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1 | INTRODUCTION
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Candida albicans has emerged as a major public health problem in recent decades.
The most important contributing factor is the rapid increase in resistance to conven-
tional drugs worldwide. Synthetic antimicrobial peptides (SAMPs) have attracted sub-
stantial attention as alternatives and/or adjuvants in therapeutic treatments due to
their strong activity at low concentrations without apparent toxicity. Here, two
SAMPs, named Mo-CBP3-Pepl (CPAIQRCC) and Mo-CBP5-Pepll (NIQPPCRCC), are
described, bioinspired by Mo-CBP3, which is an antifungal chitin-binding protein from
Moringa oleifera seeds. Furthermore, the mechanism of anticandidal activity was eval-
uated as well as their synergistic effects with nystatin. Both peptides induced the
production of reactive oxygen species (ROS), cell wall degradation, and large pores in
the C. albicans cell membrane. In addition, the peptides exhibited high potential as
adjuvants because of their synergistic effects, by increasing almost 50-fold the anti-
candidal activity of the conventional antifungal drug nystatin. These peptides have
excellent potential as new drugs and/or adjuvants to conventional drugs for treat-

ment of clinical infections caused by C. albicans.
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Infections caused by fungi have been increasing rapidly world-

wide. Currently, over 300 million people are infected with some type

The increase of antimicrobial resistance to conventional drugs is
expanding globally, posing a serious threat to the current strategies
employed to treat infectious diseases. This is caused by two major
problems: (1) the misuse and overuse of antimicrobial drugs and
(2) uncontrolled prescription, where up to 50% of drugs prescribed

are unnecessary.* ™

Patricia G. Lima, Pedro F. N. Souza, Cleverson D. T. Freitas, and Daniele O.B. Sousa
contribute equally to this work.

of fungi every year, leading to 1,350,000 deaths annually.> The major
fungi responsible for human diseases belong to the Candida genus,®
and transplant and cancer patients and those submitted to any type of
immune-suppressive therapy are most commonly affected.®™”

The global prevalence of fungal infections caused by Candida spe-
cies is estimated to be 7 cases per 100 patients. In the United States
and Europe, Candida species are responsible for hospital-acquired
bloodstream infections, leading to high mortality, prolonged hospital
stays, and elevated healthcare costs.’~? The epidemiology of Candida

infections has changed over the years. In 2010, Candida albicans
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broadly resistant to many conventional antifungals available was
responsible for up to 70% of the clinical infections.” However, a new
study in 2017 showed alterations in this scenario. The incidence of
infection caused by non-C. albicans today reaches 56.5% of can-
didemia cases. This value is divided among several non-C. albicans
species, such as C. glabrata (33.3%), C. tropicalis (20.3%), C. parapsilosis
(1.4%), and C. kefyr (1.4%). C. albicans is still the leading cause and
most responsible for candidemia, in 43.5% of the patients.®

To face this global health challenge, synthetic antimicrobial pep-
tides (SAMPs) have emerged as new drugs or even as adjuvants to
commercial drugs'**? because the development of new technologies
has allowed the reduction of costs for synthesis and achieving high
purity, as well as making it possible to obtain SAMPs with specific
modifications, such as cyclization, alanine scanning, or amino acid
substitution.*"® Generally, SAMPs are positively charged and have
amphipathic properties, enabling them to interact with cell mem-
branes, inducing pore formation.**

Recently, our research group characterized and evaluated the
antimicrobial activity of many SAMPs against bacteria and yeasts
pathogenic to humans.t® 1% For example, Dias et al.1* reported that
RcAlb-Pepll (SLRGCC) is a small (637.77 Da), positively charged (+1),
and slightly (pl 7.80) basic peptide with hydrophobicity of 50%,
derived from an antimicrobial 2S albumin purified from Ricinus

