very
similar to that described in Saccharomyces. Knockout of CaTOKI (tokl/tokl) completely abolishes the currents
and gating events characteristic of Toklp. Also, knockout (fokl/tokl) increases residual viability of Candida
after Hst 5 treatment to 27%, from 7% in the wild type, while the single allele deletion (TOKI/tokl) increases
viability to 18%. Comparable results were obtained for Hst-induced ATP efflux, but quantitative features of
ATP loss suggest that wild-type TOKI genes function cooperatively. Overall, very substantial killing and ATP
efflux are produced by Hst 5 treatment after complete knockout of wild-type TOK1, making clear that Toklp

channels are not the primary site of Hst 5 action, even though they do play a modulating role.

Antimicrobial defense mechanisms in the oral cavity are
provided by innate nonimmune proteins and peptides of sali-
vary gland origin, which include lactoperoxidase, lysozyme,
lactoferrin, cathelicidins, and histatins (Hst’s). These agents
have overlapping antimicrobial activities and are key initial
host defense molecules in limiting oral infections (15, 26). The
Hst’s form a family of small, histidine-rich, cationic peptides
secreted by human parotid and submandibular glands (27). Of
this family, Hst 5 has the highest antifungal activity for Candida
albicans and related yeasts (38). Oral candidiasis (thrush) is a
common mucosal infection caused by C. albicans in patients
undergoing chemotherapy or organ transplantation and in per-
sons with immunodeficiency virus infections, underlying sys-
temic disease states, or medications which reduce salivary flow.

The spectrum of innate eukaryotic antifungal molecules in-
cludes a large array of peptides and proteins, varying widely in
both structure and molecular mechanism of action. Many of
these agents, but not all, directly target the plasma membrane
and/or organellar membranes for disruption; others kill fungi
via multitarget, multistep pathways. Chromofungin is an anti-
fungal peptide derived by natural processing of vasostatin-I
and is secreted from human polymorphonuclear neutrophils
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(24). This protein acts primarily by penetrating and destabiliz-
ing fungal cell plasma membranes (24). Yeast K1 killer toxin,
by contrast, kills sensitive Saccharomyces cerevisiae cells via a
receptor-mediated multistage process. K1 toxin initially binds a
receptor in the yeast cell wall, Krelp (9), whence action is
transferred to the plasma membrane, disrupting cell function
by causing unregulated release of potassium and ATP (1, 33).
Patch-clamp evidence has been presented (32) for K1 action
on the TOKI1 potassium channel in Saccharomyces, but killing
via this target alone is very incomplete.

Superficially, the pathway of Hst 5 fungicidal activity now
appears similar to that of K1 toxin and does not involve direct
pore formation in the yeast plasmalemma (17, 18, 21, 36). Hst
5 effects on Candida plasma membranes include depolariza-
tion (30), loss of cellular ATP and potassium (22, 39), and
uptake of the DNA marker propidium iodide (18) but not the
passage of larger dyes, such as calcein (14). Hst 5 also appears
to act, like K1 toxin, via a specific surface receptor distinct
from the targets for permeabilization (14). For Hst 5, that
receptor appears to be a 70-kDa binding protein in cell enve-
lopes of both C. albicans and S. cerevisiae whose deletion
makes cells less sensitive to Hst 5 (M. Edgerton, unpublished
data). K1 toxin killing is blocked in 2,4-dinitrophenol (DNP)-
and carbonyl cyanide m-chlorophenylhydrazone (CCCP)-ener-
gy-depleted cultures. Similarly, the cytotoxic effects of Hst 5 on
C. albicans are dependent upon energy metabolism (21, 39).
Hst 5 killing is inhibited by the ionophores DNP and CCCP
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(21), whose uncoupling action on mitochondria causes rapid
deenergization of the cells (13). Saccharomyces cell death from
K1 toxin was recently attributed, principally by one laboratory
(1), to potassium efflux through Toklp, since high external
potassium seemed to protect yeast against K1 toxin and since
deletion of the TOKI gene also conferred resistance. In related
experiments, we found Hst 5 fungicidal activity to be inhibited
by increased extracellular potassium concentration, as well as
by pretreatment of cells with ion-transport inhibitors, such as
5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), 4,4'-di-
isothiocyanatostilbene-2,2'-disulfonic acid (DIDS), and niflu-
mic acid (2).

The total evidence to date on the candidacidal action of Hst
5 points toward a multistep process involving the C. albicans
homolog of the S. cerevisiae TOKI1 channel as a potential
effector target. The experiments below identify the sole C.
albicans TOKI gene and describe construction of several
TOKI-disruption strains. These studies provide the first direct
functional assessment of Toklp involvement in Hst 5 action.

MATERIALS AND METHODS

Yeast strains and media. Escherichia coli strain DH5a (Invitrogen) was used
as a host for plasmids and was cultivated in Luria-Bertani medium (Difco).
Ampicillin was added at a final concentration of 100 pg ml~'. The C. albicans
strains used and generated in this work are shown in Fig. 1. A rich medium, yeast
extract-peptone-dextrose (YPD; Difco), was used to grow strain CAI4 for trans-
formation. Yeast nitrogen base (YNB) medium (Qbiogene) without uracil or
uridine and supplemented with 2% glucose as carbon source was used for
selection of the URA™ transformants. Solid media were prepared by addition of
1.5% Difco agar. YCB-BSA medium was used for induction of FLP-mediated
excision of the URA3 flipper cassette (UFC) (25). For selection of ura3 auxo-
trophic derivatives, cells were plated on solid YNB containing 50 pg of uridine
ml~! and 1 mg of 5-fluoroorotic acid (FOA; Sigma) ml~'. The FOA-resistant
colonies were picked up after 3 days of incubation at room temperature.

