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Human �-defensin 2 (hBD-2) and hBD-3 have potent fungicidal activity in the micromolar range. Although
little is known about their mechanism of action against Candida species, some similarities to the antifungal
mechanism of salivary peptide histatin 5 (Hst 5) seem to exist. Since hBD-2 and hBD-3 have been reported to
cause direct disruption of target cell membranes, we compared the effects of hBD-2 and hBD-3 on Candida
albicans membrane integrity. Incubation of calcein-loaded C. albicans cells with a dose of hBD-2 lethal for 90%
of the strains tested (LD90) resulted in a maximal dye efflux of only 10.3% � 2.8% at 90 min, similar to that
induced by Hst 5. In contrast, an LD90 of hBD-3 more than doubled calcein release from cells yet did not result
in more than 24% of total release, showing that neither peptide caused gross membrane damage. As for Hst
5, killing of C. albicans cells by hBD-2 and hBD-3 was salt sensitive; however, Ca2� and Mg2� inhibited hBD-2
but not hBD-3 fungicidal activity. Pretreatment of C. albicans cells with sodium azide resulted in significantly
decreased ATP release and susceptibility of cells to hBD-2 and hBD-3. However, hBD-3 killing was partially
restored at concentrations of >0.8 �M, showing energy-independent mechanisms at higher doses. C. glabrata
resistance to Hst 5, hBD-2, and hBD-3 is not a result of loss of expression of cell wall Ssa proteins. The
candidacidal effects of hBD-2–hBD-3 and Hst 5–hBD-2 were additive, while the index of interaction between
Hst 5 and hBD-3 was 0.717 (P < 0.05). Thus, the candidacidal action of hBD-2 shows many similarities to that
of Hst 5 in terms of salt sensitivity, ion selectivity, and energy requirements while hBD-3 exhibits biphasic
concentration-dependent mechanisms of candidacidal action complementary to those of Hst 5.

Candida albicans is the most prevalent organism causing oral
candidiasis, a common sequela in persons with immunodefi-
ciency viral infections, underlying systemic diseases, or medi-
cations that reduce salivary flow (4, 8). The toxicity of the
currently used polyene antifungal drugs and the emergence of
resistant candidal species to azole-based agents have initiated
a search for innate peptide antibiotics as alternative drug ther-
apies.

In the oral cavity, a large variety of antimicrobial peptides,
including human defensins and histatins, contribute to the in-
nate host defense against fungal pathogens (7). The small (3-
to 5-kDa) cationic defensins represent an important peptide
family among antimicrobial peptides. Human defensins are clas-
sified into � and � subfamilies on the basis of their sequence
homology and the localization of six conserved cysteine residues
(21). Human �-defensin 1 (hBD-1) to hBD-4 are expressed in
many epithelial tissues (2, 26). In the oral cavity, hBD-1 to -3
are found in salivary glands, salivary secretions, gingival epi-
thelia, and gingival crevicular fluid (20). In contrast to the
constitutive expression of hBD-1, hBD-2 and hBD-3 are in-
duced by interleukin-1�, tumor necrosis factor alpha, or
gamma interferon or by bacterial or candidal challenge (9, 10,
11). hBD-3 is considered the most potent �-defensin charac-
terized to date, as it kills gram-negative and gram-positive
bacteria, enveloped viruses, and fungi (11). hBD-1 and hBD-2

are less potent peptides and are predominantly active against
gram-negative bacteria and yeasts (14). hBD-2 and hBD-3
have potent fungicidal activity against C. albicans at micromo-
lar concentrations, with hBD-3 being about 10 times more
fungicidal than hBD-2 (14, 31).

While the broad-spectrum activity of hBDs has been well
reported, their antimicrobial mechanism has been studied less
extensively. Moreover, most studies have focused on the mech-
anism of action against bacteria while almost nothing is known
about their antifungal mechanism. Recently it has been shown
that hBD-3, but not hBD-2, exhibits potent antibacterial activ-
ity against Escherichia coli, Staphylococcus aureus, and Acti-
nobacillus actinomycetemcomitans at both subphysiological and
physiological salt concentrations and also in saliva and serum
(11, 13, 19, 23). Membrane depolarization and permeabiliza-
tion appear to be the predominant mechanisms of �-defensins
against bacteria (11, 23). In contrast, hBD-2 candidacidal ef-
fects on C. albicans and C. glabrata cells have been evaluated
only morphologically (9).

We have recently demonstrated that cell wall proteins
Ssa1/2p are involved in the candidacidal activity of the histi-
dine-rich salivary protein histatin 5 (Hst 5) and for �-defensins
(17, 31). Hst 5 killing of C. albicans cells is initiated by binding
to Ssa1/2p, followed by translocation to an intracellular com-
partment (17). Intracellularly, Hst 5 causes nonlytic efflux of
cellular ATP and other small nucleotides and ions from the cell
through mechanisms that require the Trk1p potassium trans-
porter (1, 15, 31). Hst 5 killing of C. albicans is salt sensitive
and occurs in metabolically active cells (15, 32). Therefore, we
questioned whether these key features required by Hst 5 for C.
albicans killing are also involved in �-defensin fungicidal ac-
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tivity. Here we demonstrate that, in contrast to the salt toler-
ance of hBD-3 against bacteria, the antifungal activities of this
peptide and hBD-2 are salt sensitive, suggesting alternative
mechanisms of action between bacteria and fungi. In addition,
we find evidence for differences in C. albicans killing between
hBD-3 and hBD-2 in which hBD-2 more resembles Hst 5.

