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Abstract

Candida albicans is the principal opportunistic fungal pathogen in nosocomial settings and
resistance to antifungal drugs is on the rise. Antimicrobial peptides from natural sources are
promising novel therapeutics against C. albicans. OsDef2 defensin was previously found to
be active against only Gram-positive bacteria, whereas derived fragments Os and its cysteine-
free analogue, Os-C, are active against Gram-positive and Gram-negative bacteria at low
micromolar concentrations. In this study, OsDef2-derived analogues and fragments were
screened for anticandidal activity with the aim to identify peptides with antifungal activity
and in so doing obtain a better understanding of the structural requirements for activity and
modes of action. Os, Os-C and Os(11-22)NHz, a Os-truncated carboxy-terminal-amidated
fragment, had the most significant antifungal activities, with minimum fungicidal
concentrations (MFCs) in the micromolar range (628 uM). C. albicans killing was rapid and
occurred within 30—60 min. Further investigations showed all three peptides interacted with
cell wall derived polysaccharides while both Os and Os(11-22)NH: permeabilized fungal
liposomes. Confocal laser scanning microscopy confirmed that Os-C and Os(11-22)NH2
could enter the cytosol of live cells and subsequent findings suggest that the uptake of Os and
Os-C, in contrast to Os(11-22)NHaz, is energy dependent. Although Os, Os-C and Os(11-
22)NH: induced the production of reactive oxygen species (ROS), co-incubation with
ascorbic acid revealed that only ROS generated by Os-C and to a lesser extent Os(11-22)NH>
resulted in cell death. Overall, Os, Os-C and Os(11-22)NH:z are promising candidacidal
agents.
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1 INTRODUCTION

Candida albicans is an opportunistic pathogen that can cause genital, oral and systemic
infections' and in severely ill patients has a mortality rate of up to 50%. Antifungal therapy is
currently limited to only four drug classes?* and resistance to all four classes has been
reported.’® Therefore, the need to develop effective antifungal agents with novel mechanisms
of action is a priority.

Antimicrobial peptides (AMPs), key components of innate immunity of many organisms, are
promising candidates to either replace or enhance the activity of conventional antimicrobial
agents due to their numerous advantages. Mainly, AMPs have attracted attention due to their
low susceptibility to resistance, conferred by their broad spectrum of activity and membrane-
targeting abilities.® This is explained by the fact that it is metabolically costly for most
microorganisms to mutate their membrane components to acquire AMP resistance.!? So far,
AMPs have been identified in humans, plants, bacteria and fungi'! and these peptides and
derivatives have a wide range of host—defense-related activities including antifungal
properties. AMPs with antifungal activity are known to target cell wall polysaccharides,'?
plasma membrane components or act on intracellular targets.' 14

Defensins, a broad group of Cys-rich peptides, are AMPs found in perhaps all eukaryotic
organisms as part of the innate immune system.'> ' These AMPs are generally cationic,
cyclic or open-ended, with a molecular weight of 3 to 5 kDa and contain 3 to 4 disulphide
bridges!!: 1 with the conserved pairing Cys1-Cys4, Cys2—Cys5 and Cys3—Cys6.!” Among
tick AMPs, defensins and their isoforms have been identified in various species including
Dermacentor variabilis, Ixodes ricinus and Haemaphysalis longicornis.'®° Tick defensins
display activity directed against both Gram-positive and Gram-negative bacteria, viruses,
fungi and protozoan parasites.?% 2! This broad spectrum of activity along with their low
toxicity towards mammalian cells makes defensins suitable for therapeutic applications.
Additional valuable properties of defensins include anti-inflammatory properties,?
involvement in cytokine release and regulation,?* angiogenesis,?> male fertility?® and wound
repair.?” The plasma membrane remains the primary target of antifungal defensins.'* 2
Following this primary interaction, antifungal defensins either remain at the cell periphery,'3
inducing death through a signalling cascade!® or can gain entry into the fungal cytosol?’ and
interact with intracellular targets. For some defensins, entry into the cytosol leads to the
induction of reactive oxygen species (ROS) and/or apoptosis.!'
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AMPs, including defensins, have been criticized for their inability to achieve high antifungal
activity under systemic conditions and their high production cost.!! To confer proteolytic
stability, AMPs may be modified through strategies such as cyclisation,*® incorporation of D-
amino acids,’! amino acid end-tagging, substitutions®’ and carboxy-amidation,> 33 N-
terminus acetylation or combinations of these strategies.** The carboxy-amidation
modification has the additional benefit that it increases the net positive charge of peptides and
has been associated with increased antimicrobial activity.3? To address the issue of the high
production cost of AMPs, shorter peptide derivatives with retained antimicrobial activity and
selectivity represent a more immediate solution.” 3+



The parent peptide in this study OsDef2, a defensin from the soft tick Ornithodoros savignyi,
was previously found to be active against only Gram-positive bacteria.?? The C-terminal half
(named Os, 22 amino acids) of this defensin and its cysteine-free analogue, Os-C (19 amino
acids), were bactericidal to Gram-positive and Gram-negative bacteria in the low micromolar
range, and nontoxic to mammalian cells at concentrations as high as 100 uM.?? Investigations
into their bactericidal modes of action revealed that both peptides could translocate into the
cytosol of bacteria.*> In addition, Os and Os-C were identified to possess antioxidant,?? anti-
endotoxin and anti-inflammatory properties.*® Using overlapping peptide sequences of Os,
two shorter peptide analogues, Os(3—12) and Os(11-22) of 10- and 12-amino acid residues,
respectively, with Gram-positive and Gram-negative antibacterial activity were identified.’’
C-terminal amidation of Os(3—12) resulted in enhanced activity against Gram-positive and
Gram-negative bacteria. Likewise, amidation of Os(11-22) also presented with improved
activity although activity was reduced against Staphylococcus aureus.

