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Antifungal mechanisms of action of two cathelicidins, chicken CATH-2 and human LL-37, were studied and compared with the
mode of action of the salivary peptide histatin 5 (Hst5). Candida albicans was used as a model organism for fungal pathogens.
Analysis by live-cell imaging showed that the peptides kill C. albicans rapidly. CATH-2 is the most active peptide and kills C.
albicans within 5 min. Both cathelicidins induce cell membrane permeabilization and simultaneous vacuolar expansion. Mini-
mal fungicidal concentrations (MFC) are in the same order of magnitude for all three peptides, but the mechanisms of antifungal
activity are very different. The activity of cathelicidins is independent of the energy status of the fungal cell, unlike Hst5 activity.
Live-cell imaging using fluorescently labeled peptides showed that both CATH-2 and LL-37 quickly localize to the C. albicans
cell membrane, while Hst5 was mainly directed to the fungal vacuole. Small amounts of cathelicidins internalize at sub-MFCs,
suggesting that intracellular activities of the peptide could contribute to the antifungal activity. Analysis by flow cytometry indi-
cated that CATH-2 significantly decreases C. albicans cell size. Finally, electron microscopy showed that CATH-2 affects the in-
tegrity of the cell membrane and nuclear envelope. It is concluded that the general mechanisms of action of both cathelicidins
are partially similar (but very different from that of Hst5). CATH-2 has unique features and possesses antifungal potential supe-
rior to that of LL-37.

Antimicrobial peptides (AMPs) are host defense molecules that
are widely used by a plethora of organisms. These molecules

comprise the first line of defense against a broad range of micro-
organisms, including bacteria, fungi, and even enveloped viruses
(1). The antimicrobial activity of AMPs and especially their inter-
actions with membrane components have almost exclusively been
studied using either liposomes or bacteria. From these studies
three models of peptide-membrane interactions have been pro-
posed (2). In addition, interaction of peptides with intracellular
components is thought to constitute an important antimicrobial
mode of action. For example, buforin II and tachyplesin have been
shown to interact with bacterial DNA (3, 4). Evidence of effects on
cellular processes has also been described, e.g., inhibition of pro-
tein synthesis by PR-39 and inhibition of enzymatic activity in
Leishmania spp. by histatin 5 (Hst5) (5–7).

In contrast to the effects on bacteria, the antifungal mode of
action of AMPs has been less studied. The different structure and
composition of fungal cell walls and membranes compared to
those of bacteria suggest that peptides may exert a different mode
of action against these microorganisms. Fungal cell membranes
contain more zwitterionic phospholipids and sterols, especially in
the outer leaflet of the membrane. These lipids make fungal mem-
branes less negatively charged than those of bacteria (8). Cell wall
thickness and composition also differ between these organisms.
Yeast cell walls contain different polysaccharides such as chitin,
�1,3-glucan, and �1,6-glucan, and their thickness ranges from
100 to 200 nm (9). Bacterial cell walls have a thickness from 20 to
80 nm.

One major group of AMPs is the family of cathelicidins. This is
a group of highly variable peptides that share a domain known as
the cathelin domain at the middle region of the pre-pro-peptide.
The carboxy-terminal domain is cleaved to produce a peptide
with antimicrobial activity. The active peptides can differ com-
pletely in sequence, length, and function between molecules and

between species (10). Such variability may well translate into dif-
ferent mechanisms of action of these peptides.

Until now two well-known peptides (LL-37 and Hst5) have
been studied for their fungicidal mechanisms against medically
relevant fungi. LL-37, the only known cathelicidin peptide pro-
duced in humans, is known to have fungicidal activity against
Aspergillus spp. and Candida albicans (11–13). Structurally, LL-37
is amphipathic and has an �-helical conformation with a net pos-
itive charge. Its activity at the C. albicans cell membrane has been
studied by den Hertog and coworkers (11), who found that LL-37
targeted the membrane and caused its complete disruption. In
contrast, Hst5, a well-described fungicidal salivary peptide from
the histatin family, needs to translocate to the cytosol in order to
exert its function (14).