MATERIALS AND METHODS

Materials. C. glabrata strains 931010 and 932474 were generously provided by
Janet M. Guthmiller (Dows Institute for Dental Research and Department of
Periodontics, College of Dentistry, University of Iowa, Iowa City) and were used
in C. glabrata resistance assays. For all other studies, C. albicans strain CAF4-2
was used. Yeast nitrogen base (YNB) and complete amino acid supplement
mixture were from Q-Biogene; uridine, sodium azide, and calcein-acetoxymethyl
ester (calcein-AM) were from Sigma; hBD-2 and hBD-3 were from Peptides
International (Louisville, KY); and Hst 5 was synthesized by using standard
solid-phase synthesis protocols and purified by reversed-phase high-performance
liquid chromatography by Genemed Synthesis Inc. (San Francisco, CA). The
primary structures of these peptides are shown in Table 1.

Candidacidal assay. Antifungal properties of hBD-2 and hBD-3 were exam-
ined by microdilution plate assay as previously described (31), with the following
modifications. Briefly, C. albicans cells were grown in YNB medium, washed
twice with 10 mM sodium phosphate buffer (NaPB; Na2HPO4-NaH2PO4, pH
7.4), and resuspended in 10 mM NaPB at a concentration of 106/ml. In order to
determine the salt tolerance of �-defensins, CAF4-2 cells were placed in 10 mM,
20 mM, 50 mM, or 100 mM NaPB buffer, pH 7.4. To determine ion specificity,
cells were incubated in 10 mM NaPB with the addition of 0.5 mM, 1 mM, 5 mM,
or 25 mM CaCl2, MgCl2, KCl, or NaCl. For the experiments evaluating the
energy requirements for the antifungal activities of hBD-2 and hBD-3, cells were
preincubated with 1 mM NaN3 for 2 h at 30°C with shaking before treatment with
hBD-2 (2.9 to 11.6 �M) or hBD-3 (0.2 to 1.0 �M) for 1 h at 30°C. Control cells
were incubated with 10 mM NaPB alone. In experiments testing C. glabrata
resistance, fungicidal activity against C. glabrata 931010 and 932474 was assessed
by using a peptide concentration that caused 95% killing of C. albicans strain
CAF4-2 (LD90; Hst 5, 31 �M; hBD-2, 11.6 �M; hBD-3, 0.8 �M). Control cells
were incubated with 10 mM NaPB alone. Cell suspensions were diluted in 10 mM
NaPB, and aliquots of 500 cells were spread onto YNB agar plates and incubated
for 48 h at room temperature. Candidacidal activity assays were performed in
triplicate. Cell survival was expressed as a percentage of the control, and loss of
viability was calculated as [1 � (colonies from peptide-treated cells/colonies from
control cells)] � 100.

Synergism assay. The Loewe additivity model was used to assess in vitro
interactions among hBD-2, hBD-3, and Hst 5 by calculation of the fractional
inhibitory concentration index (FICI) with PharmTools Pro V1.1 software (MCS,
Elkins Park, PA). A fixed-ratio design method and combination drug analyses
were used (28). Briefly, a standard candidacidal assay with C. albicans strain
CAF4-2 and hBD-2 (3 to 25 �M), hBD-3 (0.3 to 2.0 �M), or Hst 5 (3.5 to 32 �M)
was performed in order to establish a dose-response curve for each peptide, as
well as a composite additive curve between two peptides. Killing data were
analyzed by the linear-regression model (effect versus log-based doses) with
PharmTools Pro V1.1 software (PharmTools, Elkins Park, PA) to calculate each
50% effective dose (ED50) and to determine the optimal proportion of each
peptide for the combination assay. A fixed proportion of the less potent peptide
in the combination pairs (0.737 for Hst 5–hBD-2, 0.940 for Hst 5–hBD-3, and
0.849 for hBD-2–hBD-3) was used in candidacidal assays to obtain combination
dose-response data. Resulting combination dose-response data and the individ-
ual dose-response data for each peptide were used in a combination analysis
(PharmTools Pro V1.1) to determine whether the combination curve differed

significantly from the composite additive curve at the specified effect level. The
FICI between peptide pairs was determined by the Zmix/Zadd ratio, where Zmix

is the total dose calculated from the combination dose-effect curve to give the
50% effect level and Zadd is the total dose calculated from the composite additive
curve to give the same response effect (28). Student’s t test was used to determine
the statistical significance of the synergism between peptide pairs. FICI was
defined as follows: FICI � 0.5 � synergy, FICI � 4.0 � antagonism, and FICI �
0.5 to 4.0 � additive interactions (no synergistic interaction) (22).