In this study, 16 peptide analogues derived from the parent OsDef2 defensin were screened
for antifungal activity using C. albicans as a model microorganism. To gain a better
understanding of their modes of action, the most active peptides Os, Os-C and Os(11-22)NHz
were investigated for their potential interaction with cell wall polysaccharides, effects on the
cell membrane, translocation into cells and induction of intracellular ROS production. The
research presented in this study showed that the peptides appear to interact with cell wall
polysaccharides, Os and Os(11-22)NH2 are membrane acting and the uptake of Os and Os-C
and, to a lesser degree, Os(11-22)NHz, into C. albicans cytosol, occurs via an energy-
dependent pathway. Although the three OsDef2 analogues induce ROS production, only ROS
generated by Os-C and to a lesser extent Os(11-22)NHoz, correlates with antifungal activity.

2 MATERIALS AND METHODS
2.1 C. albicans growth and culture conditions

C. albicans (ATCC 90028) was grown aerobically in yeast peptone dextrose (YPD) medium
at 28°C. To obtain C. albicans cells in the mid-logarithmic phase, the cells were grown for
16 h, diluted 100 times in YPD broth and proliferated until an ODeoo of 0.5 was reached.

2.2 Preparation of synthetic peptides

The peptides Os, Os-C, their overlapping 10-mer fragments as well as 5-carboxyfluorescein
(5-FAM)-labelled Os, Os-C, Os(11-22)NH:2 and penetratin were obtained from GenScript
(New Jersey, USA), while Os(3—12), Os(11-22) and their respective amidated forms, Os(3—
12)NH2, and Os(11-22)NH:2 were purchased from LifeTein (New Jersey, USA). The purity
(GenScript >95%; LifeTein 95%) and molecular mass of the peptides were determined using
reverse-phase high-performance liquid chromatography (HPLC) and mass spectrometry,
respectively. Dithiothreitol (10 nmol) was added by the supplier to Cys containing peptides
(Table 1) prior to lyophilization. Melittin (=85% purity), a well-known AMP with lytic and
ROS inducing properties, was purchased from Sigma Aldrich, South Africa (SA), and served
as a positive control for membrane permeabilization and ROS studies. Stock peptide
solutions were prepared in sterile deionized double distilled water (dddH20) and stored at
—20°C. Peptide concentrations were determined as described previously.3¢



TABLE 1. Physicochemical properties and activities of selected peptide derivatives

PEPTIDE SEQUENCE CHARG MW  MIC (MM) MFC
E (G/MOL (MM)
)
oS KGIRGYKGGYCKGAFKQTCKCY +6 2460 1.9+0.1 6
0S(3-12) | IRGYKGGYCK +3 1144 22.8+0.0%F —
*
0S(11-22) | CKGAFKQTCKCY +3 1380 >200%** —
0S(3- IRGYKGGYCK-NH, +4 1143 154+0.6%% —
12)NH; *
0S(11- CKGAFKQTCKCY-NH, +4 1379 4.4+17 22
22)NH;
0S-C KGIRGYKGGY KGAFKQT K_Y +6 2151 22409 28
MELITTIN | GIGAVLKVLTTGLPALISWIKRKRQQ  +5 2,845 3.0+02 2.6
NH,

Note: Omitted Cys residues are replaced with underscores. Residues in Os comprising the y-core region (X;-
3GXCX;3.9C/ CX39CXGX-3/CX3-9GXCX|-3) are underlined. MIC determined with the RD assay and data are
means + SE of three independent experiments in triplicate.

Minimum fungicidal concentration (MFC) determined with the colony-forming unit (CFU) assay, four
independent experiments were conducted in triplicate.

*#* Minimum inhibitory concentration (MIC) of peptide is significantly higher (p <0.001) than that of Os.
2.3 Radial diffusion assays

OsDef2 derivatives were initially screened for anticandidal activity by a radial diffusion (RD)
assay as described by Lehrer et al.’® with minor modifications. C. albicans was grown in 10-
ml YPD for 16 h at 28°C. The culture was centrifuged for 10 min at 2000g, washed twice and
resuspended in 10-mM sodium phosphate (NaP) buffer, pH 7.4. A volume containing

6.6 x 103 colony-forming units (CFUs) was added to 10 ml of a previously autoclaved
underlay of agarose gel containing 1% (w/v) low electroendosmosis type I agarose gel
(Lonza, Walkersville, USA) and 0.02% (v/v) Tween 20 (Sigma Aldrich, SA) prepared in NaP
buffer and poured into 9-cm petri dishes. Wells of 4 mm, in diameter, were punched and
subsequently filled with 10-ul peptide (25—-200 uM) or dddH20. Following a 3-h incubation
at 37°C, 7 ml of an overlay agarose gel containing 6% (w/v) tryptic soy broth (Sigma-
Aldrich, SA) and 1% (w/v) Low-EEAOI prepared in dddH20, was poured over the bottom
agarose layer. After 18 h of incubation at 28°C, the diameter of the clear zones around the
wells were measured and the minimum inhibitory concentration (MIC) of the peptides was
determined as described previously.*

2.4 CFU assays

To determine the minimum fungicidal concentration (MFC), the CFU assay method
described by Nordin et al.*’ was followed with some modifications. Briefly, 90 pl of mid-
logarithmic phase C. albicans (10° CFU/mL) in NaP buffer were incubated with 10 pl of
dddH2O or serially diluted peptides (1.2—500 uM) at 28°C for 2 h. To detect a 3-log reduction
(99.9% killing) of viable C. albicans cells, the untreated sample was first diluted 1000 times
in NaP/YPD(10% [v/v]) buffer and plated out onto YDP agar while the treated cells were
plated undiluted. After a 48 h incubation period, the minimum peptide concentration that
allowed growth of less colonies than the untreated sample was retained as the minimum



fungicidal concentration (MFC), here defined as the lowest peptide concentration that
resulted in 99.9% killing of C. albicans.