For growth testing of constructed strains, cells from each strain were grown
overnight (~15 h) in YNB-complete medium at 37°C, until they reached an
optical density at 600 nm of 1.2. Cells were counted and serially diluted 1:10,
1:100, and 1:1,000 with water, after which 7 .l of each strain and concentration
was pipetted onto YNB plates supplemented with 10 or 100 mM KCI or NaCl.
Plates were incubated at 37°C for 48 h until visible colonies formed.

DNA manipulations. Standard conditions for molecular cloning, hybridization,
transformation, and electrophoresis were used (31). Restriction endonucleases
were purchased from Fermentas. The Fast-Link DNA ligation kit was from
Epicentre Technologies. Plasmid DNA was isolated from E. coli by the alkaline
lysis method, employing a QIAprep Spin miniprep kit from Qiagen. Purification
of restriction digest mixes, PCR mixes, and DNA fragment isolation from aga-
rose gels were done by using QIAquick PCR purification and QIAquick gel
extraction Kits, respectively, both from Qiagen. All synthetic oligonucleotides
used in this study are listed in Table 1.

Construction of C. albicans TOKI mutant strains. To study the possible role of
the CaTOKI gene product in the action of salivary Hst 5, knockout strains were
constructed via the URA3-flipping method (25). C. albicans strain CAI4 was first
transformed with linearized pTOK-UFC-1 in order to inactivate the first TOKI
allele (Fig. 1A). Correct allelic replacement was confirmed by PCR and Southern
analysis for four randomly selected URA ™ transformants (data not shown). One
of them was grown on YCB-BSA medium for induction of FLP-mediated exci-
sion of the UFC (Fig. 1B). Two randomly selected Ura™~ colonies were PCR and
Southern blot analyzed for the loss of the UFC (Fig. 1C). Thus, the heterozygous
TOKI/tokl strain DBT2 was obtained.

The heterozygous TOK]I/tokl strain was subjected to a second round of trans-
formation with both pTOK-UFC-1 and/or pTOK-UFC-2 in order to obtain
homozygote disruptants. Twelve URA™ transformants of each experiment were
analyzed by PCR and Southern blotting, and all transformants maintained the
wild-type allele, a phenomenon that has been recently described for C. albicans
(10). Therefore, a second allele knockout strategy with plasmid pMUT was used
(Fig. 1D). Spheroplasts of strain DBT2 were transformed with intact pMUT
plasmid, and a C. albicans tokl null mutant strain DBT3 with the insertion in the
remaining TOKI allele was obtained (Fig. 1E). PCR analysis of genomic DNA
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isolated from homozygous (tokl/tokl) DBT3 (Fig. 1F, lanes 1 and 3) and the
heterozygous (TOKI/tokl) DBT2 (Fig. 1F, lanes 2 and 4) strains was done.
Specific primers used are listed in Table 1, and their binding sites are indicated
in Fig. 1C and E. The gene status of these strains was further verified by reverse
transcription-PCR (RT-PCR) detection of the CaTOKI transcript as described
below and is shown in Fig. 2.

For complementation experiments with the single-allele deletion strain DBT2
(TOKI/tokI), the supplemental strain DBT4 was generated. The wild-type copy
of TOKI was cloned and introduced into the RPI0 locus of DBT2, using the
plasmid construct pDBT as described below to generate strain DBT4.

Construction of pTOK-UFC-1 and pTOK-UFC-2. The UFC was isolated as a
Xhol-Bglll fragment from plasmid pSFUC?2, kindly supplied by J. Morschhéuser.
Two different constructs were generated. pTOK-UFC-1 was prepared as follows:
using the primers TOKf-I and XhTOKTr-I, a 697-bp fragment spanning positions
—830 to —134 upstream of the putative translational start codon of the CaTOKI
open reading frame (ORF) was PCR amplified from strain CAI4 genomic DNA.
Likewise, employing the BgTOKI{-I and TOKr-I primers, a 609-bp PCR fragment
spanning positions 266 to 875 downstream of the putative translational stop
codon of the TOK1 ORF was generated. After purification, these PCR fragments
were digested with Sall-Xhol and BglII-EcoRI restriction enzymes, respectively,
and in a quadruple reaction they were ligated to a Xhol-BglIlI fragment bearing
the UFC and the Sall-EcoRI-digested pUCI18, to yield pTOK-UFC-1. Thus, this
construct was designed to delete 2,541 bp of the CaTOKI locus. In a similar way,
pTOK-UFC-2 was prepared in order to delete the region of 1,646 bp within the
TOKI OREF. Using the primers TOKf-II and XhTOKTr-II, a 455-bp PCR frag-
ment was amplified, spanning the positions —157 upstream to 298 downstream of
the putative translational start; by employing BgTOKf-II and TOKr-II primers,
a 489-bp PCR fragment was generated, spanning the positions 200 upstream to
289 downstream of the putative translational stop signal. Like the previous
construct, these two PCR fragments were digested with Sall-Xhol and BglII-
EcoRI restriction enzymes, respectively, and in a quadruple reaction were ligated
to an Xhol-BgllI fragment bearing a UFC and Sal/l-EcoRI-digested pUC18 (40),
to yield pTOK-UFC-2. These constructs were Eco311 linearized before transfor-
mation by using unique restriction enzyme cuts within the vector sequence.