Cell permeability assay. Cell permeability was monitored by release of the
intracellular dye calcein as previously reported (6), with the following modifica-
tions. Calcein-AM loading of C. albicans cells was performed on early-stationary-
phase yeast cell cultures. Cells were washed twice with 10 mM NaPB, resus-
pended at 107/ml, and loaded with calcein-AM at a final concentration of 5 �M
for 2 h at room temperature. Cells were washed four times to remove unincor-
porated dye, and 100 �l of cells (106 cells) was transferred to a quartz microcu-
vette for analysis. Hst 5 (32 �M), hBD-2 (11.6 �M), or hBD-3 (0.8 �M) was then
added to calcein-loaded cells, and the fluorescence intensity of the induced
calcein release (Ir) was recorded every 5 min at excitation and emission wave-
lengths of 485 nm and 530 nm, respectively, in a Hitachi F-2000 fluorescence
spectrophotometer. Fluorescence intensity corresponding to 100% of the poten-
tially available internal calcein (Iint) was determined by boiling the cells for 10
min. The total fluorescence intensity of the cell population following boiling was
assumed to be equivalent to the total potentially available intracellular calcein
(Iint). The background fluorescence intensity (Ibkg) was determined by measuring
the amount of calcein released from loaded cells without peptide treatment over
90 min. Calcein efflux was calculated as percent fluorescence release � [(Ir �
Ibkg)/(Iint � Ibkg)] � 100.

Extracellular ATP bioluminescence assay. Measurement of extracellular ATP
levels was done as previously described (1), with the following modifications. C.
albicans (104 cells) was mixed with 31 �M Hst 5, 11.6 �M hBD-2, or 1 �M
hBD-3. Some of the cells were pretreated with 1 mM NaN3 for 2 h. Following
addition of each peptide, cells were incubated for 0, 5, 15, 30, 45, and 60 min and
released extracellular ATP was measured at each indicated time point with a
Veritas microplate luminometer (Turner BioSystems, Inc.). Extracellular ATP
concentrations were determined from ATP standard curves for each experiment
and expressed as picomoles of ATP per 104 cells.

Cell fractionation and Western blotting. Localization of Ssa proteins in C.
glabrata 931010 and C. albicans CAF4-2 was examined by two sequential cellular
fractionation steps consisting of �-mercaptoethanol (�-ME) cell wall extraction,
followed by cytosolic fractionation, as previously described (16). Briefly, early-
log-phase cells were washed twice with 10 mM NaPB and �-ME-extractable cell
wall components were released by incubation of the cell suspension in ammo-
nium carbonate buffer (pH 8.0) containing 1% (vol/vol) �-ME for 30 min at 37°C.
The supernatant containing the �-ME cell wall extract was collected following
centrifugation at 500 � g. The �-ME-treated cells were then washed twice with
1 M sorbitol, and the cell pellet was disrupted in 1 volume of 0.5-mm glass beads
and 1 volume of cold lysis buffer supplemented with protease inhibitors (10 mM
NaPB, 1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 1 �g/ml aprotinin, 1
�g/ml pepstatin A, 1 �g/ml leupeptin, and 1 �g/ml benzamidine). Cell lysates
were prepared by vigorous vortexing at 4°C. The cytosolic fraction was collected
following centrifugation at 10,000 � g for 10 min. The �-ME cell wall extracts
and cytosolic proteins were normalized by protein concentration and immuno-
blotted with a mouse anti-HSP70 monoclonal antibody (Stressgen Biotech Corp.,
Victoria, British Columbia, Canada) and horseradish peroxidase-conjugated
goat anti-mouse immunoglobulin G (Pierce Biotechnology Inc., Rockford, IL) as
the secondary antibody.

RESULTS

hBD-3 has greater effects on C. albicans membrane perme-
ability than hBD-2 and Hst 5. Incubation of C. albicans with
hBD-2 for 48 h has been shown to result in thinning and
dissolution of the cell wall, implying that damage of the cell
membrane is a cause of �-defensin-induced killing (9). There-
fore, we examined the ability of hBD-2 and hBD-3 to induce
yeast cell membrane destabilization by measuring the release
of the fluorescent dye calcein from yeast cells in comparison
with Hst 5. C. albicans cells were loaded with calcein-AM, and
fluorescent emission of released free dye in response to �-de-
fensins and Hst 5 was recorded over a period of 90 min (Fig. 1).

TABLE 1. Primary structures of antimicrobial peptides used
in this study

Peptide Primary sequence

hBD-2 ...................................GIGDPVTCLKSGAICHPVFCPRRYKQ
IGTCGLPGTKCCKKP

hBD-3 ...................................GIINTLQKYYCRVRGGRCAVLSCLPK
EEQIGKCSTRGRKCCRRKK

Hst 5 .....................................DSHAKRHHGYKRKFHEKHHSHRGY

VOL. 51, 2007 MECHANISM OF �-DEFENSIN KILLING OF CANDIDA ALBICANS 155



Preliminary experiments showed less than 1% of spontane-
ous dye release within a 90-min period from untreated cells
(Ibkg). Approximately 11% calcein release was detected over a
period of 90 min following treatment of cells with an LD90 of
Hst 5 (32 �M) (Fig. 1, open circles), which corresponded well
to our previously reported data (6). Both hBD-3 and hBD-2
induced concentration- and time-dependent calcein release
from dye-loaded C. albicans cells. Incubation of calcein-loaded