communis seed cake,'®

and a potent antimicrobial peptide against
C. parapsilosis and Klebsiella pneumoniae. Lopes et al.'® reported that a
synthetic peptide derived from a thaumatin protein induces apoptosis
in C. albicans. Mo-CBP3-Pepl (893.12 Da) and Mo-CBP3-Pepll
(1033.26 Da) are both small, slightly basic, and positively charged,
with hydrophobicity of 62 and 44%, respectively, derived from Mo-
CBP3, with ICyg values against C. albicans of 2.2 and 17.5 uM, respec-
tively.'® Bioinformatic analyses revealed the potential of these pep-
tides to penetrate cells without toxicity to human cells. Despite the
strong activity of those peptides, their mechanisms of action and tox-
icity are still unknown. Therefore, this new study was focused on pro-
viding information about the mechanism behind the anticandidal
activity of Mo-CBP3-Pepl and Mo-CBPs-Pepll and their toxicity to
mammalian cells, as well as evaluating their synergic effects with nys-
tatin (NYS), a leading conventional drug used to treat infections cau-

sed by Candida species.

2 | MATERIALS AND METHODS

21 | Peptide design and characterization

Mo-CBP3-Pepl (CPAIQRCC) and Mo-CBP3-Pepll (NIQPPCRCC) were
designed employing the same criteria described by Oliveira et al., ¥
which were low molecular size (600-1200 Da), at least 40% hydro-
phobic potential, positive net charge (at least +1), and a Boman index
<2.5. The peptides were purchased from the company GenOne (Sao
Paulo, Brazil). The quality and purity (295%) were determined by
reverse-phase high-performance liquid chromatography (RP-HPLC)

and mass spectrometry (MS), according to Lopes et al.'®

2.2 | Circular dichroism and synchrotron radiation
circular dichroism spectroscopies

Synchrotron radiation circular dichroism (SRCD) spectroscopy was
employed to investigate the conformation of the peptides either in
aqueous solution or in partially dehydrated films. Measurements of
Mo-CBP3-Pepl (1.6 mg/ml) and Mo-CBP3-Pepll (2.2 mg/ml) in 10 mM
sodium phosphate buffer (pH 7.4) or in 50% trifluoroethanol (TFE)
were performed over the wavelength range from 170 to 270 nm, with
a bandwidth of 1 nm and allowing 2-s dwell time, using in a Suprasil
quartz cuvette with 0.0098-cm pathlength (Hellma Ltd, UK), at 25°C.
The SRCD spectra of the peptides (0.7 nmol) in the dehydrated film
deposited on the surface of a quartz-glass plate were collected over
the wavelength range from 155 to 280 nm, with a bandwidth of 1 nm,
at 25°C, taking four successive rotations of the plate at 0, 90,
180, and 270° in order to avoid any linear dichroism effect. All the
SRCD experiments were carried out at the synchrotron facility Aarhus
STorage RIng in Demmark 2 (ASTRID2) in the AU-CD beamline
(Aarhus Circular Dichroism, Aarhus, Denmark). The possible interac-
tion of both peptides (0.3 mg/ml) with artificial micelles was evaluated
by measurements of conventional circular  dichroism
(CD) spectroscopy with a Jasco J-715 spectropolarimeter, as the aver-
age of six scans over the wavelength from 190 to 270 nm, with a
bandwidth of 1 nm, using a 0.1-cm pathlength quartz cuvette, at
25°C. Peptides (0.3 mg/ml) were incubated with micelles made of
20 mM of sodium dodecyl sulfate (SDS) or 20 mM of N-hexadecyl-N-
N’-dimethyl-3-ammonia-1-propane-sulfonate (HPS) according to pre-
vious studies.?*171® HPS was chosen because it has been used to
completely mimic zwitterionic micelles, especially for taking CD mea-
surements, because of the low background absorption of the micellar
system in the far-UV region.!* All the CD/SRCD spectra were

processed using the CDToolX software.*?