Chicken cathelicidin-2 (CATH-2), one of the four cathelicid-
ins produced by chickens, is a potent antimicrobial peptide (15),
but its antifungal activity has not yet been described. Interestingly,
the processed peptide does not have any sequence homology with
LL-37, and even though both peptides possess an amphipathic
�-helical structure, CATH-2 has a pronounced kink due to a pro-
line residue, which divides the peptide into two �-helical seg-
ments.

In this study the mechanisms of action against the model or-
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ganism C. albicans of both human cathelicidin LL-37 and chicken
cathelicidin CATH-2 were compared with that of the fungicidal
peptide Hst5 using live-cell imaging.

MATERIALS AND METHODS
C. albicans strain and growth conditions. Cultures of C. albicans (ATCC
10231) were grown from a frozen glycerol stock in yeast malt (YM; Sigma-
Aldrich; Y3752) agar plates. For all experiments, yeasts were cultured at
30°C in 10 ml YM broth until mid-log phase was reached. Cells were
washed twice in 5 mM HEPES buffer, pH 7.4. Growth was determined by
measuring optical density (OD) at 620 nm and set to 2 � 106 CFU/ml in
the same buffer. For minimal fungicidal concentration (MFC) experi-
ments, initial cell density was additionally checked by plating 10-fold di-
lutions in minimal YM medium.

Peptide production and labeling. Histatin 5 (Hst5), LL-37, and
CATH-2 were synthesized and purified as previously described (16–18)
(Table 1). Briefly, peptides were synthesized by solid-phase synthesis us-
ing 9-fluorenylmethoxy carbonyl (Fmoc) chemistry on a Syro peptide
synthesizer (MultiSyntech, Bochum, Germany). Purification of the pep-
tides was performed by reversed-phase high-pressure liquid chromatog-
raphy (HPLC) on a C18 column (Alltech Alltima, Deerfield, IL). Elution of
the peptides was done using a linear gradient of 5 to 80% acetonitrile in
0.01% (wt/vol) trifluoroacetic acid. Characterization of the purified pep-
tides was done as previously described (19). Purity was �98%. Fluores-
cent labels, fluorescein isothiocyanate (FITC) with an emission maximum
of 594 nm (Molecular Probes, Life Technologies, United States) or te-
tramethylrhodamine (TAMRA) with an emission maximum of 583 nm
(Novabiochem, Merck Chemical Ltd., United Kingdom), were added
during peptide synthesis at the N terminus.

MFC assay. The MFCs of the three peptides were assessed by colony
count assays, as previously described (20), with few modifications. Briefly,
25 �l of a 2 � 106-CFU/ml cell suspension, in HEPES buffer (pH 7.4), was
incubated for 3 h at 37°C with an equal volume of peptide (0 to 40 �M).
Tenfold dilutions in minimal YM medium (1:1,000 dilution of YM in
HEPES buffer, pH 7.4) were plated onto YM agar plates and incubated
overnight at 37°C. Finally, colonies of surviving yeast were counted. In
order to achieve ATP depletion in some of the experiments, C. albicans
cells were incubated with 5 mM sodium azide before peptide exposure.

ATP release assay. ATP released by the cells during peptide exposure
was measured using the ATP determination kit (A22066) from Molecular
Probes (Life Sciences, Bleiswijk, The Netherlands). Briefly, a 2 � 106-
CFU/ml cell suspension in HEPES buffer (pH 7.4) was incubated with 0.5,
2.5, and 7.5 �M concentrations of each of the three peptides for 5 and 60
min. Samples were centrifuged for 1 min at 1,200 � g, and the supernatant
was stored on ice for ATP determination as described by the manufac-
turer. ATP concentrations in the medium without the use of peptides were
checked and were below 10 nM (data not shown).