C. albicans cells with hBD-2 (LD90 � 11.6 �M) caused dye
efflux similar to that caused by Hst 5, reaching 10.3% 	 2.8%
at 90 min (Fig. 1, closed triangles). In contrast, an LD90 of
hBD-3 (Fig. 1, closed squares) more than doubled (24.2% 	
1.0%) calcein release from cells compared with the equivalent
dose of Hst 5 or hBD-2, showing that this peptide causes more
substantial permeabilization of the cell membrane. However,
none of the peptides tested caused gross membrane distur-
bance or lysis of C. albicans but hBD-3 induced more signifi-
cant effects on membrane permeability than either Hst 5 or
hBD-2.

C. albicans killing by hBD-2 and hBD-3 is salt sensitive. A
low extracellular salt concentration is required for antimicro-
bial activity of many peptides, including Hst 5 killing of C.
albicans (5, 32). Recently it has been shown that hBD-2, but
not hBD-3, bactericidal activity is salt sensitive (11, 23); how-
ever, the effect of ionic strength on hBD-2 and hBD-3 fungi-
cidal activity is not known. Treatment of C. albicans cells with
hBD-2 (11.6 �M) under our standard conditions (10 mM
NaPB) resulted in 95% 	 1.5% cell killing (Fig. 2A, closed
circles). However, doubling the salt concentration to 20 mM
NaPB significantly decreased C. albicans susceptibility to
54% 	 7% (Fig. 2A, open circles). Further increasing the salt
concentration to 50 mM reduced hBD-2 killing to 29% 	 13%
(Fig. 2A, closed squares), but an increase to 100 mM NaPB
only slightly reduced killing below this level to 24% 	 14%
(Fig. 2A, open squares).

Reduction of hBD-3 killing with increasing salt concentra-
tions was similar to that of hBD-2; however, the attenuation of
killing was more substantial than for hBD-2 at higher (�20
mM) salt concentrations (Fig. 2B). C. albicans susceptibility to
hBD-3 (1.0 �M) was decreased to 63% 	 16% in 20 mM
NaPB (Fig. 2B, open circles), compared to 98.2% 	 1.5%
killing with 10 mM NaPB (Fig. 2B, closed circles). Susceptibil-
ity of C. albicans cells to hBD-3 was reduced to only 18% 	
13% when cells were incubated in 50 mM NaPB (Fig. 2B,
closed squares) and was completely abolished in 100 mM
NaPB (Fig. 2B, open squares). Thus, hBD-2 retains 
20% of

FIG. 1. Time course of calcein release from C. albicans cells in-
duced by hBD-2, hBD-3, or Hst 5. C. albicans cells were loaded for 2 h
with 5 �M calcein-AM. Cells were incubated with 11.6 �M hBD-2
(closed triangles), 0.8 �M hBD-3 (closed squares), or 32 �M Hst 5
(open circles). The Ir was recorded every 5 min for 90 min at excitation
and emission wavelengths of 485 and 530 nm, respectively. Calcein
efflux was calculated as percent fluorescence recovery � [(Ir � Ibkg)/
(Iint � Ibkg)] � 100, where Ibkg is fluorescence intensity measured
before the addition of the peptide and Iint is fluorescence intensity
corresponding to 100% of the potentially available calcein determined
by boiling of the cells. Each experimental point represents mean 	 the
standard deviation of three independent experiments.

FIG. 2. hBD-2 and hBD-3 killing of C. albicans is salt sensitive. C. albicans (106 cells/ml) was treated with 2.9 to 11.6 �M hBD-2 (A) or 0.2 to
1.0 �M hBD-3 (B) in the presence of 10 mM (closed circles), 20 mM (open circles), 50 mM (closed squares), or 100 mM (open squares) sodium
phosphate buffer (Na2HPO4-NaH2PO4, pH 7.4) for 1 h at 30°C. Loss of cell viability is expressed as [1 � (colonies after peptide treatment/colonies
after incubation with buffer only)] � 100. Each data point represents the mean 	 the standard deviation of at least three independent experiments.
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its fungicidal activity at physiological salt concentrations (100
mM NaPB) while hBD-3 killing is completely inactivated.
These results also show that candidacidal activities of both
hBD-2 and hBD-3 are salt sensitive, in contrast to the salt-
insensitive activity of hBD-3 against some bacterial species.

