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Transporters Dur3 and Dur31 Proteins”
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Background: Salivary histatin 5 (Hst 5) kills the fungal pathogen Candida albicans upon its internalization.

Results: Hst 5 requires C. albicans polyamine transporters Dur3 and Dur31 for its uptake and toxicity.

Conclusion: C. albicans Dur polyamine transporters recognize and internalize cationic peptides competitively with spermidine.
Significance: Modification of Hsts based upon polyamine structure may improve targeting and fungicidal activity.

Histatin 5 (Hst 5) is a salivary gland-secreted cationic peptide
with potent fungicidal activity against Candida albicans. Hst 5
kills fungal cells following intracellular translocation, although
its selective transport mechanism is unknown. C. albicans cells
grown in the presence of polyamines were resistant to Hst 5 due
to reduced intracellular uptake, suggesting that this cationic
peptide may enter candidal cells through native yeast polyamine
transporters. Based upon homology to known Saccharomyces
cerevisiae polyamine permeases, we identified six C. albicans
Dur polyamine transporter family members and propose a new
nomenclature. Gene deletion mutants were constructed for C.
albicans polyamine transporters Dur3, Dur31, Dur33, Dur34,
and were tested for Hst 5 sensitivity and uptake of spermidine.
We found spermidine uptake and Hst 5 mediated killing were
decreased significantly in Adur3, Adur31, and Adur3/Adur31
strains; whereas a DUR3 overexpression strain increased Hst 5
sensitivity and higher spermidine uptake. Treatment of cells
with a spermidine synthase inhibitor increased spermidine
uptake and Hst 5 killing, whereas protonophores and cold treat-
ment reduced spermidine uptake. Inhibition assays showed that
Hst 5 is a competitive analog of spermidine for uptake into C.
albicans cells, and that Hst 5 K; values were increased by 80-fold
in Adur3/Adur31 cells. Thus, Dur3p and Dur31p are preferen-
tial spermidine transporters used by Hst 5 for its entry into can-
didal cells. Understanding of polyamine transporter-mediated
internalization of Hst 5 provides new insights into the uptake
mechanism for C. albicans toxicity, and further suggests design
for targeted fungal therapeutic agents.

Human saliva is the source of most innate host defense pro-
teins within the oral cavity. Salivary proteins play a key role in
modulating the oral flora and preventing overgrowth of Can-
dida albicans. Among over 120 distinct antimicrobial salivary
proteins, salivary histatins are the primary source of direct fun-
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gicidal activity (1). Histatins (Hsts)> are rich in basic amino
acids including histidine, arginine, and lysine and have a net
cationic charge. Hst 5 (a 24-amino acid protein) has the most
potent fungicidal activity among the major secreted histatins
(2), whereas smaller proteolytic fragments (processed by enzy-
matic cleavage in saliva) of only 12 amino acid residues retain
full antifungal activity (3, 4). Although Hsts were named
because of high numbers of histidine residues, other amino
acids including lysines (Lys® and Lys'®) rather than histidines
have key importance for fungicidal activity (3). Thus the small
size and a net basic charge including selected lysine residues are
required for Hsts antifungal activity.

Many cationic antimicrobial peptides have the capacity to
form amphipathic structures (5). These peptides generally
exert their activity through spontaneous insertion into micro-
bial membranes by forming pores, and disrupting cell structure
and integrity (6, 7). However, Hst 5 does not act as a pore form-
ing protein as it has no defined secondary structure in aqueous
solutions such as saliva (8, 9). Substitution of functionally non-
essential residues of Hst 5 with proline to disrupt any secondary
structure resulted in unaltered candidacidal activity (10), show-
ing that the degree of the amphipathic molecular moment is not
involved in its fungicidal activity. Furthermore, synthetic vari-
ants of Hst 5 with increased (dhvar4) and decreased (dhvar5)
amphipathic features both killed C. albicans (11). Comparison
with amphipathic peptides that translocated across and dis-
rupted liposome membranes showed that Hst 5 did not interact
with model membranes (12). Thus, unlike many antimicrobial
peptides, Hst 5 does not disrupt membranes by pore formation
nor does it rely on amphipathicity for its biological function.

Histatin fungicidal activity is a distinctive multistep mecha-
nism requiring binding to Candidal cell wall proteins, followed
by translocation to intracellular compartments (13). Although
the exact intracellular target of Hst 5 is not defined, lethality is
aresult of overall induction of osmotic stress in C. albicans cells
as a result of release of intracellular ions and small nucleotides
including ATP (14-17). Indeed, Hst 5 can kill C. albicans when

2 The abbreviations used are: Hst 5, histatin 5; Spd, spermidine; YPD, yeast
extract/peptone/dextrose; CCCP, carbonyl cyanide m-chlorophenylhydra-
zone; CHA, cyclohexylamine; NaPB, sodium phosphate buffer; STR, second
target sequence; DUR3 O/E, Dur3 overexpression strain.
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expressed from a chromosomally encoded human Hst 5 gene in
the absence of externally applied Hsts (18). Histatin binding
with the cell wall and its intracellular translocation are two
independent events, although a threshold level of cell wall bind-
ing is a requirement for subsequent uptake (17). The independ-
ence of these two processes is illustrated by the complete block-
ade of intracellular transport of a modified Hst 5 fragment
(substituting two key lysine residues), although high levels of
cell wall binding were retained (4). Thus fungal cell wall binding
in itself does not result in uptake of histatins, instead a second
independent process is required for its passage into the cytosol.

Intracellular translocation of histatins is inhibited by low
temperatures (19), or pretreatment of cells with proton iono-
phores including carbonyl cyanide m-chlorophenylhydrazone
(CCCP) and dinitrophenol or energy metabolism inhibitors
such as sodium azide (14). Although it has been suggested that
azide blocks Hst 5 internalization by cell membrane rigidifica-
tion due to ATP depletion (20), two other energy-dependent
mechanisms for intracellular transport are possible including
endocytosis and active transport of histatin through a cellular
transporter. Indeed, Hst 5 is internalized by endocytotic trans-
port to the vacuole (21), although substantial levels of cytosolic
Hst 5 are found prior to endocytotic uptake (17). Vacuolar
sequestration of Hst 5 does not reduce its toxicity (17), most
likely because high levels of cytosolic peptide are attained
before endocytosis occurs. Collectively these data show that
rapid translocation of Hst 5 across the fungal cell membrane
is required for toxicity, and that this process involves cellular
metabolic energy and a proton motive force (as well as ambi-
ent temperature), all consistent with an active transport
mechanism.

Various membrane-bound transport proteins belonging to
ABC (ATP binding cassette) or major facilitator superfamily
families have been well described for both C. albicans and Sac-
charomyces cerevisiae (22—24). These transporters are involved
in the uptake of amino acids, peptides, sugar molecules, as well
as efflux of azole- and polyene-based antifungal drugs (25-27).
Typically active transporters have a relatively narrow substrate
specificity, thus we hypothesized that polyamine transporters
(such as putrescine, spermidine, and spermine) that catalyze
the uptake of polycationic molecules may also translocate Hsts
as polycationic substrates. Polyamines are essential organic cat-
ions required for protein and nucleic acid synthesis and there-
fore cell growth. Putrescine is a diamine precursor of the larger
molecules spermidine and spermine that are synthesized by the
aminopropyl transferases spermidine and spermine synthases,
respectively (28). Despite structural variations, putrescine,
spermidine, and spermine all carry a net positive charge (pK,
values of 9-10) similar to Hst 5.