Real-time tracking of CATH-2, LL-37, and Hst5 during C. albicans
killing. Live-cell imaging experiments were performed as previously de-
scribed by Jang and coworkers (21) with some modifications. For all ex-
periments, 35-mm culture dishes (FluoroDish; WPI, Sarasota, FL) were
coated with concanavalin (Sigma-Aldrich; L7647) at a concentration of 1
mg/ml solution in water, after which 100 �l of a 2 � 106-CFU/ml C.
albicans cell suspension in HEPES buffer (pH 7.4) was added. Addition of

the peptide was done in 50 �l of the buffer containing the specific peptide
plus propidium iodide (PI) (Sigma-Aldrich; P4170). The final concentra-
tion of PI was 5 �g/ml, while peptide concentrations varied depending on
the experiment. In order to investigate the effect of energy depletion on
peptide-induced killing, sodium azide (5 mM) was added for 30 min at
30°C before addition of the peptide. In some experiments trypan blue
(Sigma-Aldrich; T6146) was used for quenching noninternalized FITC-
labeled peptides.

Confocal images were acquired with a Leica SPE-II at the Center for
Cell Imaging (CCI), Utrecht University, using 100�/1.4-numerical-aper-
ture objectives. A 488-nm argon laser and a 561-nm diode-pumped solid-
state (DPSS) laser were used for simultaneous detection of FITC-labeled
peptides and PI, respectively. Additionally, TAMRA-labeled CATH-2 was
measured with a 561-nm DPSS laser. ImageJ/Fiji software was used for
data analysis; graphs depicting fluorescence versus vacuolar diameter
were made using kymographs as described at the Fiji Web page http://fiji
.sc/wiki/index.php/Generate_and_exploit_Kymographs.

Cell size reduction by peptide treatment. The effects of CATH-2,
LL-37, and Hst5 on C. albicans cell size at minimal fungicidal concentra-
tions were measured by both confocal imaging using ImageJ software and
flow cytometry. For confocal images, cells were measured before and after
15 min of incubation with the peptide. Statistical analysis was performed
using one-way analysis of variance (ANOVA) and Dunnett’s multiple-
comparison tests. For flow cytometry measurements a BD FACSCalibur
machine was used. Comparisons between forward scatter (FSC) and side
scatter (SSC) of treated cells and control cells were analyzed by the chi-
square test using FlowJo software.

Electron microscopy. Log phase yeast cultures were resuspended to a
cell density of 1 � 108 CFU/ml in HEPES buffer, pH 7.4, and treated for 60
min with CATH-2, LL-37, and Hst5 at the MFCs for this cell density: 20
�M, 30 �M, and 20 �M, respectively. Cells were prepared for electron
microscopy by permanganate fixation (22). Briefly, cells were washed
once with water, resuspended in ice-cold 1.5% KMnO4, and incubated
overnight at 4°C while being gently shaken. Subsequently, cells were de-
hydrated in increasing concentrations of acetone to be later submerged in
33% Spurr’s resin for 1 h at room temperature with gentle mixing. Finally,
cells were embedded in 100% Spurr’s resin, left overnight at room tem-
perature (RT), and then embedded in newly made resin. Samples were
heated to 70°C for 2 days to polymerize the resin. Cut sections of 60 nm
were stained with uranyl acetate using a Leica EM AC20 system. Imaging
was done using a FEI Tecnai 12 electron microscope at 80 kV. Cells were
selected randomly at low magnification and zoomed to observe changes in
membrane structures. For each parameter at least 30 cells were included in
the analysis.