2.3 | Anticandidal assay
The anticandidal assays against C. albicans (American Type Culture
Collection [ATCC] 10231) were performed as described by Neto

I., 2° who made some modifications from the method described by

eta
the Clinical & Laboratory Standards Institute (CSLI).2* The media used
in this assay was potato dextrose broth (PDB). C. albicans cells
(2.5 x 10% CFU/ml) were prepared in PDB media from an culture
grown overnight in potato dextrose agar (PDA) at 35°C. One hundred
microliters of C. albicans suspension (2.5 x 10° CFU/ml) was incu-
bated with 100 pl of Mo-CBP3-Pepl and Mo-CBP3-Pepll at 2.2 and
17.5 pM, respectively, to reach the ICyg in flat bottom 96-well plates
at 37°C for 24 h, and absorbance was read using an automated micro-
plate reader (Epoch, BioTek). The concentration of peptides that
inhibited C. albicans growth by 90%, as defined by Oliveira et al., 1*
was employed. The positive control for cell integrity was a solution
composed of 0.15 M NaCl in 5% dimethyl sulfoxide (DMSO) (DMSO-
NaCl). Nystatin was used negative control of cell integrity. The assay

was repeated three times.
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24 | Detection of ROS overproduction and cell
membrane integrity assay

To evaluate the peptide-induced ROS generation, the method
described by Maurya et al??2 was employed, using 2,7'-
dichlorofluorescein diacetate (DCFH-DA). C. albicans cells were cul-
tured in PDB media for 18 h at 37°C. Then, the cell concentration was
standardized to 2.5 x 10° CFU/ml, and then, 100 ul of cells was incu-
bated with 100 pl of Mo-CBP3-Pepl (2.2 uM) or Mo-CBP3-Pepll
(17.5 pM) at 37°C for 24 h, without light. Nystatin and the solution
composed of 0.15 M NaCl in 5% DMSO (DMSO-NaCl) were used as
negative and positive controls, respectively. After incubation, cells
were washed three times with 0.15 M NaCl to remove PDB media
and then were mixed with 10 pM of DCFH-DA for 30 min at 37°C.
After the incubation time, the cells were centrifuged (Mikro 200R cen-
trifuge, Germany) at 3,000 g for 5 min at 22°C and washed again as
mentioned. Finally, sample cells were mounted on a glass plate for
observation under a fluorescence microscope (Olympus System
BX60) with excitation wavelength of 488 nm and emission wave-
length of 525 nm.

To assess the pore formation induced by peptides, the method

described by Oliveira et al.*?

was employed, using propidium iodide
(P1) uptake. The C. albicans cells were grown and treated as mentioned
above. The samples were washed and incubated with Pl at 1 uM for
30 min at 37°C. Next, the cells were washed and analyzed under a
fluorescence microscope (Olympus System BX60) with excitation
wavelength of 488 nm and emission wavelength of 525 nm.

In addition, to assess the size of the pores generated, C. albicans
cells treated with both peptides were also incubated with 10 pM of
conjugated fluorescein isothiocyanate (FITC)-dextrans with sizes of
6, 10, and 20 kDa (Sigma-Aldrich) to evaluate the diameter of the
pores formed. After incubation for 1 h at 37°C in the dark, cells were
observed under a fluorescence microscope (Olympus System BX60)
with excitation wavelength of 488 nm and emission wavelength of

525 nm, as described by Oliveira et al.'®

2.5 | Scanning electron microscopy analyses

To perform scanning electron microscopy (SEM) analyses, samples
were prepared following the method described by Oliveira et al.®
Briefly, C. albicans cells were treated and washed as mentioned. Then
the cells were fixed in 1% (v/v) glutaraldehyde +4% (v/v) formalde-
hyde in 0.15 M of sodium phosphate buffer at pH 7.0. Next the cells
were harvested by centrifugation (Mikro 200R centrifuge, Germany—
at 3,000 g for 5 min at 22°C), treated with 0.2% (m/v) osmium
tetroxide for 30 min, and centrifuged again. Before mounting under a
coverslip, the samples were successively dehydrated in ethanol (30%,
70%, 100%, 100%, and 100% [v/v]) for 10 min each, followed by
centrifugation. The final dehydration was done with 50/50
ethanol/hexamethyldisilazane (HMDS) for 10 min and then 100%
(v/v) HMDS. The material was mounted under coverslips previously

treated with 0.1% of gelatin. The coverslips were assembled on stubs

and coated with a 20-nm gold layer using a positron-emission
tomography (PET) coating machine (Emitech-Q150TES, Quorum
Technologies, England). Images were captured with an FEI Inspect™
50 scanning electron microscope (Oregon, USA), equipped with a low
energy detector (Everhart-Thornley) using acceleration beam voltage
of 20,000 kV and 20,000x detector magnification.