2.5 Time-killing assays

Mid-logarithmic phase C. albicans cells were incubated at the MFC of each peptide, as
described in Section 2.4, for 0, 10, 30, 60 and 120 min. The cultures, both treated and
untreated, were then diluted 500-fold in NaP and plated onto YDP agar. The plates were
incubated at 28°C for 48 h, and the viable cells were counted. Effective killing time was
defined as the time (min) required to kill 100% C. albicans cells.

2.6 Binding of peptides to cell wall component assays

The ability of Os, Os-C and Os(11-22)NH: to bind to cell wall polysaccharides with a
subsequent loss of anticandidal activity was determined as previously described by Han et
al.'? In brief, peptides (100 uM) were pre-incubated with 40 mg/mL of the representative cell
wall constituents laminarin ($-1,3 glucan polymer, Sigma-Aldrich, SA) and mannan
(mannose polymer, Sigma-Aldrich, SA) for 1 h at 37°C. The effect of polysaccharide binding
on peptide activity was then assessed by the RD assay as described in Section 2.3.

2.7 Liposome leakage assays

Liposomes were manufactured and permeabilization assayed similar to what has been
described by Stromstedt et al.*! with minor alterations. In brief, dry lipid films of
Saccharomyces cerevisiae polar lipid extract with 30% ergosterol, were formed on round-
bottom flask walls. This was achieved by dissolving lipids in chloroform and evaporating the
solvent under agitation and nitrogen gas flow, followed by incubation in vacuum chamber.
Lipid films were re-suspended by 30 min stirring at 55°C in an aqueous solution of 100-mM
5(6)-carboxyfluorescein in 10-mM Tris buffer (pH 7.4 at 37°C). Suspensions were subjected
to repeated extrusion through a 100-nm mesh size polycarbonate membrane to reduce
multilamellar structures and polydispersity. Un-trapped carboxyfluorescein was removed by
gel filtration. Membrane permeability was measured by monitoring carboxyfluorescein efflux
from the liposomes to the external low concentration environment, resulting in loss of self-
quenching and an increased fluorescence signal at an excitation and emission wavelengths of
497 and 520 nm, respectively. Plates (96-well) were prepared with a two-fold serial dilution
of the peptides in Tris buffer, as well as controls without peptides (background) and 0.16%
Triton X-100 (maximum leakage). The plates were pre-heated to incubation temperature
(37°C) and administered liposome solution, to a final lipid concentration of 10 uM in 200 pl.
The effects of each peptide concentration on the liposomes were monitored for 45 min, at
which point peptide induced leakage had largely plateaued.

2.8 Localization of 5S-FAM-peptides in fungal cells

To determine whether Os, Os-C and Os(11-22)NH:2 can enter C. albicans cells, the peptides
were labelled with 5-FAM and cellular localization was observed with confocal fluorescence
microscopy as described previously.** Mid-logarithmic phase C. albicans (10° CFU/ml) were
exposed to 2.5 uM of 5-FAM-Os, 5-FAM-Os-C, 5-FAM-Os(11-22)NH2 and 5-FAM-
penetratin for 50 min at 28°C in a shaking incubator. Penetratin, which can cross the
membrane of C. albicans,** was used as a positive control. The cells were then immobilized
for 70 min onto poly-l-lysine coated cover glass slides that were placed in wells of a 24-well



Cellstar polystyrene plate (Greiner Bio-One GmbH, Austria). The cells were rinsed with NaP
buffer, counterstained with 10 pg/ml 4,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich,
SA) for 30 min before the cover glass slides were mounted with polyvinyl alcohol mounting
medium with DABCO® (Sigma Aldrich, SA). Confocal images were acquired with Zeiss
LSM 880 Confocal laser scanning microscope (Carl Zeiss NTS GmbH, Oberkochen,
Germany) at an excitation and emission wavelength of 490 and 520 nm, respectively.

2.9 Mechanism of translocation assays

For energy depletion experiments, cells were pre-incubated with 5-mM NaNj3 in 10-mM NaP
buffer for 30 min at 37°C before the addition of peptides. The effects of azide on the
antifungal activity of labelled peptides (2.5 pM) and unlabelled peptides (100 pM) were
evaluated by confocal microscopy and by RD assays, respectively. To assess the effect of
polysaccharide interaction on peptide translocation, the peptides were pre-incubated with
laminarin (40 mg/ml) for 1 h at 37°C.

2.10 Measurement of cellular reactive oxygen species production

ROS formation in C. albicans was measured using the fluorogenic and cell-permeable probe,
2', 7-dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich, SA). Mid-logarithmic phase
C. albicans cells were resuspended in NaP buffer containing 20-uM DCFH-DA and
incubated for 30 min at 37°C. Cells were collected by centrifugation and further resuspended
in NaP buffer. Peptides (1.56—50 pM) alone or with 10-mM ascorbic acid were then added to
cells (10° CFU/mL) and incubated for 1 h at 37°C. Fluorescence was read at excitation and
emission wavelengths of 485 and 535 nm, respectively, while antifungal activity was
determined by the CFU assay.