RESULTS
Candidacidal activity of CATH-2. The candidacidal activities of
CATH-2, LL-37, and Hst5 were determined by colony count as-
says (Fig. 1). These assays showed a 1,000-fold reduction in viable
yeast cells at 1.25 �M CATH-2 and complete killing of all C. albi-
cans cells at 2.5 �M (MFC). Hst5 exhibited candidacidal activity
similar to that of CATH-2, having an MFC of 5 �M. LL-37 had a
slightly higher MFC of 10 �M under these experimental condi-
tions. For live-cell imaging experiments, the MFCs were used, but

TABLE 1 Peptide sequences and molecular characteristics

Peptide Sequence Lengtha Charge Hb �Hc

CATH-2 RFGRFLRKIRRFRPKVTITIQGSARF-NH2 26 �10 �1.30 0.33
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 37 �6 �3.48 0.35
Hst5 DSHAKRHHGYKRKFHEKHHSHRGY 24 �5 �4.68 0.09
a Length is the number of amino acids.
b H, global hydrophobicity as a mean per-residue value.
c �H, amphipathicity, determined as the mean hydrophobic moments as described previously (15) using a consensus hydrophobicity scale (16).
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not for Hst5. For this peptide, a concentration of 5 �M was used in
order to observe killing kinetics at a slower pace.

Peptides cause vacuolar expansion and PI influx. In order to
compare the killing kinetics of the three AMPs, confocal live-cell
images using FITC-labeled or unlabeled peptides and propidium
iodide (PI) as a permeability indicator were recorded. Labeling of
peptides did not have an effect on MFC values (see Fig. S1 in the
supplemental material). Several initial effects were observed after
peptide addition (Fig. 2). For CATH-2 a small increase in intra-
cellular localization of PI, indicative of membrane permeabiliza-
tion, was observed at the MFC (2.5 �M) within 2 min of contact.
Subsequently, the central vacuole of C. albicans expanded (Fig. 2,

differential interference contrast [DIC] images), and a 200-fold
increase in PI intensity throughout the cytosol was observed. In-
tensity measurements of PI influx relative to vacuolar increase
showed that both processes occurred simultaneously and seemed
to be linked (Fig. 2A). During this process cells shrank consider-
ably, especially after the central vacuole imploded (see Movie S1 in
the supplemental material). To analyze this decrease in cell size,
we measured cell area before and after 15 min of incubation with
peptides when cells were already permeable to PI. A significant
decrease of 20% in cell area was observed for CATH-2-treated
fungal cells (see Fig. S2). To better quantify these differences, sam-
ples were analyzed by flow cytometry, where sizes (FSC) and cell

FIG 1 Candidacidal activity of CATH-2 (A), LL-37 (B), and Hst5 (C). The minimum fungicidal concentrations (MFC) were assessed by colony count assays.
Shown are the averages and standard errors of the means (SEM) of four independent experiments.

FIG 2 Live-cell imaging of peptide-induced killing of C. albicans visualized by propidium iodide (PI) influx. Montage pictures show changes in cell structure
(DIC channel) and PI influx during peptide killing at MFC. Bars, 5 �m. Right panels show PI influx plotted against vacuolar expansion for each cell. PI influx
increased 200-fold with concomitant vacuolar expansion and initiated at different time points after addition of the peptide. Depicted cells are representative of
more than 3 separate experiments for each peptide. For measuring purposes the initial diameter of the vacuole was arbitrarily set to zero.
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complexities (SSC) were compared. These experiments indicated
that CATH-2 treatment produced a significant decrease in cell size
and cell complexity (P 	 0.001) (Fig. 3).

Exposing C. albicans to a higher concentration of CATH-2 (7.5
�M) resulted in a similar order of events, although PI influx and
vacuolar expansion occurred faster, while sub-MFC CATH-2
concentrations resulted in a reduced number of cells showing the
described effects. Similar to CATH-2 treatment, treatment of C.
albicans with 10 �M LL-37 and 2.5 �M Hst5 (MFC values) trig-
gered PI influx at around 450 and 540 s, respectively. This event
was also coupled to vacuolar expansion (Fig. 2B and C), as ob-
served for CATH-2; however, no decrease in cell size was observed
with either cell area or flow cytometry measurements (Fig. 3).