Fungal cells tightly regulate their intracellular concentration
of polyamines by balancing biosynthesis and degradation with
cellular polyamine transport (both uptake and efflux). Because
membrane transporters are major regulators of polyamine
homeostasis, they have been studied as drug targets in bacteria
(29, 30) and more recently in S. cerevisiae (31). Four plasma
membrane-localized polyamine transporters in S. cerevisiae
have been characterized: Gap1l, Agp2, Dur3, and Sam3 (32-34).
The amino acid permeases Gapl and Agp2 catalyze the uptake
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of smaller polyamines (primarily putrescine and to a lesser
degree spermidine) as well as amino acids. Both Gap1 and Agp2
preferentially transport amino acids rather than polyamines
when both are present in the media. In contrast, Dur3 and Sam3
are polyamine-preferential transporters that catalyze the
uptake of polyamines, although they may also transport urea
(Dur3), or S-adenosylmethionine, glutamic acid, and lysine
(SAM3) (34). Polyamine uptake is repressed by high intracellu-
lar levels of polyamines at a transcriptional level as illustrated by
the reduction in DUR3 and SAM3 mRNA in cells cultured in
the presence of polyamines. A decrease in putrescine uptake in
S. cerevisiae cells was comparable with the reduction in mRNA
levels of DUR3 and SAM3, thus showing the tight regulation of
polyamine uptake proteins Dur3 and Sam3 with polyamine
concentrations in S. cerevisiae (34). Therefore, it was expected
that C. albicans cells grown in the presence of high concentra-
tions of polyamines would have reduced uptake of polyamine
substrates including Hst 5. We report here that C. albicans has
reduced intracellular transport of Hst 5 upon growth in
medium rich in spermidine, implicating polyamine transport-
ers in uptake of this peptide.

The identity of polyamine transporter proteins is relatively
well defined in S. cerevisiae, however, virtually nothing is
known about these proteins or their regulation of polyamine
transport in C. albicans. Thus, the aims of the present study
were to identify polyamine transporters in C. albicans, with the
goal of gaining insight into the mode of Hst 5 intracellular
translocation by cells, as we hypothesized that Hst 5 is a poly-
cationic molecule recognized as a substrate for polyamine
transporters. Indeed, we identified a novel Dur family of trans-
porter proteins in C. albicans that catalyze spermidine uptake,
with Dur3 and Dur31 proteins being the primary carriers for
intracellular translocation of Hst 5. The study provides novel
understanding of how Hst 5 enters C. albicans cells to exert its
fungicidal activity, and is invaluable information for designing
new therapeutic agents with improved cellular uptake.

EXPERIMENTAL PROCEDURES

Strains, Media, and Reagents—The strains generated by this
study and their genotypes are listed in Table 1. The ura3™ auxo-
trophic C. albicans CAF4-2 strain (35) was the parental strain
for DUR gene deletion mutants. Yeast carbon base (Sigma) was
used for induction of FLP-mediated excision of the URA3 flip-
per cassette. Yeast nitrogen base (Difco) without uridine and
supplemented with 2% glucose was used for selection of the
URA3™ transformants. Cells were maintained in yeast extract/
peptone/dextrose (YPD; Difco) medium with the addition of
uridine when required and stored as —78 °C stock. For routine
work, the strains were maintained on YPD agar plates and
recultured monthly from —78 °C stock. Cells were routinely
manipulated at 28 °C to maintain the cells in blastospore mor-
phology. Escherichia coli DH5a competent cells (Invitrogen)
were used as a host for plasmids and were grown in Luria-
Bertani (LB) medium (Difco). Solid media were made with 1.8%
Bacto-agar (Difco). All oligonucleotides used in strain con-
structions were synthesized by Integrated DNA Technologies,
Inc. (Coralville, IA). Restriction endonucleases and GeneRuler
DNA markers were purchased from Fermentas. The Fast-Link
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DNA ligation kit was purchased from Roche Diagnostics. Plas-
mid DNA was isolated from E. coli by the alkaline lysis method,
employing a QIAprep Spin miniprep kit from Qiagen. Purifica-
tion of restriction digest mixtures, PCR mixtures, and DNA
fragment isolation from agarose gels were done by using
QIAquick PCR purification and QIAquick gel extraction kits,
respectively, both from Qiagen. Genomic DNA of C. albicans
strain was isolated by PUREGENE DNA isolation kit from Qia-
gen. Ampicillin, fluoroorotic acid, and concanavalin A were
purchased from Sigma at the highest purity available. Poly-
amines (putrescine dihydrochloride, spermidine trihydrochlo-
ride, and spermine tetrahydrochloride) were obtained from
Sigma. Unlabeled Hst 5 (DSHAKRHHGYKRKFHEKHH-
SHRGY) and N terminus FITC-labeled Hst 5 were synthesized
by GeneMed Synthesis, Inc. (San Antonio, TX).

Construction of DUR Gene Knock-out Plasmids—The URA3-
flipper technique (36) was used to replace the first allele of each
DUR gene. The pSFUC2 plasmid (kindly provided by Dr. J.
Morschhauser) containing two FRT sites, a SAP2 promoter-
driven FLP gene and a URA3 marker, was used as the starting
vector. The 5'-flanking sequence from DUR3, DUR31, DUR33,
and DUR34 genes was subcloned and ligated with the Kpnl-
and Xhol-digested plasmid. The constructed plasmids contain-
ing the 5'-flanking region of DUR genes were confirmed by
PCR. Fragments including 3'-flanking sequence, spanning the
untranslated region of DUR genes, were digested by BglII and
Sacl and ligated into the plasmid containing 5’-flanking region
of the respective DUR gene. Insertion of DUR genes into the
vector was confirmed by restriction digestion and PCR. For
deletion of the second allele of the DUR genes, the pDBU3 plas-
mid (~5.1 kb), containing 2.37 kb length of the UIRA3 open
reading frame, was used as a starting vector. The strategy used
was as described above. In addition to the 5'- and 3’-second
target sequences (STR) of the DUR gene (5’ STR and 3’ STR), a
second 3'-target region (3’ STR-2) amplified from the sequence
immediately downstream of the first 3'-STR was added. The
PCR product of 3" STR-2 was introduced into the vector
between the 5" STR and L/RA3 marker. This additional flanking
region served as the recognition site for fluoroorotic acid-in-
duced intra-chromosomal recombination. The final gene dis-
ruption constructs were used to target the second allele of DUR
genes.