hBD-2, but not hBD-3, killing of C. albicans is ion specific. In
order to determine whether the salt-sensitive action of hBD-2
and hBD-3 on C. albicans is due to stronger buffering capacity
of the medium or a specific ion effect, we tested hBD-2 and
hBD-3 killing in the presence of increasing concentrations of
various salts. The effect of hBD-2 and hBD-3 on C. albicans
was examined in 10 mM NaPB supplemented with 0.5, 1, 5, or
25 mM CaCl2, MgCl2, NaCl, or KCl. In the presence of only
0.5 mM CaCl2 or MgCl2, cells treated with hBD-2 (11.6 �M)
showed substantially increased resistance to the peptide, re-
sulting in 69% 	 1.1% and 58.4% 	 5.2% survival, respectively
(Fig. 3A, white and gray bars). Increasing the concentration of
Ca2� or Mg2� to 5 mM resulted in nearly complete loss of
activity of hBD-2, as 86% 	 5.8% of cells in 5 mM CaCl2 and
97.6% 	 1.1% of cells in 5 mM MgCl2 survived peptide treat-
ment (Fig. 3A) while C. albicans treated with hBD-2 in 0.5 mM
NaCl or KCl had only slightly reduced susceptibility to killing
(24% 	 9.8% and 18% 	 4.5%, respectively). No difference in
hBD-2 action among various ions was observed at higher salt
concentrations, due to the generalized salt sensitivity found
with hBD-2, as shown in Fig. 2. In contrast, C. albicans cells
treated with an LD90 of hBD-3 (1 �M) in 10 mM NaPB
supplemented with increasing concentrations of CaCl2, MgCl2,
NaCl, or KCl showed no difference in susceptibility to the salts
tested (Fig. 3B). To evaluate if specific anions affect hBD-3
activity, cell killing was tested in the presence of CaHPO4,
MgPO4, Na2HPO4, or K2HPO4. No significant difference in
susceptibility to hBD-3 was observed when Cl� was substi-
tuted for PO4

� (data not shown), indicating that the sus-
ceptibility of Candida to hBD-3 is salt rather than ion de-
pendent. These results demonstrate that hBD-2, but not

hBD-3, killing is strongly affected by the presence of Ca2�

and Mg2�, an effect previously reported for another candi-
dacidal peptide, Hst 5 (5).

hBD-2- and hBD-3-induced killing and ATP efflux from C.
albicans cells are energy dependent. Since the candidacidal
activities of Hst 5, lactoferricin, and human neutrophil defen-
sin (HNP-1) are energy dependent (15, 16, 18), we questioned
whether hBD-2 and hBD-3 require energy for their fungicidal
activities. For this purpose, we tested the candidacidal activity
of hBD-2 and hBD-3 in cells pretreated for 2 h with the general
metabolic inhibitor sodium azide (Fig. 4). CAF4-2 cells prein-
cubated with sodium azide had a marked reduction in hBD-2-
induced killing, reaching only 15% 	 10% at the highest con-
centration tested (Fig. 4A, open triangles), compared to the
control cells (Fig. 4A, closed triangles). Similarly, C. albicans
cells preincubated with sodium azide were highly resistant to
the fungicidal activity of hBD-3 (Fig. 4B, open squares) com-
pared with the control cells (Fig. 4B, closed squares). However,
the inhibitory effect of sodium azide following hBD-3 treat-
ment was biphasic in that 36% 	 10% of the cells were killed
at higher peptide concentrations (�0.8 �M) while lower
hBD-3 doses (�0.6 �M) resulted in less than 10% killing (Fig.
4B, open squares), suggesting that hBD-3 kills C. albicans by
additional energy-independent mechanisms at higher concen-
trations.

We have previously shown that Hst 5 action results in ATP
release, which could be blocked in cells pretreated with sodium
azide (15). To determine whether hBD-2 and hBD-3 act in a
similar manner, ATP efflux in hBD-2- and hBD-3-treated cells
preincubated with sodium azide was measured. As previously
reported with other C. albicans strains, treatment with lethal
concentrations of Hst 5 resulted in significant release of ATP
(Fig. 4C, closed circles), while preincubation of cells with 1
mM NaN3 prior to Hst 5 treatment prevented ATP release
(Fig. 4C, open circles). Similarly, incubation of Candida cells
with hBD-2 resulted in induction of ATP efflux in a manner

FIG. 3. hBD-2 killing of C. albicans is ion selective. C. albicans (106 cells/ml) was treated with 11.6 �M hBD-2 (A) or 1.0 �M hBD-3 (B) in
the presence of 10 mM sodium phosphate buffer (Na2HPO4-NaH2PO4, pH 7.4) supplemented with CaCl2 (clear bars), MgCl2 (gray bars), NaCl
(black bars), or KCl (hatched bars) for 1 h at 30°C. Loss of cell viability is expressed as [1 � (colonies after peptide treatment/colonies after
incubation with buffer only)] � 100. Each data point represents the mean 	 the standard deviation of at least three independent experiments.
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similar to that of Hst 5 (Fig. 4C, closed triangles) while ATP
efflux was nearly absent following 1 mM sodium azide pretreat-
ment (Fig. 4C, open triangles). Interestingly, although hBD-3
treatment resulted in pronounced ATP efflux compared with
untreated cells, maximal ATP release at 60 min of peptide
treatment reached only 50% of that for Hst 5 (Fig. 4C, closed
squares). Pretreatment with 1 mM sodium azide for 2 h com-
pletely blocked ATP release from hBD-3-treated cells (Fig. 4C,
open squares). Thus, killing by both hBD-2 and hBD-3 is
energy dependent and involves ATP release; however, the
magnitude and profile of ATP efflux are most similar between
Hst 5 and hBD-2.