Construction of pMUT. The fragment bearing the first 1,078 bp of the TOK1
OREF, including the putative translational start signal, was PCR amplified using
the primers hTOKI1-f and bTOKI-r. After digestion with HindIII-BamH]I, this
fragment was ligated via the same enzymes used to digest pMAL/EFB3'UTR/
URAZ3 (3), in order to generate pMUT.

Construction of pDBT. A 3,895-bp fragment bearing the CaTOKI locus was
PCR amplified with the primers (S)TOKIL-f and (B)TOKIL-r. After Sall-
BamHI digestion, this fragment was ligated to the same enzyme-digested vector
pUCI18 to yield pTOKI1L. Following BamHI-Sacl digestion, the resulting linear-
ized construct was ligated to the BamHI-Kpnl fragment bearing the CaRPI10
locus and the Kpnl-Sacl-digested PCR fragment bearing a C. albicans URA3
gene as a selectable marker, to generate plasmid pDBT. This plasmid was used
as template in a PCR amplification reaction with the RP10-f and RP10-r primers
before transformation of strain DBT2, since the 3,895-bp DNA fragment bearing
the CaTOKI gene contains four Ncol restriction sites. Ncol digestion is usually
employed to cut the C. albicans RP10 locus, in order to linearize a given construct
before transformation, when the C. albicans RPI0 locus is the target for inte-
gration. Therefore, divergent (long-distance) PCR was used in order to obtain
pBBT in linear form.

RNA isolation, cDNA synthesis, and RT-PCR detection of the CaTOKI tran-
script. Isolation of total RNA from C. albicans strains CAl4, DBT2, and DBT3
grown in YNB (glucose) medium, control of DNA contamination, assessment of
cDNA synthesis and efficiency, and RT-PCR analysis were performed essentially
as reported previously (3). The TOK1-f/TOKI-r synthetic oligonucleotides used
are listed in Table 1. PCR cycling conditions were as follows: initial denaturation
was carried out for 3 min at 94°C followed by three-step cycling of 15-s dena-
turation at 94°C, 15-s annealing at 57°C, and 2-min extension at 72°C for 30
cycles, followed by a 5-min final extension at 72°C. All cDNA synthesis and
RT-PCR experiments were performed at least three times and were highly
reproducible.

Electrophysiological methods. Protoplasts of C. albicans, required for patch
recording from the plasma membrane, were prepared similarly to the published
preparation of Saccharomyces protoplasts (6). Shaking cultures were grown to
late exponential phase in YPD at 30°C, after which 5 to 8 ml of cell suspension
(depending on the actual end optical density) was spun down and washed twice
in 50 mM KH,PO, buffer (brought to pH 7.2 with KOH). The resulting pellet
was resuspended in the same buffer, with 0.2% B-mercaptoethanol added, and
incubated for 30 min at 30°C. Partial digestion of the cell wall was accomplished
by incubating the cells in a solution containing 50 mM KH,PO, (pH 7.2), 1.2 M
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FIG. 1. Construction of C. albicans TOKI-disrupted strains. Construction of C. albicans TOKI knockout strains is described in Materials and
Methods. (A) The integration fragment incorporating the UFC was introduced into the genome of the parental strain CAI4 (Ura™). (B) Inte-
gration of the UFC and replacement of the first TOKI allele generates strain DBT1 (Ura™). (C) FLP-mediated excision of the UFC recycles the
selectable marker and generates the single-allele deletion TOKI strain DBT2 (Ura ™). The small black box denotes the remaining single FRT site
after UFC excision. Shown are the results of Southern hybridization analysis of Bg/lI-digested genomic DNA from strains CAI4 (lane 1) and DBT2
(lane 2) with a 0.7-kb 5" untranslated region (UTR) TOKI-specific probe. The sizes of the hybridizing fragments are as indicated: 4.5 kb, which
corresponds to the intact TOKI alleles in CAI4 (TOK1/TOKI) (lane 1), and 0.7 kb, which corresponds to the inactivated allele in strain DBT2
(TOK1/tokl) as well as the 4.5-kb fragment of the remaining wild-type allele (lane 2). (D) Integration of pMUT disrupts the second TOKI allele.
(E) Genomic structure of the null TOKI strain DBT3 (Ura™). (F) PCR analysis of genomic DNA isolated from the homozygous (fok!1/tokl) DBT3
(lanes 1 and 3) and the heterozygous (TOKI/tok1) DBT2 (lanes 2 and 4) strains. Lanes 1 and 2 were analyzed with the control primer combination
TOKI1Pctrl-f (*) and TOK1Uctrl-r (**) (Table 1), which amplify the remaining wild-type TOKI allele of strain DBT2, while lanes 3 and 4 were
analyzed with the primer combination MAL2Pctrl-f (***) and TOK1Uctrl-r (**) (Table 1), which amplify only the disrupted tok! second allele.
Asterisks on panels C and E indicate specific primer binding sites.
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TABLE 1. Synthetic oligonucleotides used in this study