Disruption of DUR Genes in CAF4-2 Strain—Gene deletion
strains were constructed for DUR genes to characterize CaDUR
gene products in Hst 5 induced killing. Because of the diploid
genome of C. albicans, a combination of two genetic strategies
was employed to sequentially remove both alleles of DUR
genes. To inactivate the first allele of DUR genes, C. albicans
strain CAF4-2 was first transformed with linearized pUFC plas-
mid containing flanking regions of the DUR gene using the
Frozen-EZ Yeast Transformation II Kit™ (Zymo Research,
CA). Transformed cells were spread onto uracil-deficient agar
plates. Candida genomic DNA was isolated, and integration of
the gene disruption cassette was confirmed by PCR with con-
trol primers. Selected transformants were grown on yeast car-
bon base/BSA medium for induction of FLP-mediated excision
of the UFC (36). Randomly selected ura™ colonies were ana-
lyzed using PCR. The heterozygous strain of DUR genes was
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further transformed with a linearized fragment of pURA to
obtain homozygous DUR gene knock-out mutant strains. Suc-
cessful replacement of the second allele of the DUR genes was
confirmed by PCR. Selected colonies were spread onto yeast
nitrogen base-agar plates containing fluoroorotic acid (1
mg/ml) and uridine (50 ug/ml) to induce intra-chromosomal
recombination and eliminate colonies containing the U/RA3
gene. For additional deletion of DUR genes, these mutants were
transformed with another series of cassettes. To construct a
strain overexpressing the Dur3 protein (DUR3 O/E), one copy
of DUR3 was placed at the RPS10 locus in WT cells for its
constitutive expression. Details of gene deletion strains are
listed in Table 1.

Phylogenetic Analysis—Amino acid sequences of Dur pro-
teins were obtained from the Candida genome data base and
used for sequence alignment by ClustalX version 2.0.11 (37).
These profiles were used to calculate a phylogenetic tree with
use of the neighbor joining algorithm (38). Graphical represen-
tation and editing of the phylogenetic tree was performed using
PhyloDraw version 0.82 (39). Transmembrane domains were
predicted for Dur proteins and visual models were constructed
using TMHMM version 2.0 (40) and TMRPres2D version 0.93
(41). The conserved domains within the predicted amino acid
sequences were identified using the PFAM data base (42).

Synthesis of BODIPY-Spermidine Conjugate—The amine-re-
active BODIPY® 630/650 succinimidyl ester (Invitrogen) con-
taining an additional 7-atom aminohexanoyl spacer (“X”) was
used to label spermidine. Spermidine was acylated using
BODIPY 630/650-X with stirring for 2 h at 4 °C in dimethyl
sulfoxide, while keeping it protected from light. BODIPY-X-
spermidine (Spd) was purified using Sephadex G-25 column
chromatography with dimethyl sulfoxide/sterile-distilled water
(1:3). Pooled fractions of purified BODIPY-Spd were assayed
for protein content and stored at —80 °C.

Spermidine Uptake and Hst 5 Competition Assays—Wild-
type (CAF4-2) and mutant strains were inoculated in YPD
broth supplemented with uridine, and incubated at 30 °C with
shaking overnight. Cells were subcultured and grown to mid-
log phase, washed twice in 10 mm sodium phosphate buffer
(NaPB, pH 7.4), and the cell number was adjusted to 1 X 10°
cells/50 ul of NaPB. Cells were used immediately in assays per-
formed on 96-well, clear bottom, black plates and handled in
subdued lighting. Upon optimization, 100 um BODIPY-Spd
was used in uptake and competition assays, as this concentra-
tion allowed for saturation of polyamine transporters and con-
sistent competition with 15.5 and 31 um Hst 5. A standard
curve of fluorescence intensities for known amounts of
BODIPY-Spd was determined with a linear range (R* = 0.9899)
between 3.5 and 10 nmol of BODIPY-Spd. For all assays, 1 X
106 cells were added to each well of the assay plate as appropri-
ate, with a total reaction volume of 100 ul/well. BODIPY-Spd
was added to the cells immediately before recording fluorescent
counts at 30 °C using the Bio-Tek multifunction plate reader
and Genb software provided by the University at Buffalo School
of Medicine and Biomedical Sciences Confocal Microscopy and
Flow Cytometry Core Facility. Readings were taken at 1-min
intervals from 0 to 15 min. The cellular uptake of BODIPY-Spd
resulted in a decrease in fluorescence, which was normalized by
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subtraction from the fluorescent count values from the control
wells containing only BODIPY-Spd as well as from the readings
at time 0. For Hst 5 competition assays, 100 um BODIPY-Spd
was added 1.5 min after the addition of 15.5 um Hst 5 to the cells
that allowed Hst 5 to access the transporters before high affinity
saturation with spermidine. To determine the K, ,, V, .., and K;
values, uptake as well as competition assays were performed at
different concentrations of BODIPY-Spd and Hst 5. Statistical
analysis and determination of kinetic parameters were per-
formed using GraphPad Prism version 5.0 for Windows
(GraphPad Software, San Diego, CA).

Time Lapse Confocal Microscopy for Hst 5 Binding and
Uptake—C. albicans CAF4-2, Adur3, and DUR3 O/E cells were
treated with FITC-labeled Hst 5 (F-Hst 5) to observe relative
binding and uptake of salivary Hst 5. Overnight grown cells
(Agoo ~ 0.8—1.0) were diluted to obtain 10° cells/ml of NaPB.
The chambered coverglass (Lab-TeklII) was coated with 100
pg/ml of concanavalin A for 30 min and washed twice with
water. Cells (1 X 10°) were fixed on concanavalin A-coated
slides for 20 min at room temperature. The plates were then
washed twice with NaPB followed by addition of 31 um FITC-
Hst 5 and images were captured under Zeiss LSM 510 Meta
Confocal Microscope (Carl Zeiss, Germany) using a Plan Apo-
chromat X63/1.4 (oil) objective. The average fluorescence
intensity was calculated using Image] software. A similar pro-
cedure was used for competition assays with CAF4-2 and
Adur3 cells where 2 mm spermidine was added in test samples
in addition to 31 um FITC-Hst 5. Confocal images of cells were
captured and compared to determine the relative binding and
uptake of Hst 5.

Candidacidal Assays of Hst 5—For candidacidal assays, sin-
gle colonies of C. albicans wild-type and mutant cells were
inoculated in YPD media to Agy, of 1.6-1.8. For polyamine
growth assays, cells were grown in the YPD media supple-
mented with different concentrations of polyamines (putres-
cine, spermidine, and spermine). For selective polyamine bio-
synthesis inhibition, 5 mm cyclohexylamine (CHA) was used as
spermidine synthesis inhibitor. Overnight grown cells were
diluted to Ay, = 0.3—-0.4 and were incubated at 28 °C with
shaking at 250 rpm until A, of ~1.0 was attained. We did not
observe any growth inhibition in the presence of CHA. Cells
were washed twice with 10 mm NaPB and cells (1 X 10°) were
mixed with different concentrations of the Hst 5. Following
incubation at 28 °C with shaking (250 rpm) for 30 min, cell
suspensions were diluted in 10 mm NaPB, and aliquots of 500
cells were spread onto YPD agar plates and incubated for 48 h to
visualize surviving colonies. All killing assays were performed
in triplicate and repeated at least twice. Percent cell killing was
calculated as 1 — (numbers of colonies from suspensions with
Hst 5/numbers of colonies from control suspensions) X 100.
Statistical analysis was performed using GraphPad Prism 5
software.