2.11 Data management and statistical analysis

Unless otherwise stated, the experiments were performed at least three times in triplicate.
Data normality was tested using the Shapiro—Wilk normality test (p <0.05). Further analysis
was then conducted with either the Student ¢ test (one-tailed) for MIC determination and ROS
assays and the GraphPad two-way ANOVA with the Tukey multiple comparisons test for the
effect of cell wall components and azide treatment on antifungal activity.

3 RESULTS
3.1 Antifungal activity of OsDef2 derived peptides

Initial screening of six shorter peptides derived from OsDef2 for antifungal activity with RD
assays against C. albicans identified five active peptides (Table 1). Of these, peptides Os, Os-
C and Os(11-22)NHz showed the highest activity with MIC close or equal to 4 uM.
Interestingly, whereas Os(11-22) showed no activity even at 200 pM, amidation of the same
peptide bestowed a MIC of 4.4 uM. In contrast, amidation of Os(3—12) only increased its
antifungal activity by approximately 1.5-fold. Next, the candidacidal activity of the three
most active peptides was determined using CFU assays. The candidacidal activity was in the
order of Os > Os(11-22)NH2 > Os-C with corresponding MFC values of 6, 22 and 28 pM,
respectively. A kinetics study of the activity for Os, Os-C and Os(11-22)NH: at their
respective MFC values was conducted (Figure 1). Both Os and Os-C eradicated 100% of

C. albicans cells within 30 min while Os(11-22)NH2 required 60 min.
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FIGURE 1. Killing kinetics of Os, Os-C and Os(11-22)NH.,. Candida albicans cells were incubated with Os,
Os-C and Os(11-22)NH; at their respective MFC of 6, 28 and 22 uM. C. albicans viability was determined by
the colony-forming unit (CFU) assay and compared with a growth control. Data are means + SEM of two
independent experiments, performed in triplicate
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FIGURE 2. Effect of cell wall polysaccharides on the antifungal activity of peptides. Os, Os-C and Os(11—
22)NH; at 100 uM were pre-incubated with 40 mg/ml laminarin or mannan for 1 h. Antifungal activity was
determined by the radial diffusion (RD) assay. Data are means + SEM of at least two independent experiments,
performed in duplicate.** indicates statistically significant difference (p <0.01) to peptide as a percentage of no
polysaccharide added



3.2 Interaction of Os, Os-C and Os(11-22)NH; with cell wall polysaccharides

Initial binding of peptides to cell surface polysaccharides or glycosylated proteins is crucial
for the antifungal activity of some AMPs.*> We thus sought to investigate the possibility of
such interaction with Os, Os-C and Os(11-22)NH2 by assessing the inhibitory effect of

40 mg/ml laminarin (B-1,3 glucan polymer) and/or mannan (mannose polymer) on the
antifungal activity evaluated by RD assays. The antifungal activity of Os and Os(11-22)NHz
at 100 uM was completely suppressed following pre-treatment with both mannan and
laminarin (Figure 2). Os-C at 100 uM also lost all activity after mannan pre-treatment,
whereas its activity was only partially reduced following pre-treatment with laminarin. These
results could indicate that the peptides interact with  1,3-glucan and mannose residues to
exert their antifungal activity before cell entry. It could also indicate that these cell wall
components act as a peptide scavenging matrix that confers some level of protection to the
cell from the peptides. None of the polysaccharides showed inherent antifungal activity.

3.3 Membrane permeabilization activity

Peptide-based antifungal agents may have specific targets in either the cell wall, cell
membrane or within the cytosol. Biocidal peptides of ribosomal origin (i.e., AMPs)
frequently act by disrupting the outer membranes of the cell types they have evolved to
primarily interact and perforate, a mechanism that is typically not dependant on specific
molecular affinity.'>4* Therefore, membrane permeabilization activity was evaluated using
large unilamellar liposomes of a generic fungal lipid composition, S. cerevisiae polar lipid
extract with 30% ergosterol. The peptide concentration that generated 50% liposomal leakage
at 45 min (ECso) for the benchmark membrane disrupting peptide melittin® was 0.5 pM
(Figure 3). For melittin, being one of the most potent and broad-spectrum membrane
disrupting peptides, this ECso corresponds well with its ECso on bacterial and mammalian
liposome systems, which in turn correlates with its bioactivity on these cell types.*® Both Os
and Os(11-22)NH:z exhibited membrane permeabilizing activity, in a sigmoidal dose-
dependent manner, with ECso values of 4 and 12 uM, respectively. This correlates with MFC
values of 6 and 22 pM determined for Os and Os(11-22)NH2, respectively, and the faster
killing kinetics determined for Os compared with Os(11-22)NHa. The Os-C peptide was the
least potent of the three peptides, reaching approximately 30% leakage at 20 uM. Fungal
membrane permeabilization by Os and Os(11-22)NH:z can be considered as their main
mechanism of action on candida cells. On the other hand, it is doubtful that the less
pronounced lytic properties of Os-C alone can be responsible for the in vitro activity seen
with this peptide. However, although the current liposome system attempts to mimic a fungal
membrane, there are obvious limitations in direct comparisons with a living candida
membrane.
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FIGURE 3. Fungal membrane permeabilization quantified by the release of carboxyfluorescein at 45 min of
peptide incubation. The fungal plasma membrane model is liposomes composed of Saccharomyces cerevisiae
polar lipid extract with 30% ergosterol. Each marker represents the mean leakage at 37°C in 10-mM Tris buffer
(pH 7.4) with standard deviations from three experiments done at individual peptide concentrations, that is, no
cumulative additions. Sigmoidal dose-response curves are fitted when R > 0.95, that is, not for Os-C. The EC50
level is highlighted with a double line and their respective values indicated when applicable