Purpose and primer” Sequence” Restriction site®

Construction of pTOK-UFC-1 and pTOK-UFC-2

TOKIf-I AAGgtcgacAGAAAAGCTTTTGCTATTGCCG Sall

XhTOKr-1 AACctcgagTGTGGAGTATGGTCAGGTATG Xhol

BgTOKI{-1 GGAagatct ACACTAAGATACAACCCAATATC Bglll

TOKTr-1 AAGgaattcGACCCACCATCACTGCATTG EcoRI

TOKI{-1T AAGgtcgacTTTCATACCTGACCATACTCCA Sall

XhTOKr-11 AACctcgagGCGGCAATCAATGGAAAATAAC Xhol

BgTOK{-11 GGAagatct TGAGATTGCCTTTAAAAGAGCC Bglll

TOKr-11 AAGgaattcTCAGATATTGGGTTGTATCTTAG EcoRI
Construction of pMUT

hTOKI-f GCAaagcttATGCAAATAGTAAACAAAGCAAAAG HindIIl

bTOKI1-r AAGggatccTTTCTTCCAGGGTTAAATGTCTG BamHI
Construction of pDBT

(S)TOKIL-f AAGgtcgacCGTATTGAAAGTATACCAAAGATC Sall

(B)TOK1L-r AAGggatccCAGCAACAGCTTGACCCACC BamHI

RP10-f TTTCACTTCTGACAAATTAAGATC

Rp10-r GAAGTTGGTCAACAAGTTTTTAC

PCR analysis of strain DBT3
TOK1Pctrl-f
TOK1Uectrl-r
MAL2Pctrl-f

RT-PCR analysis of TOKI strains

CATCTTTTGATTCTGCATCTGTC
TGTAAATAAATGCATTCTGTGG
TTTTGCAGTGGTTTAACTAATAATC

TGCAAATAGTAAACAAAGCAAAAG
TTATCATCATCAAACTTTATTGTTC

“ Lowercase letters f and r indicate that the respective primer is forward or reverse.

> All sequences are given in the conventional 5’-to-3" direction.

¢ Restriction sites introduced into primer sequences for cloning purposes are in lowercase letters.

sorbitol, 0.2% B-mercaptoethanol, and 0.6 U of zymolyase-20T (catalog no.
320921; ICN) ml~! at 30°C for 45 min. The resulting spheroplasts were centri-
fuged and gently resuspended in a solution of 220 mM KCI, 10 mM CaCl,, 5 mM
MgCl,, 5 mM morpholineethanesulfonic acid (MES)-Tris (pH 7.2), 0.2% glu-
cose, and adjusted to 800 mOsm with sorbitol. The resultant suspension was kept
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FIG. 2. RT-PCR analysis of C. albicans strains for TOKI transcrip-
tion. RT-PCR products of TOK] transcripts in total RNA samples are
displayed for three C. albicans strains: lane 1, CAl4 (TOKI/TOKI);
lane 2, DBT2 (TOKl/tokl); and lane 3, DBT3 (tokl/tokl). Lane 4
resulted from using CAI4 genomic DNA as template. Fragments ob-
tained by amplification with oligos specific for ACT1 (1.2 kb) and EFB1
(0.6 kb) (3) served as internal mRNA controls and demonstrated the
cDNA origin.

at room temperature (~23°C) before use. For each test run, 1 pl was injected
gently into the recording chamber flooded with sealing buffer (0.7 ml; see below)
so that spheroplasts could adhere lightly to the glass bottom of the chamber.

Recording conditions. Gigaseal formation and both the whole-cell and the
isolated-patch configuration were achieved as described elsewhere for S. cerevi-
siae (6). Heat-polished, blunt-tip pipettes (see below) were attached to individual
protoplasts by light suction, such that seals in excess of 10 G() formed within ~5
min. Thereafter, the whole-cell recording mode was attained by breaking the
patch with simultaneously applied suction and a high-voltage pulse (about 800
mV, 100 ps). Isolated (outside-out) patches were subsequently obtained by
gently pulsing the sealing solution to and fro in the chamber, so as to draw the
protoplast away from the pipette tip.

Patch pipettes were fabricated from borosilicate glass (Kimax-51 Kimble/
Kontes 38500) by using a two-stage puller (model PC-10; Narishige) and were
formed with an inside tip diameter of ~1 wm. After heat polishing, pipettes were
filled with pipette buffer (intracellular components, 175 mM KCI, 1 mM EGTA,
0.15 mM CaCl,, 4 mM MgCl,, 4 mM K,ATP; brought to pH 7.0 with KOH).
When dipped into the sealing buffer (extracellular, 150 mM KCl, 20 mM CaCl,,
5 mM MgCl,, 1 mM MES-Tris [pH 7.5]; brought to 600 mOsm with sorbitol),
pipette tip resistances were 3 to 5 MQ. An Ag-AgCl reference electrode was
connected to the bath by means of a 1 M KCl-agar bridge.

All recordings were made in the sealing buffer, at room temperature. Square
voltage pulses lasting 2.5 or 3 s were delivered from a holding potential of —40
mV, in —20-mV increments, between +100 mV and —40 mV (see the voltage
protocol in Fig. 4A), and the required membrane currents were recorded via an
EPC9 amplifier under control of the PULSE software (HEKA Elektronik).
Signals were filtered at 667 Hz and sampled at 2 kHz. Reported whole-cell
currents have not been corrected for the small linear leak conductance.