Reverse Transcription-PCR—For RT-PCR analysis, total
RNA was isolated using the RNeasy Mini-Kit (Qiagen) and
c¢DNA was synthesized using 1 ug of total RNA and oligo(dT)
primers and Moloney murine leukemia virus reverse transcrip-
tase (Retroscript, Ambion, Austin, TX). Using 2 ul of cDNA
synthesized, PCR was performed using GoTaq® Hot Start
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polymerase (Promega Corp., WI). The sequence of primers
were: 5-GACCAATGACTGCTGCTGAA-3" and 5'-GC-
CAGTTTTGACGTTTGGAT-3' for DUR3; 5'-GATCATCT-
GTGCTGCTGGAA-3'and 5'-AGCAGCTGAAGCCAATGT-3’
for DUR31; 5'-CGATGGAAGTTTGAGGCAATA-3" and 5'-CTC-
TCGGCCAAGGCTTATACT-3' for 18S RNA. The PCR prod-
ucts were separated on 1.2% agarose gels and visualized by
ethidium bromide staining.

RESULTS

Identification of C. albicans Dur Transporter Family and
Nomenclature—To identify C. albicans polyamine transporter
proteins, we screened the Candida genome data base for
orthologs of the major S. cerevisiae transporters responsible for
polyamine import that include SAM3, AGP2, GAP1, and DUR3
genes. BLAST homology analysis did not identify SAM3 in C.
albicans, although general amino acid permeases Gap4
(0rf19.4456) and Gap12 (orf19.1799) showed 42% amino acid
sequence identities to S. cerevisiae Sam3 protein. Other C. albi-
cans genes with high homology to SAM3 included orf19.6993
GAP2 (41%), orf19.4304 GAPI (36%), and orf19.6659 GAP6
(37%). C. albicans AGP2 (0rf19.4679) was found to have 40%
amino acid identity with S. cerevisiae AGP2 (as well as having
24% identity with S. cerevisiae Sam3p). Interestingly, the major-
ity of S. cerevisiae GAP family members are amino acid per-
meases regulated in response to antifungal drugs such as keto-
conazole, caspofungin, or flucytosine. Based on their homology
to the S. cerevisiae family of Gap permeases, C. albicans GAP
family members are likely to be related amino acid permeases
that include orthologs to S. cerevisiae Sam3, Gapl, and Agp2.

In contrast, a Candida genome data base search of S. cerevi-
siae DUR3 identified six related members of C. albicans Dur
proteins. To find the nearest ortholog of ScDur3p, clustal anal-
ysis was performed by optimal alignment of the amino acid
sequences using CLUSTAL X software. All C. albicans Dur pro-
teins showed homology to S. cerevisiae Dur3p ranging from 26
to 54%. C. albicans Durl,2 protein showed high homology to
the S. cerevisiae Durl,2 protein, but was very distinct from
other Dur proteins of C. albicans. Amino acid sequence align-
ment showed orf19.781 to be the ortholog of ScDur3p in C.
albicans instead of 0rf19.6656, which is also annotated as the
CaDur3 protein. We found that the current nomenclature used
for C. albicans Dur transporters in the Candida genome data
base is quite complex and often not a true representation of
relationships among the Dur protein family members. Bensen
et al. (43) first referred to C. albicans orf19.6656 as DUR3, and
it became the standard name. Later Braun et al (44) and
Navarathna et al. (45) referred to C. albicans orf19.781 (as well
as orf19.6656) as DUR3. Our homology analyses illustrate the
pitfalls in the existing nomenclature. We found C. albicans
orf19.781 to be most closely related to S. cerevisiae Dur3p and
not to the annotated C. albicans Dur3p (orf19.6656). The align-
ment of amino acid sequences of orf19.6656 and orf19.781
showed only 16% amino acid sequence identities, which con-
firms that orf19.6656 and orf19.781 each code for two signifi-
cantly different proteins. Thus, we propose designating C. albi-
cans orf19.781 as Dur3 because it is the true ortholog of the S.
cerevisiae Dur3 protein and is a major inducible urea trans-
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DUR3

ScDUR3

DUR31

DUR34
DUR33
DUR32

DUR35

FIGURE 1. Phylogenetic analysis of C. albicans DUR transporter family
members and relationships with the S. cerevisiae Dur3 protein. Members
of the C. albicans Dur transporter family are shown with Dur3p homologous
protein sequences from the yeast S. cerevisiae. C. albicans Dur3 protein
(orf19.781) has the closest phylogenetic relationship to S. cerevisiae poly-
amine transporter Dur3. C. albicans Dur proteins Dur32 (orf19.5017), Dur33
(orf19.7205), and Dur35 (orf19.5915) are closely related to each other but are
most distantly related to Dur3; whereas Dur31 (orf19.6656) and Dur34
(orf19.5677) are intermediately related to these groups.

porter (45), and designating C. albicans orf19.6656 as Dur31.
Our analysis clearly shows Durl,2 is not part of the Dur mem-
brane transporter family but instead are intracellular enzymes
involved in the Degradation of urea (hence the DUR nomencla-
ture). Hence, to prevent future confusion with the nomencla-
ture of C. albicans Dur transporter family members, we pro-
pose a novel nomenclature based upon their topologies,
structures, conserved domain motifs, and homology with other
Dur proteins. Under our new proposed nomenclature, C. albi-
cans Dur transporter family members now consist of only 6
members and are named Dur3, Dur31, Dur32, Dur33, Dur34,
and Dur35 (Fig. 1).

The evolutionary relationship among C. albicans Dur family
proteins was analyzed at two levels: amino acid sequence and
functional similarity. Durl,2 protein is more divergent from
other members of Dur transporter family showing only 9-15%
similarity and were not included for phylogenetic analysis.
Alignment of Dur proteins showed 9-84% amino acid
sequence homology. Amino acid sequence alignment and phy-
logenetic analysis of Dur transporter proteins showed high sim-
ilarity between C. albicans Dur3 and S. cerevisiae Dur3 protein
(Fig. 1). Among C. albicans Dur proteins, Dur32, Dur33, and
Dur35 showed close relationships with 80 —84% genetic simi-
larity, and are grouped together in one cluster; thus indicating a
functional similarity among Dur32, Dur33, and Dur35 proteins.

The deduced amino acid sequences were used to generate
hydropathy plots for Dur proteins shown in Fig. 1, and all were
found to contain 13 to 15 putative transmembrane domains in
an a-helical conformation (data not shown). Because 13-15
transmembrane domains have been reported as a special fea-
ture of the SSS family of proteins, our results showed that C.
albicans Dur transporter proteins fit with the classical SSS fam-
ily of integral membrane proteins.

DUR3 and -31 Deletion Reduces Sensitivity to Hst 5—To
examine the possible role of individual Dur proteins in poly-
amine and Hst 5 uptake in C. albicans, we constructed a series
of isogenic C. albicans null mutants for Dur protein family
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members from the parental strain CAF4-2. Based upon the
phylogenetic tree of Dur proteins on amino acid sequences, one
member from each cluster was selected to construct gene dele-
tion null mutants. Independent homozygous mutants for Dur3,
Dur31, Dur33, and Dur34 proteins, double gene knock-out
mutants for Dur3/Dur31, a Dur3 restoration strain (dur3/
DUR3), and an Dur3 overexpression strain (DUR3 O/E) were
constructed (Table 1).

Deletion of DUR3 resulted in significant loss of Hst 5 sensi-
tivity (Fig. 24), which was reversed upon gene restoration (data
not shown); whereas Adur31 cells had reduced sensitivity only
at the highest Hst 5 concentration tested. Interestingly, cells
with deletion of both DUR3 and DUR31 had much greater
resistance to Hst 5 than either single deletion mutants, suggest-
ing additive effects resulting from loss of both genes in Adur3/
Adur31 cells. As expected, DUR3 O/E was significantly more
sensitive to Hst 5. No differences in Hst 5 toxicity were found in
Adur33 and Adur34 strains compared with CAF4-2 (data not
shown); thus these two Dur family transporters are unlikely to
be involved in Hst 5 killing. Therefore, we did not examine
these strains further.