2.6 | Chitin-binding assays

Because Mo-CBP; is a chitin-binding protein,>®> Mo-CBP3-Pepl and
Mo-CBP3-Pepll were submitted to affinity chromatography in a chitin
column as described before.*®> Mo-CBP3-Pepl and Mo-CBP3-Pepll
(0.5 mg/ml) were loaded in a previously equilibrated chitin column
with a DMSO-NaCl solution. The nonretained peak was eluted with
DMSO-NaCl solution, and the retained peaks were eluted sequentially
with 0.1 M of acetic acid, 0.1 of M HCl, and 0.1 M of NaOH. The pep-
tides were monitored at 230 nm using an automated absorbance
reader (Epoch, BioTek Instruments, Inc., USA).

2.7 | Synergism assay

The synergistic effect between NYS and the peptides against
C. albicans planktonic cells was analyzed according to Lu et al.?* The
C. albicans cells were prepared and the assay performed as described
before. The concentrations for NYS varied from 108 to 0.03 pM, for
Mo-CBP3-Pepl from 2.2 to 0.27 uM and for Mo-CBP3-Pepll from 17.5
to 2.18 pM. The anticandidal activity was tested as described by Neto
et al.2% All concentrations for NYS and peptides were tested alone or
mixed, forming the groups NYS, Mo-CBP3s-Pepl, Mo-CBP3-Pepll,
NYS + Mo-CBP3-Pepl, and NYS + Mo-CBP3-Pepll. Data were analyzed
to calculate the fractional inhibitory concentration index (FICI):
FICI = FICy + FIC, = (ICy®™/IC\™) + (ICp°™P/IC™), where
ICN®™ is the inhibitory concentration of NYS combined with Mo-
CBP3-Pepl or Mo-CBP3-Pepll, and IC\*°™ is the same definition
applied to 1Cp°™ and 1C?°". The FICI values indicate antagonistic
(FICI 24.0), indifferent (FICI 0.5-4.0), or synergistic (FICI <0.5)

effect.2*

2.8 | Hemolytic assay

The hemolytic assay of peptides against type A, B, and O human red
blood cells (HRBCs) was performed following the method described
by Oliveira et al.*>!* The three types of HRBCs were chosen to obtain
more information about the possible toxicity of the peptides. For clini-
cal applications, peptides cannot present any kind of toxicity to these
cells. The HRBCs from A, B, and O were kindly provided by the Ceara
Hematology and Hemotherapy Center (Brazil). The blood was col-
lected in the presence of heparin (5 IU/ml) from unknown and healthy
donors. The HRBCs were recovered by centrifugation at 300 g for
5 min at 4°C (Mikro 200R centrifuge, Hettich, Germany) and
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resuspended in 0.15 M NaCl. After washing three times with 0.15 M
NaCl, HRBCs were diluted to a concentration of 2.5% in 0.15 M NaCl.
From that solution, 100 pl was mixed and incubated with both pep-
tides, at concentrations varying from 280-2.2 uM, for 30 min, at
37°C, followed by centrifugation as above. Then, the supernatants
were collected and transferred to 96-well microtiter plates. Hemolysis
(percentage) was calculated by measuring the supernatant absorbance
at 414 nm using an automated absorbance microplate reader. Nega-
tive (0%) and positive (100%) hemolysis were reached by treating
HRBCs with 0.15 M NaCl and 0.1% (v/v) Triton X-100, respectively.
The DMSO-NaCl solution, used to resuspended peptides, was also
used as control. The hemolysis was calculated by the equation:
[(Abssqanm of RBC treated with peptides-Abssianm HRBCs treated
with 0.15 M NaCl)/[(Abs414nm of HRBCs treated with 0.1% TritonX-
100-Abs414nm of HRBCs treated with 0.15 M NaCl)] x 100.