3.4 Translocation of peptides into fungal cells

To determine whether the peptides translocate across membranes, the peptides were labelled
with fluorescent 5-FAM and cellular localization was observed with confocal fluorescence
microscopy. The cells were counterstained with DAPI, a double stranded DNA-binding dye
that stains both viable and non-viable cells.*’” After 50 min of incubation, the positive control
penetratin, Os, Os-C and Os(11-22)NH2 accumulated within the cytosol (Figure 4, also
Figure S1). 5-FAM-labelled Os and Os(11-22)NH2, like penetratin, stained both the
membrane and the cytosol uniformly. For Os-C, a few cells showed strong staining
throughout the cell while most cells showed strong staining only at specific regions within the
cytoplasm. Interestingly, Os-C and Os(11-22)NH: treated cells appeared flocculated. DAPI



staining of cells treated with all three Os Def2 peptides revealed some evidence of nuclear
fragmentation encountered during apoptosis.*® This included the appearance of irregular and
fragmented DNA (Figure 4, short white arrow, also Figure S2) for all three peptides as well
as some tubular-shaped DNA (Figure 4, long white arrow) for Os and Os-C treated cells.

DAPI Merge
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10



FIGURE 4. Localization of 5-FAM-peptides in Candida albicans. Cells were exposed for 50 min to 2.5 uM of
5-FAM-peptides (green), counterstained with DAPI (blue) and visualized by confocal microscopy. Cells treated
with the peptides exhibit both irregular, fragmented nuclear DNA (short white arrow) and tubular-shaped DNA
(long white arrow) in contrast to single and round nucleus observed in untreated cells. The box in the merged
image section of 5-FAM-Os-C shows the transmitted light image of 5-FAM Os-C bound separately to the
nucleus. Images are representatives of three independent experiments, in duplicate. Scale bars are 10 um

3.5 Mechanism of peptide translocation into fungal cells

To investigate whether peptide translocation involves endocytosis, the translocation process
was performed using conditions that inhibit ATP synthesis.* Concurrently, we sought to
determine the link between reduced ATP availability and the antifungal activity of these
peptides. C. albicans cells were pre-incubated for 30 min with 5-mM NaN3 and then exposed
to 100 uM of each peptide for antifungal activity determination with RD assays (Figure 5A)
or incubated for 50 min with 2.5 uM of each 5-FAM-peptide for localization studies

(Figure 5B). The RD assay results revealed that the antifungal activity of Os was significantly
decreased (p <0.05) by ATP depletion (Figure 5A) and the peptide was located on the
membrane periphery of most cells (Figure 5B). In contrast to Os, the antifungal activity of
Os(11-22)NH: was unaffected by ATP depletion (Figure 5A), and although at lower
intensity, the peptide was still present in the cytoplasm (Figure 5B). For Os-C, its antifungal
activity was completely suppressed (p <0.01) (Figure 5A) and no staining of cells with
labelled Os-C was observed (Figure 5B), which is in line with its lower membrane activity on
liposomes (Figure 3). These results suggest that the uptake of Os and Os-C and, not, Os(11—
22)NHz: is energy dependent.

(A) (B) Untreated Os Os-C 0s(11-22)NH,

20 r I No azide
[ Azide (30 min)

Control

15 f

+

10

0 .-—-
0Os

0s-C 0s(11-22)NH;
Peptides [100 pM]

Inhibion zone (mm)

NaN, 30 min

Laminarin

FIGURE 5. (A) Effect of sodium azide on antifungal activity. Radial diffusion (RD) assay was performed by
loading 5 pl of 100-uM peptides into the wells of agar plates containing Candida albicans cells that were pre-
treated for 30 min with 5-mM NaNj3. Data are means + SEM of at least two independent experiments, performed
in duplicate. Asterisks indicate statistically significant difference (**p <0.01) to no NaNj; added. (B)
Mechanism of peptide translocation. C. albicans cells were pre-incubated with 5-mM NaNj3 for 30 min and
treated with the labelled peptides for 50 min (second panel) or cells were exposed for 50 min to a pre-incubation
mixture of 2.5-uM 5-FAM-peptides (green) and 40 mg/ml laminarin (third panel). The cells were counterstained
with DAPI (blue) and visualized by confocal microscopy. Images are representatives of three independent
experiments, in duplicate. Scale bars are 10 um

To assess the effect of polysaccharide interaction on peptide translocation, the labelled
peptides were pre-incubated with laminarin before incubation with cells. Confocal
microscopy revealed that the interaction between the peptides and free laminarin resulted in

11



no intracellular accumulation of the labelled peptides (Figure 5B). These results imply that
the peptides interact with the -1,3-glucans. These branched polysaccharides could play a
role in peptide cell entry or in direct antifungal activity, likewise it could indicate that such
polysaccharides convey a scavenging effect on AMPs so that the level of free peptide is
depleted before reaching the cytoplasmic membrane.