Candidacidal assay. Antifungal activity of Hst 5 was examined by microdilu-
tion plate assay (14). Briefly, C. albicans strains were grown in YNB medium,
washed twice with 10 mM sodium phosphate buffer (Na,HPO,/NaH,PO,; pH
7.4), and resuspended in phosphate buffer at a cell concentration of 2.5 X 10°
cells/ml. Hst 5 was added at serial dilutions from an initial concentration of 31
1M and incubated for an additional 1 h. Our standard test, at 31 wM, kills more
than 90% of wild-type cells. Cell suspensions were diluted with phosphate buffer,
and 50 pl (about 500 cells) was removed and plated onto Sabouraud dextrose
agar. Cell viability was assessed by counting formed colonies after incubation for
24 h at 37°C. Candidacidal assays were performed in triplicate. Percent loss of
viability was calculated as [1 — (number of colonies recovered from Hst 5-treated
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FIG. 3. Alignment of the deduced primary structure of the C. albicans TOK1 protein with that of S. cerevisiae Toklp. Both proteins are
characterized by eight hydrophobic segments, presumed to be a-helical and membrane spanning, that are designated by boldface type and are
labeled S1 to S8. Two pore domains in each protein are designated by bold underlining and are labeled P1 and P2; within the pore domains, the
diagnostic K" channel selectivity sequence, GYG, and its congeners (VYG, GLG) are marked by double underlining. Sequence identity between
the C. albicans protein and its S. cerevisiae counterpart was found to be 33% overall, 46% in the S1 to S8 spanners, and 71% in the pore domains.

cells/number of colonies from control cells)] X 100. Statistical comparison of the
loss of viability for each strain was done by using Student’s ¢ test for each applied
Hst 5 concentration.

Bioluminescence assay for extracellular ATP. Measurement of extracellular
ATP levels was as previously described (21) with the following modifications. C.
albicans cells (10°) were mixed with 31 M Hst 5, and extracellular ATP was
measured at 5, 10, 20, 45, and 60 min after addition of Hst 5 by luminometry
using an ATP assay kit (FL-AA; Sigma) at each indicated time point. Extracel-
lular ATP concentrations were determined from ATP standard curves for each
experiment, and results were expressed as nanomoles of ATP per 10° cells.
Statistical comparisons of ATP release between the strains for each time point
were done by using Student’s ¢ test.

RESULTS

Identification of the C. albicans TOKI gene. BLAST analysis
of the C. albicans genome database, available at http://www
.ncbi.nlm.nih.gov/cgi-bin/Entrez/genom_table_cgi?organism
=euk, with the S. cerevisiae TOKI1 protein sequence as query
(ScTOK1; Swiss-Prot accession number P40310), revealed a
homologous sequence in contig 6-2442. Further analysis of
the 3,896-bp nucleotide sequence identified an ORF of

2,142 bp potentially encoding a protein of 714 amino acid
residues. The deduced primary structure of the encoded
protein showed 33% overall identity with the 691 amino acid
residues of the ScTOKI1 protein (Fig. 3). DIALIGN analysis
(http://bibiserv.techfak.uni-bielefeld.de/cgi-bin/dialign) also
identified, in the predicted C. albicans protein, the eight
hydrophobic segments S1 to S8 (Fig. 3) and the two pore
domains (P1 and P2) characteristic of the ScTOKI1 potas-
sium channel (Fig. 3) (19, 23, 29, 41). Sequence identity
between the predicted C. albicans protein and Saccharomy-
ces Toklp was found to be 46% in the S1 to S8 spanners and
71% in the pore domains. In addition, TMpred hydropathy-
profile analysis (http://www.ch.embnet.org/cgi-bin/TMPRED)
yielded very similar plots for these two proteins (data not
shown). These findings, plus additional analysis of the flanking
regions for the identified ORF, demonstrated that contig
6-2442 contains the C. albicans TOKI gene (CaTOKI) encod-
ing the Tok1 potassium channel.

Extensive search of the C. albicans genome data bank using
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the S. cerevisiae TOKI gene and/or different parts of its se-
quence as query failed to detect any other related sequences.
Similarly, further searches using CaTOK] itself and/or parts of
its sequence did not reveal any homologous sequences. There-
fore, like S. cerevisiae, in which the complete annotated ge-
nome does not contain any sequences that can be regarded as
TOKI related, C. albicans appears to harbor only one gene
homologue sequence that can be referred to as CaTOKI.

Disruption of CaTOKI abolishes the characteristic TOK1-
associated currents. Typical whole-cell currents in wild-type C.
albicans protoplasts are demonstrated in Fig. 4B (upper panel)
for voltage pulses positive to —40 mV. These outward currents
(positive, upward in the plots) closely resemble Toklp-associ-
ated currents in S. cerevisiae (5, 7) in time course and general
noise characteristics, though they proved smaller than currents
often reported in Saccharomyces, due in part to the smaller size
of Candida protoplasts (~4-pum diameter, cf. 8§ um). In Can-
dida, as in Saccharomyces, the channels are potassium selective
(data not shown), and the outward currents represent the out-
flow of K* from cytoplasm to bath, made conspicuous at pos-
itive (reversed) membrane voltages. Disruption of both TOK/
alleles in strain DBT3 abolished the outward currents, leaving
residual leakage currents—the baseline “smear” in Fig. 4B
(lower panel)—amounting to ~5% of the TOKI-associated
currents.

Figure 4C summarizes the steady-state values of measured
currents, averaged over the last half of each pulse and plotted
against the corresponding clamped membrane voltage. The
curve shape for CAI4, with both wild-type alleles of TOKI
functional, is typical for a simple voltage-gated channel having
a gating voltage of approximately +60 mV. The plot for DBT3,
with both alleles disrupted, represents a small and purely
ohmic leak (linear, and passing through the origin), with no
hint of gated channels.

The functioning of individual channels, recorded in isolated
outside-out patches, is shown in Fig. 4D. Traces in the left
panel, for the wild-type strain CAI4, demonstrate the presence
of at least two TOKI1 channels in the patch and a gating pattern
which closely resembles that of Saccharomyces Toklp, with
long quiet intervals between noisy open-channel bursts. The
noisy character of the open bursts represents high-frequency
closing and reopening of the channel, which is too fast to be
accurately recorded by the amplifier (5). Channel-gating events
were completely absent from all membrane patches obtained
on knockout DBT3 cells, as is demonstrated in the right panel
of Fig. 4D.