3 | RESULTS
3.1 | Characterization of Mo-CBP3-Pepl and Mo-
CBP;-Pepli

After synthesis, Mo-CBP3-Pepl and Mo-CBP3-Pepll were tested for
purity degree by reversed-phase HPLC and by MS analysis (Figure 1).
Both samples presented a chromatogram with a single sharp peak
(Figure 1 inserts) with estimated purity around >95%. These RP-HPLC
results were confirmed by MS analysis, which showed only one peak
for Mo-CBP3-Pepl and two peaks for Mo-CBP3-Pepll (one mono-
protonated and the other deprotonated peptide) (Figure 1). MS
analysis revealed molecular masses of 893.25 and 1031.30 Da for
Mo-CBP3-Pepl and Mo-CBP3-Pepll.

The SRCD spectra of both peptides in aqueous solution (Figure 2)
presented major negative peaks centered at 198 and 202 nm for Mo-
CBP3-Pepl and Mo-CBP3-Pepll, respectively (Figure 2A and 2B—black

lines). In addition, both spectra had an additional peak in the ~184-nm
region. These two peaks are attributed to polypeptides with second-
ary structure, mainly arranged in unordered content.?® Besides this, it
is possible to observe only small magnitudes in the SRCD spectra for
the ellipticity value at 222 nm, suggesting some minor local/partial
ordering of the peptides (but not as a helix or any canonical structure).

In the presence of TFE (Figure 2A and 2B—red lines), significant
changes were observed in the SRCD spectra of both peptides, which
decreased the minimum at ~200 nm and increased the peak at
184 nm, together with the redshift of both peaks, indicating the acqui-
sition of more partially ordered structures and reduction of unordered
content. However, the SRCD spectra of Mo-CBP3-Pepl and Mo-CBP5-
Pepll deposited on the dehydrated films (Figure 2A and 2B—blue
lines) showed disorder-to-order transitions, presenting peak position-
ing similar to that observed for peptides in an a-helix structure, with a
maximum at 190 nm and two minima at ~208 and 222 nm. All these
conformational changes can be attributed to the removal of water
molecules from the vicinity of the peptide, forcing intrachain interac-
tions, which resulted in better peptide ordering.2®

In the presence of the zwitterionic HPS micelles, minor changes
were seen in the conventional CD spectrum of Mo-CBP3-Pepl, with a
small redshift of the negative peak to 203 nm, suggesting a partially
ordered conformation (Figure 2C—blue line). But a more significant
ordering effect occurred in Mo-CBPs-Pepl when the negatively
charged SDS was employed (Figure 1C—red line). These results sug-
gest interaction between Mo-CBP3-Pepl and the micelles. In contrast,
the structure of Mo-CBPs-Pepll did not change in the presence of
zwitterionic HPS micelles, and only minor changes were observed in
the presence of the SDS (Figure 2D—blue and red lines). The fact of
the CD spectra of Mo-CBP3-Pepll were not severely affected by the
zwitterionic detergent suggests these interactions are weak, and the
peptide Mo-CBPs-Pepll resides close to the aqueous environment.
Indeed, the degree of hydration of the headgroup region of the HPS

micelle differed from the other containing phosphocholines, with the
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FIGURE 1 Determination of purity of, A, Mo-CBP3-Pepl and, B, Mo-CBP3-Pepll by mass spectrometry (matrix-assisted laser

desorption/ionization-time of flight [MALDI-TOF]) and reversed-phase high-performance liquid chromatography (insert)
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FIGURE 2 The synchrotron radiation circular dichroism (SRCD) spectra of, A, Mo-CBP3-Pepl and, B, Mo-CBP3-Pepll in aqueous solution
(black), in the presence of the trifluoroethanol (TFE) (red) and in dehydrated film (blue). The conventional circular dichroism (CD) spectra of

the, C, Mo-CBP3-Pepl and, D, Mo-CBP3-Pepll in aqueous solution (black), or in the presence of liposomes made of surfactants N-hexadecyl-N-N’-
dimethyl-3-ammonia-1-propane-sulfonate (HPS) (blue) or sodium dodecyl sulfate (SDS) (red). Error bars represent the standard deviation

HPS headgroup region being more hydrated than the other PC

micelle. This could explain the lesser interaction in HPS.