To identify a reason for the disparity between the lack of Hst
5 sensitivity of Adur31 cells compared with Adur3/Adur31
cells, we examined expression levels of DUR3 and DUR31 genes
in these strains (Fig. 2B). We found that levels of DUR3 tran-
scripts were elevated in Adur31 cells almost to the level of the
DUR3 overexpression strain. However, deletion of DUR31 did
not result in an increase in DUR3 transcripts. Thus the small
reduction in Hst 5 killing in Adur31 cells is likely a result of the
compensatory increase in DUR3. However, whereas the pheno-
type of Adur31 cells is masked by higher transcription of DUR3,
DUR31 also contributes to Hst 5 sensitivity, because killing of
Adur31 cells was not as high as the DUR3 O/E strain (both
strains having equivalent levels of DUR3 transcripts). Overall,
these data point to a role of both Dur3 and its closely related
family member Dur31 in Hst 5 sensitivity.

C. albicans Cells Cultured with Added Polyamines Are Resist-
ant to Hst 5 Killing—Because polyamine uptake and trans-
porter expression levels are repressed in the presence of high
extracellular polyamines (34), an initial screening was per-
formed to ascertain if cells grown with polyamines were altered
in Hst 5 intracellular translocation and cytotoxicity. For these
experiments, C. albicans (CAF4-2) cells were grown in medium
containing putrescine, spermidine, and spermine (1 or 2 mm),
followed by a thorough washing to remove all extracellular
polyamine before addition of Hst 5. Cells grown in the presence
of spermidine or spermine, but not putrescine, were resistant to
Hst 5 mediated killing (Fig. 34). Hst 5 induced killing was pro-
portionally reduced with increasing concentrations of poly-
amines in growth medium. In contrast, no significant inhibition
of killing was observed when cells were grown with added
putrescine (Fig. 3A4). Cells cultured in medium supplemented
with 2 mm spermidine showed the highest inhibition of killing
with Hst 5; resulting in only 26% killing as compared with 70%
killing in cells grown in the absence of spermidine (Hst 5 at 60
uM). Although cells cultured with spermine showed resistance
to Hst 5 killing, the loss in killing activity by Hst 5 was less
pronounced. Addition of spermine (2 mMm) to cultures
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TABLE 1
C. albicans strains used in this study
Strain Parent Genotype Phenotype Reference
CAF4-2 CAF2-1 Aura3:imm434/ura3:imm434 URA™ 35
CAl4 CAF2-1 Aura3::imm434/Aura3::imm434 URA™ 35

Adur3 CAF4-2 Aura3:imm434/Aura3::imm434, Adur3:FRT URA™ This study
Adur31 CAF4-2 Aura3:imm434/Aura3::imm434, Adur31:FRT URA™ This study
Adur33 CAF4-2 Aura3::imm434/Aura3::imm434, Adur33:FRT URA™ This study
Adur34 CAF4-2 Aura3:imm434/Aura3::imm434, Adur34:FRT URA™ This study
Adur3/dur31 Adur3 Aura3:imm434/Aura3::imm434, Adur3:FRT/Adur31:FRT URA™ This study
dur3/DUR3 Adur3 Aura3::imm434/Aura3::imm434, dur3/DUR3::FRT/RP10::DUR30ORF URA™ This study
DUR3 O/E CAF4-2 Aura3:imm434/Aura3::imm434, DUR3/DUR3:FRT RP10::DUR30ORF URA™ This study
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20 18S RNA cyclohexylamine blocks intracellular synthesis of polyamines,

00 o B o and forces cells to rely on their uptake from the medium.

Hst 5 [uM] Therefore, we expected that C. albicans cells cultured with 5

FIGURE 2. A, polyamine transporter mutants DUR3 O/E (<), Adur3 (CJ),
Adur31 (®), and Adur3/Adur31 (V) were altered in sensitivity to Hst 5 com-
pared with wild-type CAF4-2 (@) cells. Colony forming units were determined
after a 1-h exposure to different concentrations of Hst 5, and percent killing
was calculated from the cfu in Hst 5-treated cells compared with control cells.
C. albicans Adur3 and Adur3/Adur31 were found to be resistant to Hst 5 medi-
ated killing, whereas the DUR3 overexpression strain was hypersensitive to
Hst 5. The Adur31 strain was resistant only at a 60 um Hst 5 dose. B, reverse
transcription-PCR analysis was performed to determine the expression levels
of DUR3 and DUR31 genes in WT and DUR mutants. The expression level of
DUR3 was elevated in DUR3 O/E as well as in Adur31 cells compared with WT.
Thus, increased expression of DUR3 in Adur31 cells masks changes in sensi-
tivity to Hst 5. There were no differences in expression levels of DUR31 in any
strain examined.

decreased the subsequent Hst 5 killing by a maximum of 50%,
whereas only 1 mm spermidine was required to reduce killing to
this level.

To determine whether the observed decrease in Hst 5 toxic-
ity in cells cultured in the presence of spermidine was due to
reduced Hst 5 uptake, CAF4-2 cells grown in the presence and
absence of 2 mM spermidine were treated with FITC-Hst 5
(which retains biological activity) and observed by time-lapse
confocal microscopy. Substantial uptake of FITC-Hst 5 was
observed in cells grown without spermidine compared with
cells grown in the presence of spermidine (Fig. 3B). Reduction
in intracellular uptake of Hst 5 in cells grown in spermidine
medium (2 mm) was not due to altered cell wall binding,
because these cells had abundant cell wall binding of Hst 5
despite reduced cytosolic levels of Hst 5 (Fig. 3B). To confirm
that cells cultured in the presence of spermine or spermidine
had repression of DUR3 or DUR31, RT-PCR was performed on
cells cultured as for the Hst 5 assays. Interestingly, C. albicans
DURS3 transcript levels were substantially reduced when cells
were grown with spermidine, however, there was no change in
expression of DUR31 (Fig. 3B). Because Hst 5 killing in cells
grown in spermidine was more pronounced than cells with
DUR3 deletion and was similar to Adur3/Adur31 cells (Fig. 24),
this suggested that culturing C. albicans in the presence of poly-
amines not only repressed expression of Dur3 transporters, but
also reduced the substrate affinities of Dur3 and perhaps Dur31
transporters.
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mM cyclohexylamine would have increased Hst 5-mediated
killing as a result of up-regulation of Dur transporters. Indeed,
we observed that in the presence of CHA, cells showed sig-
nificantly higher killing by Hst 5 at all concentrations tested
(Fig. 4A). Increased sensitivity of cells to Hst 5 was similar to
that found with the DUR3 O/E strain; and indeed transcripts
of DUR3 but not DUR31 were found to be elevated upon
treatment of C. albicans cells with CHA (Fig. 4B). Collec-
tively these data show that the expression levels of DUR3 are
directly proportional to Hst 5 killing, thus implicating Dur3p
as a major intracellular transporter for Hst 5. Also, DUR3
transcriptional regulation appears to be highly responsive to
cellular requirements for polyamines, whereas DUR31 tran-
scripts are stable.