CATH-2-induced ATP release is immediate after contact.
The observed effects of vacuolar expansion and PI influx indicate
that membrane permeabilization is a major factor in the candi-
dacidal mechanism, in agreement with a previous report (11). To
increase our understanding of this matter, peptide-induced ATP
leakage was determined 5 and 60 min after addition (Fig. 4). In-
terestingly, at the MFC CATH-2 triggered ATP release soon after

contact and this release did not increase after 60 min of exposure.
In contrast, sub-MFC concentrations show an increase in ATP
release only after 60 min of exposure. Furthermore, lower ATP
levels were measured when higher peptide concentrations were
used. For LL-37 the profile observed was similar to that for
CATH-2 with the exception that high and immediate ATP releases
were observed at 2.5 �M, which is 2-fold lower than the MFC,
while at the MFC (5 to 10 �M) a decrease in ATP release is ob-
served. These observations differ from those for Hst5, where re-
leased ATP increased in time and was directly related to the pep-
tide concentration used.

Localization of CATH-2, LL-37, and Hst5 during C. albicans
killing. FITC-labeled CATH-2 (at MFC of 2.5 �M) localized to
the cell surface immediately after addition, with more-intense
staining at the cell poles (Fig. 5). Surface fluorescence intensity
increased 200-fold in a few seconds and decreased significantly
over the first minutes, which cannot be explained by a rapid inter-
nalization of CATH-2. At MFCs, almost no cells showed vacuolar
collapse before 30 min and no intracellular CATH-2 was ob-
served. Only after quenching of extracellular fluorescent CATH-2

FIG 3 CATH-2-induced cell shrinkage. C. albicans size and morphology changes were measured by flow cytometry after 15 min of incubation with CATH-2 (A),
LL-37 (B), or Hst5 (C) at MFC. CATH-2 was the only peptide that affected cell size (FSC) and granularity (SSC) of C. albicans after treatment (P 	 0.001).

FIG 4 Peptide-induced ATP release. Graphs shows ATP concentrations in the culture medium (averages and SEM of three independent experiments performed
in duplicate) at 5 and 60 min after contact with each peptide. While cathelicidins (A and B) induce a sudden release of ATP at MFC, the effect of Hst5 (C) is gradual
over time and proportional to the peptide concentration used.
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was the internalized peptide faintly visible in specific sites inside
the cell (Fig. 6). Similar effects were shown when TAMRA-labeled
CATH-2 was used, proving that peptide labeling was not interfer-
ing with localization.

At concentrations 3 times greater than the MFC, approxi-
mately 90% of cells suffered vacuolar collapse after 20 min of
imaging, and soon after cytosolic CATH-2 was visible (see Movie

S1 in the supplemental material). Localization after entry was
mainly seen in patches near the membrane (especially near the cell
poles). Furthermore, it was possible to follow peptide entry
through one of the poles in a few cells (see Movie S2), although it
could not be determined whether these were isolated events or
reflect the general mechanism of peptide entry. Similar experi-
ments using FITC-labeled LL-37 showed that this peptide fol-

FIG 5 Localization of FITC-labeled peptides. (Left) Montage pictures of confocal live-cell imaging movies depicting FITC-labeled peptides. Bars, 5 �m.
(Middle) Plots for membrane and cytosol fluorescence versus vacuolar expansion of each representative cell. (Right) Three-dimensional plot of each cell after 90
s (CATH-2), 180 s (LL-37), and 360 s (Hst5). The color gradient indicates changes in intensity, showing sites where peptide concentration is the highest in red.

FIG 6 Quenching of surface FITC-labeled peptide. CATH-2 (A) and LL-37 (B) were added at MFC. Immediately after trypan blue was added, the surface signal
was blocked, and by increasing 6-fold the laser intensity (right panels) it was possible to visualize the internalized peptide.
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lowed the same steps and localized similarly to CATH-2 during
peptide entry. However, localization of Hst5 greatly differed from
that of CATH-2 and LL-37. At MFCs, Hst5 localization at the cell
surface increased gradually, and at the same time a similar increase
in the cytosol and vacuole was observed (Fig. 5C).