3.2 | Mo-CBP;-Pepl and Mo-CBPs-Pepll cause
severe damage in C. albicans cells

SEM analyses were performed to shed light on the effects of Mo-
CBP3-Pepl (Figure 3) and Mo-CBPs-Pepll (Figure 4) on C. albicans
cells. In both analyses, control cells showed spherical smooth-walled
conformation, the normal shape of yeasts (Figures 2A and 3A). In con-
trast, Mo-CBP3-Pepl (Figure 3) and Mo-CBP5-Pepll (Figure 4) induced
damages in the C. albicans cells. The treatment with Mo-CBP3-Pepl
resulted in cracks all over the cells, indicating damage to the cell wall
(Figure 4C-H). In some C. albicans cells, it was possible to see the loss
of cytoplasmic content (Figure 4B-C). Also, small blebs, buds, and scar
buds were present in the Mo-CBP3-Pepl-treated cells (Figure 4B-H).
The results of the treatment of C. albicans cells with Mo-CBP3-Pepll
(Figure 4) were very similar to those caused by Mo-CBP3-Pepl. How-
ever, the cracks were more evident in Mo-CBPs-Pepll-treated cells
than those treated with Mo-CBP3-Pepl (Figure 4C, 4D, 4F-H). In some
cells, the cracks were so extensive that they covered the entire cell

surface (Figure 4C, 4D, 4G, and 4H). Small blebs, buds, and bud scars
were also present in Mo-CBP3-Pepll-treated cells (Figure 4B, 4C, 4E,
and 4F). Mo-CBP3-Pepll-treated cells also presented loss of cytoplas-
mic content (Figure 4H).

3.3 | Mo-CBP3-Pepl and Mo-CBP3-Pepll resulted
in membrane-pore formation

SEM analyses of Mo-CBP3-Pepl and Mo-CBPs-Pepll C. albicans
showed many cell damages (Figures 3 and 4). However, SEM results
alone are not enough to show the possible pore formation in the
membrane. To test the hypothesis about the induction of pore forma-
tion, Mo-CBP3-Pepl- and Mo-CBP;s-Pepll-treated cells were incubated
with fluorescent compounds, which only can cross through damaged
membranes. In the first experiment, after treatment with peptides,
C. albicans cells were incubated with PI. Pl is a compound that, once
inside the cell, interacts with DNA, causing the release of red fluores-
cence. Pl can only pass through damaged membranes. Within the cell,
Pl interacts with DNA. Thus, Pl is an indicator of damage to the mem-
brane. The red fluorescence produced by Pl indicated the presence of

pores in the membrane (Figure 5B-C), whereas in control cells (treated
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FIGURE 3 Scanning electron microscopy (SEM) images showing alterations in the Candida albicans cell surface after incubation with Mo-
CBP3-Pepll. A, The surface of untreated C. albicans (controls) was covered by well-defined and organized structures. B-H, Cells exposed to Mo-
CBP3-Pepl (2.2 pM) showed considerable alterations in the shape and surface, B, F-H, with the presence of multiple buds scars; C-H, cell wall

damage; B and C, and internal content loss

FIGURE 4 Scanning electron microscopy (SEM) images showing alterations in the Candida albicans cell surface after incubation with Mo-
CBP3-Pepll. A, The surface of untreated C. albicans (controls) was covered by well-defined and organized structures. B-H, Cells exposed to Mo-
CBP3-Pepll (17.5 pM) showed considerable alterations in the cell shape and surface, B, E-F, with the presence of multiple buds and scars; C, D,

F-H, cell wall damage; H, and internal content loss

with  DMSO-NaCl solution), no red fluorescence was present
(Figure 5A).