Spermidine Uptake in C. albicans Is Concentration and
Energy Dependent—To better define spermidine transport in
the context of its role in Hst 5 uptake by Dur transporters, we
examined whether spermidine uptake was affected by condi-
tions that are known to inhibit Hst 5 uptake. Because Hst 5
intracellular transport and killing of C. albicans is abolished by
incubating cells at 4 °C (19) or with membrane protonophores
including CCCP (14, 17), we tested whether spermidine uptake
was also prevented under these conditions. Spermidine uptake
was measured using spermidine conjugated with the fluoro-
phore dye BODIPY 630/650 (BODIPY-Spd). Initial studies of C.
albicans cells following incubation with BODIPY-Spd for 10
min and visualization by confocal microscopy showed uniform
cytosolic distribution of red fluorescence, providing unambig-
uous evidence of internalization of the BODIPY-Spd conjugate
(data not shown). To perform uptake and competition assays, a
microtiter plate assay was developed and optimized for C. albi-
cans cell numbers, growth phase, and concentration of
BODIPY-Spd. Values for BODIPY-Spd uptake by C. albicans
cells were calculated based on fluorescence units as described
under “Experimental Procedures.” A concentration-dependent
uptake of BODIPY-Spd by wild-type cells was observed that
was linear within the first 5 min (Fig. 54). Based on this dose
curve, 100 um BODIPY-Spd was selected for use in subsequent
experiments as it allowed easily measurable uptake and did not
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FIGURE 3. Uptake and killing activity of Hst 5 is reduced in cells cultured with spermidine and spermine. A, wild-type CAF4-2 cells were grown either in
growth medium only (®) or in growth medium supplemented with putrescine, spermine, or spermidine (1 mm (CJ) and 2 mm (A)). Addition of putrescine to
growth medium did not affect the sensitivity of C. albicans cells to Hst 5 mediated killing (p > 0.05). The presence of either spermine or spermidine in the growth
medium significantly increased the resistance of C. albicans to Hst 5 toxicity, with the highest inhibition of killing in cells grown in spermidine. B, intracellular
translocation of FITC-Hst 5 (30 um) was reduced in cells grown in medium with added spermidine (Spd) (2 mwm) (right panel) as compared with control cells
grown in medium without the addition of spermidine (middle panel). Transcript levels of DUR3 were reduced in CAF4-2 cells grown in the presence of 2 mm

spermidine, whereas there was no difference in the expression level of DUR31.
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FIGURE 4. Inhibition of polyamine biosynthesis by the spermidine syn-
thase inhibitor CHA increased cell sensitivity to Hst 5. A, WT cells were
cultured overnight in medium with or without 5 mm CHA, and then tested for
Hst 5 sensitivity. WT cells cultured with CHA showed significantly (p < 0.01)
increased Hst 5 mediated killing as compared with cells grown in medium
only, which was accompanied by (B) an increase in the expression level of
DUR3 but not DUR31 in 5 mm CHA-treated cells; thus indicating the role of
Dur3p for Hst 5 toxicity.

alter Hst 5 cell wall binding. Next, we quantified BODIPY-Spd
uptake under conditions that inhibit Hst 5 uptake (low temper-
ature or protonophores), and found that chilling cells at 4 °C or
pretreatment with 500 um CCCP completely inhibited uptake
of BODIPY-Spd (Fig. 5B). Furthermore, pretreatment of cells
with CHA resulting in increased Hst 5 killing also increased
spermidine uptake; although culturing cells in spermidine that
reduced Hst 5 killing also decreased subsequent spermidine
uptake (Fig. 5C). Thus both Hst 5 and spermidine uptake by C.
albicans are dependent upon the same conditions, suggesting
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that a similar mechanism is involved in intracellular
translocation.

To determine the role of each Dur transporter in spermidine
uptake, quantitative transport of BODIPY-Spd was measured
for each DUR deletion mutant and compared with parental
CAF4-2 cells (Fig. 6). The uptake of BODIPY-Spd was
decreased by one-third in the Adur3 strain and further reduced
by two-thirds in the double deletion mutant Adur3/Adur31
(both significant using the Dunn multiple comparison test at
p < 0.01). As expected the Adur31 strain did not have signifi-
cantly reduced spermidine uptake due to overexpression of
DURS3 (Fig. 2B), whereas the DUR3 O/E strain had significantly
higher spermidine uptake when compared with wild-type
CAF4-2 cells. Replacement of DUR3 to the Adur3 deletion
strain (Adur3:DUR3) restored spermidine transport to wild-
type levels (data not shown). Altogether, these data demon-
strate that Dur3 and Dur31 proteins are major transporters
used by C. albicans cells for spermidine uptake, and show that
spermidine uptake and Hst 5 killing require the same Dur
transporters.

Dur3p and Dur31p Are Preferential Transporters for Spermi-
dine and Hst 5—To directly test the ability of Hst 5 to utilize
Dur transporters for its uptake, competition experiments were
carried out. We chose to test both 15.5 and 31 um Hst 5 in
competition assays, as these are relevant physiological concen-
trations characterized in killing experiments (Fig. 24). Addition
of Hst 5 along with BODIPY-Spd (100 um) to WT CAI4-2 cells
resulted in reduced spermidine uptake that was more pro-
nounced with higher (31 um) Hst 5 concentrations (Fig. 7A),
thus proving that Hst 5 utilizes the same transporters as sper-
midine for its entry into the cells. C. albicans cells (DUR3 O/E)
overexpressing Dur3 had even more reduction in spermidine
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FIGURE 5. Spermidine uptake in C. albicans is concentration and energy
dependent. A, C. albicans CAF4-2 cells were grown to mid-log phase,and 1 X
10° cells in 10 mm sodium phosphate buffer (NaPB) were added to each
microtiter plate well for spermidine uptake assays using 50, 100, 200, 400, and
800 wm BODIPY-labeled spermidine (Bodipy-Spd). Uptake was calculated on
the basis of fluorescence units of BODIPY-Spd and normalized by subtraction
from the fluorescent count values from control wells containing only BODIPY-
Spd as well as from the readings at time 0. Cells demonstrated a concentra-
tion-dependent linear uptake of BODIPY-Spd within 5 min. B, wild-type
CAF4-2 cells were preincubated with 500 um CCCP in NaPB or chilled at 4 °C
before addition of BODIPY-X-Spd (100 um). Uptake of BODIPY-X-Spd was sig-
nificantly inhibited by more than 90% in chilled cells or cells pretreated with
CCCP. C, culture of wild-type CAF4-2 cells with spermidine (2-4 mwm) signifi-
cantly reduced BODIPY-X-Spd uptake by 25-50%, whereas growth of cells
with 5 mm CHA significantly increased BODIPY-X-Spd uptake by more than
50%. These changed in BODIPY-X-Spd uptake that positively correlate with
the altered transcript levels of DUR3 (see Figs. 3 and 4). Data shown are the
mean * S.E. of triplicate independent experiments.

uptake in the presence of Hst 5 compared with WT cells. We
observed that both the single deletion mutant Adur3 and the
double deletion mutant Adur3/Adur31 had a complete loss of
competition at both 15.5 and 31 um Hst 5 (Fig. 7A), showing
that Hst 5 competes for spermidine uptake with both Dur3 and
Dur31 transporters. Competition was restored in the Dur3
complementation strain (data not shown). Deletion of the
Dur31 protein resulted in partial inhibition at 31 um Hst 5 and
no inhibition at 15.5 um Hst 5, as expected due to overexpres-
sion of the remaining DUR3 gene.