CATH-2 and LL-37 candidacidal activities are not affected by
sodium azide. The candidacidal activities of CATH-2 and LL-37
were not dependent on the energy status of the cells. In contrast,
the activity of Hst5 was completely inhibited by azide, a poison
that reduces ATP levels of the cells (Fig. 7). To study the mecha-
nism in more detail, cells were observed by confocal live-cell im-
aging. In the presence of azide, CATH-2 still permeabilized the
cells and induced vacuolar expansion, similar to the effects in the
absence of azide. Distribution and internalization of CATH-2 did
not alter after azide treatment (Fig. 8). In contrast, PI influx in
Hst5-treated cells was completely inhibited by azide and no pep-
tide localized inside the vacuole or in the cytosol.

Electron microscopy reveals that CATH-2, LL-37, and Hst5
have distinct effects on C. albicans at MFC. Analysis by transmis-
sion electron microscopy (TEM) of C. albicans treated with each
of the three peptides showed CATH-2 to have the most pro-
nounced effects on membranes. The clearest effect produced by
CATH-2 was detachment of the plasma membrane (PM) from the

cell wall and the formation of pockets close to the cell poles (Fig.
9B). In other cases it was possible to observe breakage of extended
areas of the cell membrane and areas with thicker membrane por-
tions. Internally, the nuclear membrane was clearly disrupted in
almost all cells, but mitochondria did not seem to be affected. In
addition to the membrane effect, cell wall integrity was also af-
fected, as shown by detachment of the cellular wall.

For LL-37 the effects observed were less clear (Fig. 9C). Some
cells presented membrane detachment similar to what was seen
for CATH-2, but cell wall and internal membranes were not visi-
bly disrupted. No effects of Hst5 were visible by electron micros-
copy, neither effects on membranes nor changes on the cell wall
(Fig. 9D).

DISCUSSION

In the present study the antifungal mechanisms of two cathelici-
dins were compared to that of Hst5, a well-known candidacidal
peptide. Although all three peptides have comparable cationic and
amphipathic features, there are also notable differences between
them. No apparent sequence homology between the three pep-
tides is present, and LL-37 is also significantly bigger than
CATH-2 and Hst5. Structurally, LL-37 and Hst5 form a close-to-

FIG 7 Effect of azide on the MFCs of CATH-2 (A), LL-37 (B), and Hst5 (C). Results are shown as the means and SEM of three separate experiments. Hst5 activity
is significantly affected by sodium azide.

FIG 8 Energy depletion by sodium azide affects the activity of Hst5 but not of LL-37 and CATH-2. Peptide localization in C. albicans without (�) and with (�)
sodium azide is shown.
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perfect helix, while CATH-2 contains a proline-induced kink in
the middle of the helix (19, 23).

One of the clearest phenomena for all three peptide treatments
was the increase in vacuolar size. As described by Jang and co-
workers (21), vacuolar resizing is related to osmotic stress and
likely reflects leakage of cytosolic ions. The simultaneous influx of
PI supports this hypothesis. Contrary to what we observed, the
study by Jang et al. showed that PI entry happens after vacuolar
expansion. This difference in the sequence of events might be
attributed to differences in the peptide concentrations used. In
this study we used the MFC or concentrations close to the MFC,
while 10-fold higher concentrations were used in the above-men-
tioned study.

After the initial cytosolic influx of PI, its concentration in-
creases about 200-fold when the vacuole stops expanding. The
increase in fluorescence can be related to a decrease in cytosolic
volume due to vacuolar expansion and an increase in permeabili-
zation due to membrane disruption by the peptide. In parallel to
PI efflux, loss of ions occurs as early as 5 min after peptide contact.
Interestingly, both cathelicidins induce ATP release rapidly at low
concentrations, but this was no longer measurable at high peptide
concentrations, contrary to what is seen for Hst5. The decrease in
measurable ATP at high cathelicidin concentrations suggests
rapid degradation of ATP by enzymes released in the medium due
to membrane damage. If this is the case, lower concentrations
might induce transient permeabilization, while high concentra-
tions might allow gross disruption of the membranes, leading to
enzyme leakage and rapid cell death.