3.6 Reactive oxygen species induction in fungal cells

ROS formation is a potential mode of action for AMPs on C. albicans.>® For example, ROS
production and subsequent apoptosis has been observed following translocation of defensins
into the cell.!**° Therefore, ROS was quantified for 1 h following exposure to 25 uM of each
peptide using the DCFH-DA assay. A time-dependent increase in ROS was observed for all
peptides (Figure 6A). Lower levels of ROS were produced in Os-C and Os(11-22)NH:2
treated cells compared with the control melittin and Os (Figure 6B). To determine whether
ROS production is a key player in antifungal activity, the ability of the antioxidant, ascorbic
acid, to reduce ROS was evaluated at 25 uM peptide. There was a statistically significant
decrease (p < 0.05) in peptide-induced ROS formation in the presence of ascorbic acid
(Figure 6B). However, colony count assays revealed that there was only a significant

(p < 0.05) loss in antifungal activity for Os(11-22)NH2 and Os-C but not for melittin nor Os
(Figure 5C). Interestingly, the reduction in activity of Os-C was approximating 90% loss,
suggesting that ROS production might possibly be a main mechanism of action for Os-C but
only a secondary effect of Os activity.
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4 DISCUSSION

Many of the current antifungal drugs targeting C. albicans have shown limitations, such as
undesirable side effects and notable inefficiency towards drug-resistant emerging strains.’
AMPs are suitable alternatives in the treatment of Candida-related infections due to their
broad-spectrum of activity and specific membrane targets, which render fungal pathogens
less likely to develop resistance. However, the high cost of AMP synthesis hinders their
therapeutic application, thus the identification of shorter peptides from lead compounds, that
retain antifungal activity is the focus of much research.**>! Our previous study showed that
tick defensins are promising templates for shorter AMPs.??> Whereas the defensin isoform,
OsDef2, was bactericidal against only Gram-positive bacteria, Os derived from the carboxy-
terminus of OsDef2 and its analogue, Os-C, were bactericidal against both Gram-positive and
Gram-negative bacteria. Therefore, we first undertook to screen OsDef2 derivatives Os and
Os-C, along with 10-mer shorter peptides spanning their respective sequences for antifungal
activity. Starting with the 10-mer C-terminus sequence of Os termed Os(13-22), two N-
terminus and C-terminus amino acids were respectively added and deleted at a time, to
generate further derivatives. A 12-mer sequence termed Os(11-22) was also included to
contain all three C-terminal Cys residues. For Os-C, the C-terminus sequence Os-C(9-18)
was the starting point (Table S1).

Charge and hydrophobicity that govern the initial interaction of AMPs with cell membranes
are two of the main parameters that contribute to peptide antifungal activity.’> As expected,
both peptides Os and Os-C with the highest positive charge (+6) were the most potent,
exhibiting the lowest MIC values (Table 1). Among the seven overlapping 10-mer peptides
derived from Os, the MIC could only be determined for Os(3—12) using a threshold
concentration of 200 uM. This finding identified that the sequence 3 to 12 of Os, is essential
for antifungal activity. Because additional Os fragments such as Os(1-10), Os(5-14), Os(9—
18) and Os(13-22), all with an equal charge to Os(3—12) of +3 were not active against

C. albicans (Table S1), additional structural features might be required for the antifungal
activity of OsDef2 derivatives. One such feature could be the presence of the functional
region or y-core motifs of Cys-stabilized proteins, Xi1-3GXCX3-9C/CX3-9CXGX1-3/CX3-
9GXCX1-3 as observed for the defensins brazzein and charybdotoxin.> Os, which contains
the full y-core motif, and a + 6 charge, was more potent than all its derivatives. However,
Os(3-12) containing an equal charge of +3 but fewer Os residues comprising the y-core
region than the peptides Os(7—16) and Os(11-20) was more potent than the latter peptides.
This implies that components of the y-core motif alone cannot be used to predict the
antifungal activity of these OsDef2 derivatives. In line with this assumption, Os-C, which
lacked all three Cys residues present in the y-core motif, was more potent than any of the Os-
derived 10-mer fragments. Noteworthy, the fact that none of the shorter 10-mer peptides
derived from Os-C was active against C. albicans (Table S1) might suggest chain length as
an important factor, in the absence of Cys residues, for the activity of OsDef2 derivatives.

Many naturally occurring bioactive molecules, including AMPs are carboxy-amidated, an
important modification necessary for functionality and in addition stability against
exopeptidase activity is increased.>* Functional effects are increased peptide charge’? and the
promotion of helix formation.>> The contribution of carboxy-amidation on the interaction of
CM15, a a-helical, 15 amino acid peptide on a DPPG model bilayer was investigated by Ma
et al.>® Carboxy-amidation resulted in the rapid adsorption of CM15 onto the surface of a
negatively charged DPPG model bilayer, resulted in the disruption of the outer layer and less
ordered orientation of insertion. Carboxy-amidation can have variable effects on the

13



antimicrobial activity of peptides. For example, the activity of PGLa-NH2 Gram-negative
bacteria was 8- to 16-fold greater than PGLa-COOH?’ and the activity of Hb33-61a and
Hb40-61a against C. albicans was four-fold greater when compared with Hb33-61 and Hb40-
61 analogues.’” In contrast, in other instances, carboxy-amidation has no effect as was
reported for MSI-103-NH2 against Gram-negative bacteria compared with MSI-103-COOH?>
and the antifungal activity of ANP-NH2 compared with ANP-COOH.*’