To further confirm the involvement of Dur3 in the uptake of
Hst 5, we measured the intracellular accumulation of FITC-Hst
5 using time-lapse confocal microscopy in Adur3 and DUR3
O/E C. albicans cells (Fig. 7B). Cells overexpressing Dur3 had
more rapid uptake and higher intracellular accumulation of Hst
5, whereas Adur3 cells had substantially reduced uptake of Hst
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FIGURE 6. Spermidine uptake is most reduced by DUR3 and DUR31 gene
deletions in C. albicans cells. C. albicans cells were grown to mid-log phase,
and 1 X 10° cells in 10 mm sodium phosphate buffer (NaPB) were added to
each microtiter plate well for spermidine uptake assays using 100 um BODIPY-
labeled spermidine (Bodipy-Spd). Uptake for each strain was calculated for 5
min after addition of BODIPY-X-Spd, and normalized by subtraction from the
fluorescent count values from control wells containing only BODIPY-X-Spd as
well as from the readings at time 0. Spermidine uptake was increased in the
DUR3 overexpression strain; but was most significantly (p < 0.01) reduced in
the double deletion strain Adur3/Adur31 and significantly (p < 0.05) reduced
in Adur3 cells when compared with WT CAF4-2 cells. Cells with deletion of
DUR31 alone did not differ from WT. Data shown are the mean * S.E. of
triplicate independent determinations.

5. Double deletion mutants Adur3/Adur31 had virtually no
uptake of Hst 5 during the time course of the experiment (data
not shown). Collectively, these data demonstrate that Dur3p
and Dur31p are plasma membrane transporters involved in
intracellular translocation of Hst 5 in C. albicans.

To determine the kinetic parameters for spermidine uptake
and Hst 5 competition, K, and V., values for spermidine
uptake for C. albicans strains bearing DUR3 and DUR31 muta-
tions were calculated and compared with parental WT values
(Table 2). The measured K,,, values were calculated using 10°
cells, and predominantly reflects changes in transporter-ligand
affinity for the whole cell. The K, value for spermidine uptake
in WT cells was 3.6 = 0.7 um, which increased significantly (p <
0.01) in single Dur3 or Dur31 transporter deletion mutant
strains tested. Both Adur3 and Adur31 strains showed more
than a 2-fold decrease in affinity for spermidine, whereas the
Adur3/Adur31 mutant showed more than a 10-fold decrease in
affinity. Hence, our results illustrate that Dur3 and Dur31 are
high affinity transporters for spermidine in C. albicans. Corre-
spondingly, the V, . value was reduced by half for the Adur3
deletion mutant, and restored upon gene replacement.
Although Adur31 mutants did not show significantly reduced
uptake of spermidine thus demonstrating the compensatory
role of DUR3 in the Adur31 mutant, the V. value for the
Adur3/Adur31 mutant was reduced by 6-fold to 2.1 nmol/min/
10° cells, illustrating that both transporters are major trans-
porters governing the rate of total cellular uptake of spermi-
dine. The remaining intracellular transport of spermidine
observed in Adur3/Adur31 cells (~17% of WT levels) is likely
due to other Dur family members or possibly other related
transporters such as Agp2.

Next we evaluated the ability of Hst 5 to act as a competitive
inhibitor of spermidine uptake by measuring K; values in each
strain (Table 2). The K; value for Hst 5 in CAF4-2 (WT) cells
was 1.2 = 0.2 um. Assays conducted with multiple concentra-
tions of Hst 5 showed increased K, values and unchanged V,
values indicating that Hst 5 is a competitive inhibitor for sper-
midine in WT cells.

In contrast, the K value for Hst 5 showed more than an 8-fold
increase upon deletion of Dur3p (Adur3); and increased by
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FIGURE 7. Hst 5 competes for spermidine uptake in C. albicans cells and is dependent upon Dur3 and Dur31. A, uptake of BODIPY-X-Spd (100 M) was
measured in the presence of 15.5 and 31 um Hst 5 in wild-type and mutant strains of the DUR gene family. Uptake of BODIPY-X-Spd (@) was calculated in the
presence of 15.5 um Hst 5 ((CJ) or 31 um Hst 5 (A) based upon fluorescence units. Deletion of Dur3 protein (Adur3) and Adur3/Adur31 double deletion resulted
in complete loss of competitive inhibition of BODIPY-X-Spd by Hst 5 at both doses (31 and 15.5 um), whereas the Adur31 deletion mutant showed partial loss
of Hst 5 inhibition. The DUR3 O/E strain showed higher competition for Hst 5. Data shown are the mean = S.E. of triplicate independent determinations. B,
cellular uptake of FITC-Hst 5 (30 M) in WT, Adur3, and DUR3 O/E was compared using time-lapse confocal microscopy. Intracellular translocation of FITC-Hst
5 was substantially reduced in Adur3 cells as compared with wild-type cells, whereas in DUR3 O/E cells there was increased intracellular translocation of

FITC-Hst 5.

TABLE 2
Kinetics of spermidine uptake and Hst 5 inhibition in C. albicans strains
Strains Vinax Substrate, spermidine, K, Inhibitor, histatin 5, K;
nmol/min/10° cells s
CAF4-2 125+ 1.5 3.6 0.7 1.2 £0.2
Adur3 6.4 *1.3° 7.5+ 0.5% 9.9 £ 0.6°
Adur3l 9.6 £0.7 7.8 +0.1¢ 5.3 +0.2¢
Adur3/Adur31 2.1 +0.2¢ 31.9 = 0.6* 84.3 = 0.17
Adur3/DUR3 10.1 = 1.0 4.1*03 ND?
DUR3 O/E 14.1 = 2.8 2.8 0.1 0.4 *£0.1¢

“ p value <0.01 compared with CAF4-2.
2 ND, not determined.

80-fold in the double deletion mutant (Adur3/Adur31). As
expected, Hst 5 competition in the DUR3 overexpression strain
was significantly reduced to 0.4 = 0.1 uM. Our results confirm
the ability of Hst 5 to compete with spermidine uptake (Fig. 7A)
and reveals Dur31p and Dur3p as the preferential spermidine
transporters used by Hst 5 for its intracellular translocation in
C. albicans cells.

DISCUSSION

Many cationic peptides exert their antimicrobial effects by
insertion or intercalation within the plasma membranes of tar-
get cells to induce pore formation or membrane perturbation.
These toxin peptides are considered to be membrane-lytic.
However, human salivary Hsts represent a unique class of pep-
tides whose antifungal mechanism originates from the cytosol
following intracellular import. Therefore, identification of their
route of entry is crucial for understanding their mechanism of
action and ultimately their potential as adjunctive therapeutic
agents. This is the first report demonstrating that a small cati-
onic human antifungal protein utilizes native fungal transport-
ers to gain entry into their target cells to exert toxic effects. In
this study, we show that a major route of entry of Hst 5 into C.
albicans cells is via the Dur family of polyamine transporters.