Disruption of TOKI reduces sensitivity of C. albicans cells to
Hst 5 killing. Since we were concerned that salt sensitivity of
TOKI1 mutants would be altered as an indirect consequence of
gene disruption, we examined growth phenotypes of the con-
structed strains by standard drop tests on YPD-agar medium
supplemented with 10 and 100 mM KCI or NaCl. No growth
differences were observed among the three test strains, CAI4,
DBT?2, and DBT3, i.e., among the wild-type, the TOKI single-
deletion strain, and the knockout strain, nor among the differ-
ent salt regimens imposed (data not shown). Growth curves for
strains were also measured for qualitative comparison. Gener-
ation times for CAI4 and DBT2 were equivalent, and DBT3
was only slightly retarded (by 15%). Thus, the mutant strains
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could be compared directly with the wild-type parent under the
conditions of our standard candidacidal assay.

Although data from viability tests at low concentrations of
Hst 5 (<10 wM), were too variable, alone, to define differences
between Candida strains, when taken together with data at
higher Hst 5 concentrations (=15 wM) they permitted a sys-
tematic analysis of the effects of TOKI genes and proteins on
the susceptibility of C. albicans to Hst 5 killing. A quantitative
empirical treatment is provided in Fig. 5. The curves have been
drawn by fitting a simple saturation function to the three plots,
finding a single half-saturating concentration (14.2 pM).

Loss of viability in the knockout strain (DBT3) following Hst
5 treatment (31 wM) was only 73%, compared with 93% in the
wild-type strain (CAI4). Viewed alternatively, survival of the
wild type following 31 WM Hst 5 was only 7%, whereas it rose
to 18% with one functional TOKI allele (DBT2) and to 27%
with no functional TOKI alleles (DBT3). Thus, two TOKI
disruptions approximately doubled the viability increment pro-
duced by a single disruption. Finally, the concentration of Hst
5 required for 50% killing (LDs,) was 12.6 uM with both
alleles disrupted, 10.2 wM with one disrupted, and 8.4 uM with
both intact, so that the incremental effect of two TOKI genes
was approximately twice that of one, as measured by LDy,
values. Statistical analysis of the data was done, since differ-
ences in reduction of killing by Hst 5 upon deletion of the
TOKI1 channels were small. By Student’s ¢ test, the P values
were <(0.05 for the wild type (CAI4) versus the single-deletion
strain (DBT2) or for DBT2 versus the full knockout strain
(DBT3); P was <0.001 for CAI4 versus DBT3. Thus, the two
smaller differences were weakly significant, but the larger one
was strongly significant. The same conclusion was obtained
from comparison of the Hst 5 concentrations required for 50%
killing, with corresponding P values of <0.08 and <0.002.

The quantitative stability of TOKI effects was verified by
comparison of the wild-type strain (CAI4) with the DBT4
strain, in which a plasmid-borne copy of TOKI had been in-
serted into the DBT2 strain. DBT4 and CAI4 displayed the
same sensitivity to Hst 5 (data not shown), demonstrating full
complementation of the TOK1/tokI phenotype by the reintro-
duced copy of TOKI. Thus, the observed effects caused by the
CaTOK]I disruption are specific to TOKI deletion and are not
a result of the genetic manipulation itself.

These data clearly demonstrate two important points. First,
Hst 5 is strongly candidacidal in the complete absence of
TOKI1 function; indeed, killing extrapolates to 100% at high
Hst 5 concentrations (Fig. 5, lower curve). Second, a functional
presence of TOKI genes and proteins systematically enhances
the candidacidal action of Hst 5. Thus, the TOKI1 protein is not
the critical target for Hst 5 action, but it does augment killing.

TOKI1 disruption also reduces the characteristic ATP efflux
associated with Hst 5 action. Since loss of ATP commences
rapidly after Hst 5 treatment of C. albicans (21) and that loss
is strongly correlated with cell death, we also determined the
effects of TOKI disruption on ATP efflux from the cells, as
shown in Fig. 6. All the data plots for ATP release during the
first hour could be reasonably fitted by straight lines, which
revealed the following quantitative relationships. Standard Hst
5 treatment (31 wM) released ATP from wild-type cells (CAI4)
at the rate of 24.9 nmol/h-10° cells (0.415 nmol/min - 10°
cells), which represents approximately 40% of total cellular
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FIG. 4. Disruption of the TOKI gene in Candida removes outward
rectifier currents that are characteristic of TOK1 proteins, as shown by
patch-clamp records from C. albicans protoplasts. (A) Superimposed
traces for the voltage-clamp protocol used in whole-cell recording.
Membrane voltage was clamped, in 2.5-s pulses, from a holding po-
tential of —40 mV to values of +100 mV to —40 mV in steps of —20
mV. (B) Superimposed current traces in response to the voltage-clamp
protocol (panel A) for the wild-type strain CAI4 (TOKI/TOKI, upper
record set) and for the fully disrupted strain DBT3 (tok!/tokl, lower
record set). The outward currents, which were very similar to Tok1p-
associated currents in Saccharomyces, were completely absent from
DBT3. (C) Summary plot of the steady-state currents in panel B: for
each pulse, current was averaged over the interval 1.2 to 2.2 s and
plotted against the clamped membrane voltage. Values plotted are
representative (near average) for 10 cells from each strain. (D) Cur-
rent traces from an outside-out patch isolated from the wild-type strain
(CAI4, left panel) and from the fokI-disrupted strain (DBT3, right

HISTATIN 5 TOLERANCE IN C. ALBICANS TOKI MUTANTS 3257

ATP during the initial hour. The rate of efflux was reduced by
55% (to 11.2 nmol/h - 10° cells) upon disruption of a single
TOKI1 allele and reduced by another 30% (to 6.3 nmol/h - 10°
cells) upon loss of the second TOKI allele. Statistical compar-
ison of the fitted slopes in Fig. 6 using Student’s ¢ test found all
three P values to be <0.001 at each time, so these differences
were highly significant.