hBD-2 and hBD-3 candidacidal activities are additive with
that of Hst 5. The in vitro antimicrobial activity of �-defensins
is synergistic with lysozyme, lactoferrin, and cathelicidin LL37
(2, 3, 27), suggesting that the microbicidal potency of �-de-
fensins may be significantly increased by synergistic interac-
tions between antimicrobial peptides. Since our experiments
showed that hBD-2 and hBD-3 have differential effects with
respect to salt sensitivity and ATP release from Candida cells,
we tested whether these peptides also synergize Hst 5 antifun-
gal activity. In order to determine whether hBD-2, hBD-3, and
Hst 5 act in an additive or a synergistic manner, C. albicans
cells were incubated with fixed proportions of hBD-2, hBD-3,

and Hst 5 (Table 2) and the candidacidal activities were ana-
lyzed by a fixed-ratio method to determine any effects of pep-
tide interactions. Although the fixed-ratio method defines syn-
ergy as combinations with an FICI of �1.0, we used a more
stringent criterion in which the FICI must be �0.5 for syner-
gism (22) and additive effects (or no interaction) are defined as
FICI values between 0.5 and 4.0. Interactions between hBD-3
and Hst 5 showed that the combination curve differed signifi-
cantly from the composite additive curve at the specified effect
level (interaction index of 0.717; P � 0.05) at all of the ratios
tested (Table 2), however, this combination did not reach the
criterion for synergy. The candidacidal effect of hBD-2 and
hBD-3 pairs was clearly additive (interaction index of 0.937; P
� 0.05) (Table 2). Similarly, hBD-2 and Hst 5 also showed
additive effects at all of the concentrations of peptide pairs
tested (interaction index of 3.248; P � 0.05) (Table 2). Al-
though we did not find evidence for strong synergistic action
between hBD-3 and Hst 5 on C. albicans killing under the
defined criterion, their interaction indexes suggest the possi-
bility of weak synergism, in contrast to the additive effects of
hBD-2 and Hst 5.

C. glabrata resistance to �-defensins and Hst 5 is not due to
absence of cell wall Ssa1/2p. C. glabrata has emerged as a
common fungal pathogen in opportunistic fungal infections in
humans with resistance to many azole drugs (24). Unlike most
strains of C. albicans, several strains of C. glabrata also have
substantial resistance to killing by hBD-2 and hBD-3 (14). ToTABLE 2. Analysis of interactions among Hst 5, hBD-2, and

hBD-3 against C. albicans

Combinationa Proportionb P value FICIc

hBD-2–hBD-3 0.849 �0.05 0.937
Hst 5–hBD-2 0.737 �0.05 3.228
Hst 5–hBD-3 0.940 �0.05 0.717

a The respective concentrations tested (micromolar) were as follows: hBD-2–
hBD-3, 0.62 and 0.11, 1.23 and 0.22, 2.46 and 0.44, and 4.92 and 0.88; Hst
5–hBD-2, 1.73 and 0.62, 3.45 and 1.23, 6.90 and 2.46, and 13.8 and 4.92; Hst
5–hBD-3, 1.73 and 0.11, 3.45 and 0.22, 6.90 and 0.44, and 13.8 and 0.88.

b The proportion of the less potent peptide in the combination is shown.
Proportions are based on the estimated ED50s of individual peptides.

c The FICI is defined as follows: FICI � 0.5 � synergy, FICI � 4.0 �
antagonism, FICI � 0.5 to 4.0 � additive effects (no interaction) (22).

TABLE 3. Fungicidal activities of Hst 5, hBD-2, and hBD-3
against Candida species

Peptide
(concn ��M)a

Mean peptide-induced cell killing (%) 	 SD

C. glabrata
931010

C. glabrata
932474

C. albicans
CAF4-2

hBD-2 (11.6) 20.2 	 15.5 89.6 	 4.8 95.0 	 1.5
hBD-3 (0.8) 11.5 	 1.4 53.2 	 3.2 98.2 	 1.5
Hst 5 (31) 12.2 	 7.2 29.4 	 4.2 97.5 	 2.0

a Peptide concentrations were chosen on the basis of ED90s for C. albicans.

FIG. 4. �-Defensins kill C. albicans in an energy-dependent manner. C. albicans cells were incubated for 2 h with 1 mM NaN3 (open squares,
open triangles) in the presence of 10 mM sodium phosphate buffer (pH 7.4) at 30°C. Control cells (closed squares, closed triangles) were treated
with buffer alone. Next, the cells were incubated with hBD-2 (2.9 to 11.6 �M) or hBD-3 (0.2 to 0.8 �M) in 10 mM sodium phosphate buffer (pH
7.4) for 1 h. Survival of C. albicans cells treated with hBD-2 (A) or hBD-3 (B) is expressed as a percentage of the control, and loss of viability is
calculated as [1 � (colonies from peptide-treated cells/colonies from control cells)] � 100. ATP release (C) was measured per 104 cells treated
with hBD-2 (closed triangles), hBD-3 (closed squares), or Hst 5 (filled circles). ATP release per 104 cells incubated with 1 mM NaN3 prior to
treatment with hBD-2 (open triangles), hBD-3 (open squares), or Hst 5 (open circles) in a representative experiment is shown.
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determine whether this resistance also extends to Hst 5, we
tested a defensin-resistant strain of C. glabrata 931010 and a
defensin-susceptible strain of C. glabrata 932474 in candi-
dacidal assays with Hst 5 (Table 3). The fungicidal activity of
each peptide was assessed for C. glabrata strains with an LD90