It was also interesting to observe, in parallel to the permeabili-
zation effects, a loss in cell volume during killing by CATH-2,
which did not occur with the other two peptides (Fig. 3). Barns

and Weisshaar described a similar effect in the Gram-positive bac-
terium Bacillus subtilis if exposed to concentrations higher than
MICs of LL-37 (24). In their study loss of turgor and possibly loss
of transmembrane potential were the likely causes of cell shrink-
age, an effect from which the cells could not recover. It is possible
that CATH-2-induced cell shrinkage has similar causes. This ob-
servation is in line with our results, obtained by transmission elec-
tron microscopy and by flow cytometry, that showed shrinkage of
the cell membrane and its detachment from the cell wall.

It is still unclear whether, apart from the effects of cathelicidins
on membranes during killing, binding to intracellular targets is
part of their antimicrobial activity. For LL-37 and CATH-2, the
strong membrane staining during the killing process would sug-
gest that direct membrane permeabilization is the main mecha-
nism of their action. However, it is clear from our experiments
that small amounts of peptides are present intracellularly, even
before PI influx and vacuolar expansion take place. If that is the
case, the actual transportation of peptides across the membrane
would be an energy-independent process, since the addition of
azide did not prevent their candidacidal activity. It is possible that
a relatively high concentration of peptides at the membrane is
required for the peptides to traverse the cell boundaries. Intracel-
lular localization of peptides increased drastically after C. albicans
vacuolar implosion (see Movie S3 in the supplemental material),
but this could be a secondary effect and not the cause of killing. In
line with this notion, intracellular targets for the antibacterial ac-
tivity of LL-37 have been described, while it was still localized
mainly at the membrane (25). The mechanism of the candidacidal
action of Hst5 has been studied in detail (21). Its effect is attrib-
uted to several changes in the cell due to the lack of internal ATP
(26, 27), though in order to produce these changes Hst5 needs to

FIG 9 Peptide-induced morphological changes observed by TEM. Shown are TEM pictures from representative cells for each peptide treatment and control. (A
to A
) Control; (B to B
) CATH-2; (C and C=) LL-37; (D and D=) Hst5. CATH-2 induced detachment of the plasma membrane (PM) from the cell wall (CW) and
disruption of nuclear envelope. LL-37 produces similar membrane effects but to a lesser extent, while Hst5 had no observable effects on cell membranes. M,
mitochondria; N, nuclei; V, vacuole; ER, endoplasmic reticulum.
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translocate to the cytosol of the cell. Indeed, we found that the
effect of Hst5 but not that of the cathelicidins can be blocked by
sodium azide, which inhibits ATP-dependent internalization
pathways and also possibly rigidifies the cellular membrane due to
actin depolymerization (26).

Differences in the cell surface of the yeast C. albicans compared
to that of bacteria do not seem to affect the mechanism of action of
cathelicidins. Both in the yeast and in bacteria the membrane was
the main target. Furthermore, LL-37 and CATH-2 are active at
concentrations similar to those we used in this study against sev-
eral bacteria (25, 28, 29). In contrast, mammalian cells seem to
differ enough to avoid the cytotoxic effects due to membrane per-
meabilization of CATH-2 (28, 30). Differences in phospholipid
composition and sterol subtypes (cholesterol versus ergosterol)
between mammalian and fungal membranes or the overall nega-
tive charge could be the cause of this selectivity (8).

Our results indicate that, even though membrane destabiliza-
tion seems to be the most prominent effect of the candidacidal
activities of cathelicidins, the importance of internal targets for
cathelicidins cannot be ruled out yet. The rapid onset of effects on
internal membranes at the MFC suggests additional mechanisms
of action of cathelicidins. The internalization of cathelicidins at
low concentrations that do not induce membrane permeabiliza-
tion is in line with this notion. It may very well be possible that the
concentrations of cathelicidins do not need to reach the MFC to
exert an effect that renders the organisms vulnerable to immuno-
logical attack.
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