Thus, again, TOK1 channels proved unnecessary for Hst 5
action, but their presence substantially enhanced that action.
There was, however, an unexplained quantitative disparity be-
tween the TOKI1 influence on Hst 5-evoked ATP efflux (Fig. 6)
and its influence on Hst 5-evoked killing (or residual survival
[Fig. 5]). The incremental effect of two functional copies of
TOKI on ATP efflux was nearly fourfold that of a single copy;
but for residual survival, two functional copies had only twice
the decrementing effect of a single copy.

DISCUSSION

The evidence presented here makes clear that the TOKI1
channel, an outward rectifier for potassium, plays a supporting
role rather than a central role in Hst 5-induced cell death of C.
albicans, and even that supporting role appears to be limited by
other factors. The cytotoxic effects of Hst 5 are likely to be
partially offset by increased energy turnover and metabolite
synthesis and, in that circumstance, cell killing might well be
proportional to the steady-state accumulated loss of metabo-
lites like ATP, as found by Koshlukova et al. (21, 22), but not
necessarily be proportional to their rate of loss. However, the
rate of loss of ATP and other metabolites is far more likely to
illuminate the role of membrane transport proteins (such as
TOKI1 channels) in Hst action than is the steady-state loss of
metabolites.

Given the fact that well-known anion channel inhibitors,
such as DIDS, NPPB, and niflumic acid, all block Hst 5-in-
duced ATP loss and Kkilling in C. albicans (2), the simplest
model for the primary membrane action of Hst 5 is that it
somehow creates an anion channel-like conductance in one or
more native membrane proteins. Under normal growth condi-
tions, however, channel conductances in the plasma mem-
branes of microorganisms must be very spare, lest they over-
whelm the cells’ total energy supply and run down the viable
gradients of small molecules. The latter point is clear from
studies on another ascomycete fungus, Neurospora crassa,
where ion and metabolite transport at the plasma membrane
consumes 25 to 30% of total cellular ATP turnover (35) and
funnels the energy through the plasma membrane proton
ATPase (Pmalp) into an electrochemical gradient for protons,
which can exceed 350 mV. The resting membrane voltage (V,,,)
of Neurospora that is bathed in normal laboratory saline buffers
approximates —200 mV (cell interior negative) and acts as a

panel). The voltage protocol was similar to that used for whole-cell
recording, but with 3-s pulses. Dashes at the left indicate zero current
for each pair of traces, and numbers in the middle are the clamped
membrane voltages. The TOKI1 patch contained at least two channels,
each behaving similarly to Saccharomyces Toklp, with a noisy open
state previously shown to represent high-frequency close-open gating.
Such single-channel events were completely absent from DBT3
patches. Data are representative of five patches for each strain.
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FIG. 5. Disruption of TOKI in C. albicans reduces sensitivity of cells to Hst 5 killing. C. allbicans strains were incubated at several
concentrations of Hst 5, in 10 mM sodium phosphate buffer (pH 7.4) for 1.5 h at 37°C. Percent viability was calculated as the ratio of colonies
recovered from Hst 5-treated cells/colonies recovered from control cells, multiplied by 100. Closed squares, CAl4 (TOKI/TOKI); open triangles,
DBT?2 (TOKI/tokl); closed circles, DBT3 (tokl/tokl). Each data point represents the mean * standard deviation of at least three independent
experiments. For a quantitative description, each of the plots was initially fitted with a simple saturation curve (rectangular hyperbola), but since
all three half-saturation constants (K| s) were close together, the smooth curves shown were fitted using a common K|, s, found to be 14.2 uM Hst

5.

very large driving force tending to push out most intracellular
(metabolic) anions and to push in most extracellular cations.
All indirect evidence, including the apparent universal pres-
ence (in terrestrial fungi) of Pmalp-type membrane ATPases,
suggests similar arrangements in yeasts, esp. Saccharomyces
and Candida. Since ion channels typically have 10°- to 10°-fold-
higher conductances than active transporters, bona fide chan-
nels opened other than very briefly and intermittently would
cause both rapid depolarization and rapid rundown of the
normal ion and metabolite gradients. Thus are produced the
stark lethal effects of channel-forming antibiotics such as nys-
tatin and proteins like complement, perforin, and pneumoly-
sin.

If Hst 5 does indeed create anion channel-like pathways
through C. albicans membrane proteins, TOK1 potassium
channels could augment the performance of those anion chan-
nels either directly or indirectly. Indirect augmentation is eas-
iest to envision, because strictly anion-selective channels them-
selves cannot run down metabolite gradients. Instead, opening
of many such channels would clamp V,, to the anion equilib-
rium (presumably a large reversed [+] voltage), without much
change in macroscopic gradients. But Tok1p could provide the
parallel cation conductance needed for rapid rundown. Simul-
taneously open anion and cation channels would clamp V,,
near zero and place Pmalp into overdrive, destroying any
trapped ATP, while coincidently letting anion and cation gra-
dients run down. Thus, potassium-ATP, and perhaps other
metabolically important ion pairs, would rapidly drain out of
the cells. The potential cogency of this kind of mechanism is
increased by the fact that Toklp functions as an outward rec-
tifier: its open probability is very low at normal resting V,

m

(near —200 mV) but increases steeply as V,, approaches zero
or positive values (in Saccharomyces [5]).