of the peptide. Defensin-susceptible strain C. glabrata 932474
was highly sensitive to hBD-2 (89.6% 	 4.8%) and moderately
sensitive to hBD-3 (53.2% 	 3.2%) but displayed reduced
susceptibility to Hst 5 (29.4% 	 4.2%). Thus, this C. glabrata
strain had quite different susceptibilities to both hBD-2 and
hBD-3, as well as to Hst 5, suggesting that there are differences
in the mechanism of action among members of the �-defensin
family itself, as well as between �-defensins and Hst 5. In
contrast, the defensin-resistant strain of C. glabrata was equally
resistant to killing by both hBD-2 and hBD-3, as well as to
killing by Hst 5 (Table 3).

Since a major requirement for killing of Hst 5 is initial
binding to C. albicans Ssa cell wall proteins and we found that
Ssa1/2 proteins also play a role in �-defensins antifungal action
(31), we hypothesized that C. glabrata resistance to �-defensins
and Hst 5 may be due to the absence of the heat shock protein
70 (Ssa1/2p) family on the C. glabrata cell wall. To test this
possibility, we probed the cell wall of C. glabrata 931010 (which
is highly resistant to hBD-2, hBD-3, and Hst 5) for the pres-
ence of Ssa proteins in comparison to sensitive C. albicans
strain CAF4-2. Cell wall and cytosolic extracts were prepared
from each stain and normalized by total protein concentration,
and Western blots were probed with an anti-HSP70 monoclo-
nal antibody (Fig. 5). Ssa proteins were found to be abundant
in cell wall extracts of C. glabrata (Fig. 5, lane 1) and C.
albicans (Fig. 5, lane 2). As expected, Ssa proteins were also
present in the cytosolic fractions from C. glabrata (Fig, 5, lane
3) and C. albicans (Fig. 5, lane 4). Thus, C. glabrata also
expresses Ssa protein in its cell wall and cytosol, showing that
C. glabrata antifungal resistance is not a result of loss of Ssa
proteins.

DISCUSSION

Human defensins are of significant interest because of their
antimicrobial and immunomodulatory activities, coupled with
their inherent immunological compatibility. While the antimi-

crobial spectrum of the �-defensins has been well evaluated,
very little is known about the mechanism of action of defensins
against oral pathogens, especially C. albicans. Gross morpho-
logical changes have been observed in Candida cells treated
with �-defensins that are suggestive of membrane disruption
(9). However, we found no evidence of membrane permeabi-
lization in C. albicans cells treated with hBD-2 and only small
leakage of calcein from cells treated with hBD-3 at concentra-
tions close to normal salivary levels in vivo (300 to 600 ng/ml)
(29, 30). About 24% calcein release from C. albicans cells was
detected following treatment with hBD-3, while less than 12%
release was found with hBD-2 and Hst 5 when an LD90 of each
peptide was used. However, the effect of hBD-3 on membrane
permeability was indistinguishable from that of hBD-2 or Hst
5 when an LD50 of hBD-3 was applied (12.2%), showing that
membrane permeabilization is highly sensitive to the hBD-3
dosage. It should also be noted that after 30 min of incubation
with the peptide (the time required for killing of 90% of the
cells), only about 3% calcein was released by Hst 5 while C.
albicans cells treated with hBD-3 released only 7% of their
total intracellular calcein. Since Hst 5 exerts its primary effects
on C. albicans viability within 30 min, subsequent time points
generally represent secondary effects associated with cell death
(15). As both �-defensins and Hst 5 exhibit similar time- and
concentration-dependent profiles of calcein release, our results
show that �-defensins do not cause gross membrane disruption
and membrane destabilization. Thus, previously reported ob-
servations of membrane permeabilization are likely to be sec-
ondary effects associated with �-defensin-induced cell death.

Our findings on C. albicans membrane permeability differ
from a previous study that showed thinning of the cell walls
and loss of cytoplasmic material from cells following hBD-2
treatment (9). This difference may be due to the use of differ-
ent �-defensin sources (recombinant versus commercial pep-
tide) or to different treatment conditions. It is noteworthy that
the candidacidal potency of recombinant hBD-2 is about 10-
fold higher than that of recombinant hBD-3 (1 �M versus 10
�M) but commercially available hBD-2 is 10 times less fungi-
cidal than hBD-3 (9, 14, 31). Thus, recombinant hBD-2 differs
from the commercially available peptide used in the present
study, which might be the reason for differences in results. In
our experiments, calcein release from C. albicans cells was
measured within 90 min after incubation with an LD90 of
hBD-2, hBD-3, or Hst 5. The previously observed cell wall
effects of hBD-2 may be due to the prolonged (48-h) peptide
treatment and concentrations of the peptide exceeding the
LD90 by 10-fold (9). Interestingly, previously reported cell wall
perforation and explosion-like effects on plasma membranes of
S. aureus (11) were also monitored following incubation with
hBD-3 concentrations exceeding the LD90 by more than 10-
fold, thereby producing robust cellular effects that are not
likely to occur at physiological peptide concentrations. As
hBD-3 effects on bacterial cells were evaluated only morpho-
logically with supralethal peptide concentrations, additional
studies are needed to determine whether the primary bacterial
target of �-defensins is indeed the membrane.