Carboxy-amidation increased the net charge of Os(3—12) from +3 to +4, with a slight effect
on the MIC with a slight decrease from 22.8 + 0.0 to 15.4 £ 0.6 uM. In contrast, the MIC of
Os(11-22) increased with carboxy-amidation from >200 to 4.4 + 1.7 uM to levels comparable
to both melittin and Os. For many peptides, carboxy-amidation promotes helix formation, but
this effect was not observed for either shorter analogue. Circular dichroism revealed that Os
forms a o-helix and Os-C a B-sheet in a membrane mimicking environment, predicted to
disrupt membrane structure by different models or modes of action reviewed by Nguyen et
al.>® The shorter analogues and the amidated versions of Os(3—12) and Os(11-22) are
unstructured and random coiled, respectively.?” The lack of propensity to form an a-helical
structure may be related to the length of the peptides where the critical length for a-helical
formation is 9—17 amino acids.”® PMAP-36, is a naturally carboxy-amidated peptide of 36
amino acids. Shorter derivatives of 21, 18, 15 and 12 were a-helical in a membrane
mimicking environment although when the chain length decreased to below 15 residues,
activity against C. albicans was diminished and was not related to a-helical structure but
rather a reduction of charge. For Os(3—12), shorter peptide length rather than increased
charge may limit the membrane disruptive effect of carboxy-amidated Os(3—12). For Os(11-
22)NHa, secondary structure and length may also not contribute to the observed increase in
activity. Liposome membranes indicate that this peptide is membrane active and that
carboxy-amidation may favour the initial interaction between the peptide and the outer
membrane prior to the disruption of membrane integrity through a mechanism that will be
elucidated in future studies.

Nonetheless, these findings strongly validate carboxy-amidation as a simple and valuable
method to confer or increase the antifungal activity of tick defensin derivatives. Thus, the
antifungal activity of the parent peptides Os and Os-C as well as the amidated Os(11-22) was
further investigated in terms of their MFCs (Table 1). Interestingly, the peptide Os (MFC of
6 uM) with only 22 residues exhibited antifungal activity similar to the 37 residues long LL-
37 with an MFC of 10 uM under equivalent experimental conditions.*® Similarly, Os(11-
22)NH: and Os-C with only 12 and 19 residues, respectively, were only two- and three-fold
less potent than LL-37.%° These results point to the fact that Os, Os-C and Os(11-22)NH2 are
promising candidates as novel antifungals. Furthermore, the anticandidal activity of the
peptides was fast-acting (Figure 1). The time to reach complete killing was 30 min for Os and
Os-C and 60 min for Os(11-22)NH:2 and was determined at the MFC values of each peptide
rather than the MIC values. Determination of killing time at the MFC provides information
on therapeutically relevant killing rather than inhibition and provides insight into the mode of
action where differences in killing time for Os and Os(11-22)NH: indicates a difference in
the killing mechanism. In addition, with the haemolysis assay, a previous study showed that
both Os(3—12)NH:z and Os(11-22)NH: did not induce haemolysis compared with melittin.?’

To reach the fungal plasma membrane, AMPs must cross a thick cell wall composed mainly
of polysaccharides. In C. albicans, glucans account for 60%—65% while mannans make up
for 20%-25% of the total polysaccharides.®® Han et al.!? found that the antifungal activity of
Hst 5 and several of its derived hybrid fragments was highly dependent on its interactions
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with B-1,3 glucans polymers but not with mannans. Therefore, the ability of Os, Os-C and
Os(11-22)NHoa to interact with laminarin ($-1,3 glucan polymer) and mannan (mannose
polymer) was investigated. This was achieved by assessing the antifungal activity of the
peptides in the presence of exogenous polysaccharides. The results suggest that, in addition to
mannose residues, Os and Os(11-22)NHz strongly interact with f-glucans residues, whereas
much less interaction occurs with Os-C, which may have a stronger affinity towards mannose
residues. These findings are particularly noteworthy, considering that S-glucans become
readily exposed during the infection process.®! Therefore, the initial interaction of these
peptides with cell wall polysaccharides may be necessary for their antifungal activity. Further
experiments are currently underway in our laboratories to study these peptide-polysaccharide
interactions and their requirements.

The fungal plasma membrane is the primary interaction site of antifungal defensins.'# 2% 62
Most AMPs that permeabilize living membranes likewise disrupt both artificial bilayers and
liposomes at low concentrations, thus providing a tool for investigating peptide—membrane
interaction.®® Therefore, the membrane permeabilizing activity of Os, Os-C and Os(11—
22)NH:2 was investigated with a S. cerevisiae polar lipid extract. We found that the positive
control, melittin, effectively disrupted the fungal liposomes as reported elsewhere.*® Both Os
and its shorter amidated analogue, Os(11-22)NHz, exhibited distinct membrane disruptive
activity on fungal liposomes, whereas Os-C had a less pronounced permeabilizing property
(Figure 3). This finding identified membrane permeabilization as a mode of antifungal
activity for Os and Os(11-22)NHa, while for Os-C it appears this is a less relevant mode of
action. This is corroborated by the ECso of Os being three-fold lower than that of Os(11—
22)NHaz, a ratio that corresponds well with the three-fold difference in the MFC of the same
peptides. For melittin, a MIC of 3 uM and an ECso of 0.5 uM identifies membrane disruption
as predominant mode of action confirming the membrane effects of melittin.*® However, for
Os and Os(11-22)NH2, these two values are reversed in that the ECso are higher than their
corresponding MIC. Although this could in theory result from the simplified nature of the
liposome model compared with living cells affecting the Os-peptides disproportionally, the
activity levels reached on the fungal liposomes in comparison to their MIC and MFC does
not substantiate that membrane permeabilization is the sole mode of action. This is further
corroborated by the longer time required by Os(11-22)NH2 to completely eradicate

C. albicans cells, indicating that additional cellular targets may also be involved in the
antifungal activity of Os and Os(11-22)NHa.