The discovery of this intracellular transport mechanism
explains many of the energy-dependent requirements of Hst 5
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activity. It is known that Hst 5 toxicity is reduced upon energy
depletion of fungal cells by sodium azide or the protonophores
CCCP and dinitrophenol. Incubation of S. cerevisiae cells with
azide strongly reduced putrescine uptake by Dur3p (34)
because polyamine transport systems are dependent on energy
derived from membrane-associated ATPases. Another impor-
tant determinant of polyamine transport in S. cerevisiae is the
Ser/Thr protein kinase named polyamine transport protein
kinase 2 (Ptk2p), which is an activator of plasma membrane
permeability to various cations including polyamines (46). S.
cerevisiae Dur3p is activated by phosphorylation of Thr**°,
Ser*®', and Thr®®* by Ptk2p (34). In turn, Ptk2p activity is
induced by the glucose-dependent activation of the Pmalp
H"-ATPase, thereby increasing the proton motive force that
energizes the transport of cationic compounds and polyamines
(47). Treatment of yeast cells with energy inhibitors of Pmalp
such as the protonophores CCCP and dinitrophenol, as well as
azide, inhibits Pmalp function and permease activity, thus
accounting for the loss of spermidine uptake we observed in C.
albicans cells. Our finding that Hst 5 utilizes polyamine trans-
porters for its intracellular uptake now explains the loss of Hst 5
uptake and Kkilling following incubation of C. albicans with
these agents. The requirement of ATPases for polyamine per-
mease activity may also explain the finding that addition of the
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organic solvent dimethyl sulfoxide (10-40%) to C. albicans
cells reduced Hst 5 toxicity (20), because this solvent also inhib-
its ATPase activity (48). Thus, the observation that dimethyl
sulfoxide reduces Hst 5 toxicity is likely not to be a result of
increasing membrane rigidity as previously suggested (20), but
rather due to loss of polyamine permease activity needed for
Hst 5 uptake.

A similar intracellular transport mechanism has been char-
acterized for the antineoplastic drug bleomycin in human and
S. cerevisaie cells. Bleomycin is a hydrophilic glycopeptide anti-
biotic produced by Streptomyces verticillus and used as a geno-
toxic drug because of its ability to damage tumor DNA. A spe-
cialized form of bleomycin called bleomycin-A5 is transported
into S. cerevisaie cells by the polyamine permease Agp2,
because this bleomycin variant contains a spermidine residue
as its terminal amine substituent (49). The therapeutic utility of
bleomycin-A5 in cancer patients is based upon the functional
similarity of the human high affinity L-carnitine transporter
hCT2 with S. cerevisaie Agp2, both of which transport bleomy-
cin-A5 intracellularly to damage DNA (50). This raises the
interesting possibility that adding a spermidine or spermine
moiety to Hst 5 or other antifungal drugs may improve intra-
cellular delivery through polyamine transporters.

S. cerevisiae uses only four plasma membrane permeases,
(Dur3, Sam3, Agp2, and Gapl) to catalyze the uptake of extra-
cellular polyamines, although Dur3 and Sam3 primarily con-
tribute to uptake activity. In contrast, C. albicans has six Dur
family members, as well as an Agp2 permease and multiple
Sam3/Gapl orthologs, suggesting considerable functional
redundancy among these transporters. The relative abundance
of these permeases suggest that regulation of the intracellular
polyamine uptake is critical in C. albicans and may play a cru-
cial role in its ability to colonize and survive in various ecolog-
ical niches. Therefore, it is expected that these permeases have
arole in virulence. Interestingly, the Dur3 deletion mutant was
not attenuated in systemic virulence (45). However, our results
found that although deletion of DUR3 reduced spermidine
uptake by half, deletion of both DUR3 and DUR31 was required
for the most extensive reduction in spermidine transport.
Therefore, we expect that C. albicans Adur3/Adur31 mutants
would have reduced virulence in vivo where environmental
polyamine uptake is crucial for fungal survival. We are cur-
rently carrying out experiments to evaluate this possibility.

Our finding that Hst proteins are recognized as polyamines
in respect to intracellular transport in fungal cells also points
toward other potential interactions between Hsts and cells
based upon known interactions with polyamines. We have
identified cell wall Hsp70 chaperone proteins in C. albicans that
bind Hst 5 and facilitate its uptake, although they do not func-
tion themselves as transporters. We speculate that these cell
wall proteins serve as initial binding partners before passing
Hsts to the actual transporter. Evidence to support this hypoth-
esis is provided by yeast two-hybrid screening of the S. cerevi-
siae Hsp90-proteome. Strong interactions with a large group of
membrane transporters including AGP2 were found (51), sug-
gesting that Hsp chaperones could function to pass substrates
to transporter proteins. Thus Candidal Hsp 70 proteins may
chaperone Hst 5 from the outer cell wall to the cell membrane
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where Hst 5 is transferred to membrane localized Dur
permeases.

Structural similarities between Hst 5 and polyamines may
account for the means by which Hst 5 exerts its toxic effect in
target fungal cells. There is substantial evidence that intracel-
lular polyamines function as gating molecules for potassium
(K*) channels in both eukaryotic and bacterial cells (52, 53).
Polyamines function as modulators of voltage-dependent
inward rectification by blocking or gating the K™ channel pore
from the intracellular aspect. In respect to Hst 5, we found that
one of the initial effects of this peptide upon entry into fungal
cells is efflux of K* ions and ATP as well as the accompanying
loss of the cells ability to regulate ion homeostasis. Hst 5 bind-
ing to the C. albicans K™ channel Trklp produces a leakage
pathway, through either Trk1 protein itself or a larger complex
involving Trklp. Our model is that Trklp is distorted by Hst 5
binding so that it permits the efflux of larger anions such as
ATP, then causing cellular osmotic stress response, cell volume
loss, and eventual cell cycle arrest. Thus it is possible that Hst 5
is a polyamine analog in its interactions with fungal K™ chan-
nels as well as with Dur permeases.

Because our evidence shows that Hst 5 functions as a sper-
midine analog for uptake in fungal cells, other interesting pos-
sibilities are raised. In S. cerevisiae, addition of spermidine can
alter gene expression involved in various metabolic pathways
and activate other transport systems in the absence of the pre-
ferred transporter (54, 55); thus it is possible that the presence
of Hst 5 modulates C. albicans metabolism or carrier affinities.
Also, intracellular Hst 5 may be recognized as contributing to
high levels of cellular polyamines, and then be excreted from
the cell via polyamine TPO permeases. S. cerevisiae expresses
polyamine excretion permeases on the plasma membrane
(FLUI, TPO1, TPO4, and TPOS5) that have important roles in
detoxification and drug excretion. We have identified at least
four C. albicans plasma membrane homologues of S. cerevisiae
TPO and FLUI polyamine exporters, thus it is possible that the
Hst 5 export from fungal cells may be a major route of acquired
resistance to the peptide that has been observed upon pro-
longed exposure to this peptide. This is an area of active inves-
tigation in our laboratory.

The concept that the functionality of Hst 5 in C. albicans is
based upon its recognition as a polyamine homologue leads to a
unified understanding of its cytotoxic activities within the fun-
gal cell. Hst 5 energy-dependent uptake through Dur transport-
ers, intracellular potassium channel targets, and regulation of
intracellular concentration are consistent with the known func-
tions of polyamines. These findings also provide guided strate-
gies to improve cationic peptide delivery to target cells by link-
age with small polyamine carriers.
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