An obvious caveat of the above argument is that there is
nothing special about Tok1p other than its appearance as the
only well-defined, abundant, medium-conductance cation
channel in yeast plasma membranes. Calculated from Fig. 4
above, there are ~40 TOK1 channels per C. albicans cell, with
an average single-channel conductance of ~40 pS, similar to
the numbers in S. cerevisiae (5). But almost any other revealed
cation channel would serve the same purpose, as would non-
selectivity (strictly among anions) in the postulated Hst 5-cre-
ated anion channel, under the condition of high extracellular
salt. For other possible defined channels in the Candida plasma
membrane, we must wait on full annotation of the Candida
genome sequence.

However, low extracellular concentrations of divalent cat-
ions, especially Ca®™, reveal an additional type of cation chan-
nel in both Saccharomyces (8, 28) and Candida (A. Rivetta,
unpublished data) membranes. In S. cerevisiae, reducing extra-
cellular Ca** and Mg®" concentrations ([Ca**],, [Mg*"],)
below about 0.1 mM reveals a nonselective cation channel
(NSC1) whose total conductance, at nanomolar Ca®", ap-
proaches that of the sum of all TOK1 channels in the same
membrane (8). This is equally true in wild-type yeast and in
TOKI1-null strains, and the molecular identity of the NSC1
channel is still unknown. In Saccharomyces, NSC1 mediates
rapid K* loss in exchange for almost any monovalent cation
which is abundant in the medium: Na®, NH,™, Rb™, Cs™, or
Li* (11, 12). Under normal conditions, NSC1 is open at a low
level (K; for Ca®* is about 0.1 mM), which implies both that
lowered [Ca®*], should enhance Candida’s susceptibility to
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FIG. 6. Strains with TOK1 disruption and killing-tolerance to Hst 5 have reduced ATP efflux. C. albicans strains were grown to late log phase
in YNB, and then 10° cells from each strain were mixed with Hst 5 (31 pM) and incubated for the indicated times to establish ATP efflux. Closed
squares, CAl4 (TOK1/TOK1I); open triangles, DBT2 (TOKI/tok1); closed circles, DBT3(tokl1/tok1). Extracellular ATP was measured by luminom-
etry of cell supernatants and is expressed as nanomoles of ATP per 10° cells. Each data point represents the mean =+ standard deviation of at least
three independent experiments. The fitted regression lines have slopes of 6.3, 11.2, and 24.9 nmol of ATP/h - 10° cells, respectively, for zero, one,

and two active TOKI genes present.

Hst 5-induced ATP loss (and killing) and that elevated [Ca®* ],
should protect Candida cells against Hst 5 damage. Both of
these conditions already have been experimentally verified
(38).

However, one observation in the present experiments is in-
consistent with the notion that Toklp indirectly augments Hst
5 action. That is the disproportionately high rate of ATP loss
permitted by two functional TOKI alleles (Fig. 6), compared
with that of a single functional allele. Assuming that two alleles
contribute twice as much TOK1 protein to the membrane as
does one allele, then two should also permit twice-as-rapid K*
efflux to accompany ATP loss rather than the fourfold loss
measured. The actual result, then, implies cooperativity, either
between the two functional genes or among their translational
products. At least three distinct models for cooperativity are
possible. Doubling the membrane density of TOKI1 protein (i)
could increase the single-channel conductance of Toklp mol-
ecules via homologous physical interactions (e.g., homodimer-
ization); (ii) it could increase the conductance of Hst 5-induced
anion channels by binding of Toklp to those anion channels
(e.g., heterodimerization); or, alternatively, (iii) it could en-
hance formation of the postulated anion channels by itself
binding to Hst 5 and acting as a conduit to the target protein.
Further experiments to differentiate among these possibilities
are needed.

It is also relevant to consider the well-demonstrated fact that
metabolic inhibitors such as azide and DNP protect Candida
against Hst 5 action (17, 21, 22). This phenomenon could be
mediated by depletion of ATP, for example via shut-down of
Toklp, whose activation is ATP dependent (7); or it could
result from the reduced driving force of V,, diminished by

slowing of the plasma membrane H"-ATPase (Pmalp). More
likely, however, the conspicuous protection afforded by cellular
deenergization is complex and is due to global down regulation
of membrane permeability in response to metabolic insults.
This phenomenon, although not widely appreciated and cer-
tainly not understood, has been demonstrated in a variety of
microorganisms, including E. coli, N. crassa, Chlorella vulgaris,
and S. cerevisiae (4, 20, 34). A variety of metabolic attacks that
trigger such down regulation are anoxia, respiratory blockade,
respiratory uncoupling, glucose starvation, and treatment with
lipid-soluble ions (including so-called membrane voltage
probes). In all of these phenomena, however, the time interval
between the metabolic attack and the test treatment is crucial.
This latter fact affords another way to probe events surround-
ing Hst 5 action in C. albicans.

Because of similarities between the physiological effects of
Hst 5 upon Candida and the effects of K1 toxin upon Saccha-
romyces, this demonstration that the TOK1 channel plays only
a minor role in Hst 5 action reflects favorably upon the con-
clusion reached by many workers, most recently Breinig et al.
(9), that the TOK1 channel in Saccharomyces plays only a
minor role in K1 action.
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