AMPs can also induce death through signalling cascades via the cell surface!? or enter the
cytosol? to interact with intracellular targets. This was observed with the plant defensin
NaD1 (10 uM) which localized on the cell surface after 5 min, then translocated the

C. albicans membrane gaining entry into the cytosol after 20 min where it induced ROS
production from the mitochondrion inner membrane.'* In this study, 2.5-uM 5-FAM-Os, like
the control 5-FAM penetratin, caused uniform staining of the membrane and the cytoplasm of
intact cells, indicating that Os can cross the cell membrane (Figure 4). Also, labelled Os(11-
22)NH2, at 2.5 uM, was present inside the cell while the cytoplasm of most cells treated with
5-FAM-Os-C was only partially stained. The presence of the peptides Os, Os(11-22)NHz and
Os-C inside most cells should not be considered only as a result of cell lysis, as the peptide
concentration used in this assay (2.5 uM) was equivalent to half, nine and eleven times less
the MFC of Os, Os(11-22)NHz and Os-C, respectively, and would probably include both
dead and living cells.
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The liposome assay was primarily used to identify membrane disruptive activity. Besides the
inadequacies of comparing a simplified model system with living cells, there are also peptide-
to-lipid ratio and media constituents that can affect perceived AMP potency. Directly
comparing concentration performance in liposome leakage with more complex cell culture
systems is not straightforward. In our experience, liposome systems tend to appear more
sensitive than their live cell counterparts.

AMPs can cross the membrane bilayers at sub-permeabilizing concentrations® and at 2.5 uM
well below their EC50 on liposomes Os, Os(11-22)NH2 and Os-C were found present within
most C. albicans cells. AMP translocation can occur either through a direct mechanism or via
endocytosis, an energy-dependent mechanism of cell penetration. Sodium azide impairs ATP
synthesis in mitochondria by inhibiting cytochrome c-oxidase.% In this study, C. albicans
cells were pre-treated for 30 min with 5-mM NaN3 before peptide addition. Variable effects
were observed for Os, Os-C and Os(11-22)NH: after 30 min exposure to NaN3. The
translocating ability of Os and Os-C like penetratin (Figure S1) was suppressed for most
cells, while that of Os(11-22)NH2 was unaffected. Similarly, the antifungal activity of Os
was decreased, that of Os-C was suppressed completely while the activity of Os(11-22)NH2
was unaffected. These findings indicate that Os-C entry into the cells most probably occurs
via an energy-dependent mechanism while Os(11-22)NH2 translocation follows membrane
permeabilization. Os, on the other hand, seems to penetrate cells via both an energy-
dependent pathway and following membrane permeabilization as evidenced by the presence
of most cells with peripheral staining and few with cytoplasmic staining. Gong and
Karlsson*? found that the cell-penetrating peptides MAP and cecropin B showed contrasting
results that were consistent with both direct as well as energy-dependent cell penetration.
Future studies need to confirm, specifically if Os penetrates the cytoplasm by both membrane
permeabilization and an energy-dependent mechanism. Furthermore, the staining pattern of
the peptides after NaNs treatment, that is, peripheral staining for Os, no staining for Os-C and
some staining for Os(11-22)NHoz, concurs with the finding that Os and Os(11-22)NH:2
binding to f-glucan residues was a possible requirement prior to membrane permeabilization,
translocation and cell death.

The translocation of Os, its amidated analogue Os(11-22)NHz, and Os-C into C. albicans
cells strongly suggested that these peptides might also possess intracellular targets. Hence,
the induction of ROS production was investigated. ROS are required for normal cellular
function, however in excess can damage lipids, proteins and DNA as well as alter intrinsic
membrane properties such as ion transport, fluidity and protein cross-linking, resulting in cell
death.%® ROS formation is increasingly reported as a mode of action of antifungal peptides,'*
3 including the well-known membranolytic peptide, melittin.®” The peptides melittin, Os and
to a lesser degree Os(11-22)NH:z and Os-C caused an increase in intracellular ROS levels,
which for all peptides was significantly reduced in the presence of the antioxidant ascorbic
acid (Figure 6). ROS production in C. albicans might occur following morphogenesis®® or if
intracellular potassium levels are low.%° Therefore, it was necessary to determine if the
scavenging of ROS with ascorbic acid would reduce the ability of the peptides to kill

C. albicans. The results showed that Os-C and to a lesser degree Os(11-22)NH2 but not Os,
mediated a ROS-dependent killing. Many other plant defensins induce ROS in C. albicans,
resulting in cell death such as the peptides NaD1 and RsAFP2.'% 3% Moreover, ROS formation
is a key event in the induction and regulation of apoptosis in yeasts.”% ! In the late stages of
this process, DNA damage and chromatin condensation occur,*® 7> and DAPI staining
confirmed the occurrence of these events and thus apoptosis in some of Os, Os-C and Os(11-
22)NH2 treated cells. Melittin has also been found to trigger apoptotic events in C. albicans
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through a ROS-mediated mitochondria/metacaspase-dependent pathway.%” Likewise, for Os,
Os-C and Os(11-22)NHoa, the apoptotic pathways need to be further elucidated in future
studies.

In conclusion, this study has identified three promising antifungal peptides, Os, Os-C and
amidated Os(11-22) from the C-terminus of a tick defensin isoform and has further
substantiated the role of amidation on increasing the activity of shorter derivatives. Os and
Os(11-22)NH2 are predominantly membrane acting with possible targets in the fungal cell
wall, while the killing effect of Os-C was mainly ROS-mediated.
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