The greater potential effects of an LD90 of hBD-3 on mem-
brane permeability could be due in part to the higher net
cationic charge of hBD-3 (11) or its ability to form dimers (25).
Electrostatic-charge-based mechanisms of membrane perme-

FIG. 5. Both C. glabrata and C. albicans have Ssa proteins in their
cell wall and cytoplasmic fractions. Cell wall proteins were extracted
from C. glabrata 931010 (lane 1) and C. albicans CAF4-2 (lane 2) by
�-ME digestion. Cytosolic fractions of C. glabrata (lane 3) and C.
albicans (lane 4) were obtained by glass bead disruption of �-ME-
digested cells, and soluble proteins were recovered. All cellular frac-
tions were normalized by protein content, and Western blots were
probed with an anti-HSP70 monoclonal antibody.
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abilization rather than formation of bilayer-spanning pores
have been widely proposed for �-defensins (12, 25). However,
the equivalent salt sensitivity between hBD-2 and hBD-3 in the
killing of C. albicans cells argues against electrostatic interac-
tions being crucial for hBD-3 effects on membrane permeabil-
ity. In addition, a 17-amino-acid peptide derived from the N
terminus of hBD-3 (net charge, �4) retains the activity of the
full peptide (net charge, �11) (13). Thus, peptide conforma-
tion, charge, and secondary structure maintained by cysteine
residues do not appear to be critical for C. albicans killing (13).
In contrast, hBD-3 killing of E. coli, Pseudomonas aeruginosa,
and Enterococcus faecium is affected by peptide net charge or
secondary structure (13). In this regard, our results showing
energy dependence of hBD-2 and hBD-3 killing also suggest
that charge-based membrane interactions that do not require
cellular energy are unlikely to contribute substantially to cell
killing. Similar to the previously reported salt-dependent anti-
bacterial effect of hBD-2 (2), our results show that C. albicans
killing following treatment with hBD-3 is salt sensitive. This
observation was rather surprising since it is known that the
peptide retains antibacterial activity at physiological salt con-
centrations (11). These results clearly indicate a difference in
the bactericidal and candidacidal mechanism of hBD-3 action.
Whether �-defensins’ ionic-strength sensitivity is due to al-
tered attachment to the Candida cell surface or to other down-
stream events in the mechanism of killing remains to be elu-
cidated. In this regard, we found that C. glabrata resistance to
hBD-2, hBD-3, and Hst 5 is not due to lack of expression of
Ssa1/2p on the cell wall; however, these experiments did not
rule out the possibility that C. glabrata Ssa proteins have al-
tered binding affinities that result in defects in the cellular
uptake of peptides. Additional experiments are ongoing to
answer this question.

Despite the salt-sensitive killing of C. albicans following
hBD-2 or hBD-3 treatment, we observed that hBD-2, but not
hBD-3, killing of Candida is cation selective, indicating pro-
nounced differences in their killing mechanisms. C. albicans
sensitivity to hBD-2 was significantly decreased in the presence
of as little as 0.5 mM CaCl2 and MgCl2, showing that these ions
have a pronounced inhibitory effect on hBD-2 action in Can-
dida. Interestingly, we have previously reported similar results
with Hst 5 (5), suggesting some similarities in the mechanisms
of action of hBD-2 and Hst 5. In addition, the candidacidal
activity of hBD-2 had features very similar to those of the
cytotoxic action of Hst 5 with respect to active concentrations,
magnitude of induction of nonlytic ATP efflux, and calcein
release. Thus, even though hBD-2 and Hst 5 possess unique
pathways in terms of their action on the Trk1p potassium
transporter, they clearly share other steps in the mechanism of
candidacidal action. These similarities are also highlighted by
FICI values showing additive effects of hBD-2 and Hst 5 but an
FICI value approaching that for synergistic action for the com-
bination of hBD-3 with Hst 5.

hBDs are a family containing at least six related members;
however, it is evident that the family members hBD-2 and
hBD-3 have distinct mechanisms of action with respect to
fungicidal activity. We have found that hBD-3 elicits a greater
magnitude of calcein release but lower levels of ATP release
compared to hBD-2 and Hst 5. The candidacidal action of
hBD-2 shares many similarities with that of Hst 5 in terms of

salt sensitivity, ion selectivity, and energy requirements but
also has unique pathways in its mechanism. These results sug-
gest the relevance of the use of combinations of candidacidal
peptides such as Hst 5 and hBD-3 for therapeutic applications
on the basis of complementary mechanisms of action.
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