Furthermore, the treatment of cells with IP only indicated the
presence of pores in the membrane but did not provide any informa-
tion about the pore size. To obtain this information, a new experiment

was conducted where cells were treated with dextrans of different

sizes conjugated with FITC (6, 10, and 20 kDa). The presence of green
fluorescence in the peptide treated cells (Figure 5E-F) indicated move-
ment of FITC-dextran through the cell membrane, different than the
control cells (Figure 5D). The peptides induced the formation of differ-
ent pore sizes. Mo-CBP3-Pepl formed pores with size <6 kDa (19.8 A)
(Figure 4E), while Mo-CBP3-Pepll showed fluorescence with the FITC-
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Control

Propidium
Iodide

FITC-Dextran

FIGURE 5

Mo-CBP;-Pepl

Mo-CBP,-Pepll

Uptake of propidium iodide (Pl) and fluorescein isothiocyanate (FITC)-dextran by C. albicans cells incubated with, A and D,

dimethyl sulfoxide (DMSO)-NaCl; B and E, 2.2 uM Mo-CBP3-Pepl; C and F, or 17.5 pM Mo-CBP3-Pepll for 24 h, at 37 °C. Detection of red and
green fluorescence in B and C and E and F indicates that cells internalized Pl and FITC-dextran. A-C, bars: 200 pm; D-F, bars: 60 pm

dextran of 6 kDa (data not shown) and 10 kDa, indicating pore size
<10 kDa (Figure 5F).

In addition to pore formation, we analyzed whether or not Mo-
CBP3-Pepl and Mo-CBP3-Pepll are able to induce ROS generation, an
indicator of cell stress. The C. albicans cells in the control treatment
(DMSO-NaCl) had no indication of ROS generation (Figure 6A and
6D), whereas both Mo-CBP5-Pepl (Figure 6B and 6E) and Mo-CBP3-
Pepll (Figure 6C and 6E) induced ROS generation.

Control

Mo-CBP;-Pepl

3.4 | Chitin-binding assay

Given the fact that Mo-CBP; is a chitin-binding protein and C. albicans
cell walls contain chitin, we tested the ability of Mo-CBPs-Pepl and
Mo-CBP3-Pepll to interact with chitin by using affinity chromatogra-
phy. As shown in Figure 6, both peptides interacted with chitin, being
eluted only after 0.1 M of acetic acid (Figure 7A) and 0.1 M of NaOH
(Figure 7B) for Mo-CBP3-Pepl and Mo-CBP5-Pepll, respectively.

Mo-CBP,-Pepll

(A)

FIGURE 6 Overproduction of reactive oxygen species (ROS) in Candida albicans cells induced by 2.2 uM Mo-CPB3-Pepl and 17.5 pM Mo-
CPBj3-Pepll. After incubation with peptides, C. albicans cells were treated with 2/,7'-dichlorofluorescein diacetate (DCFH-DA) for 15 min at 37°C.
Then, cells were visualized with an Olympus BX 60 fluorescence microscope (excitation wavelength 488 nm, emission wavelength 527 nm). A-C,
Representing cells under light field and, D-F, representing cells at fluorescence filter as cited before. Bars: 500 nm
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(B) 0.06- Mo-CBP,-Pepll
E 0.04- 0.1 M NaOH
§ 0.1 M Acetic
2
<«

0 20 40 60 80
Tubes

FIGURE 7 Affinity chromatography of, A, Mo-CBP3-Pepl and, B, Mo-CBP5-Pll in chitin column previously equilibrated with dimethyl sulfoxide
(DMSO)-NaCl solution. The retained Mo-CBP3-Pepl was eluted with, A, 0.1 M acetic acid and, B, Mo-CBP3-Pepll with 0.1 M NaOH

3.5 | Synergistic action

The synergistic action between NYS and Mo-CBP5-Pepl or Mo-CBP3-
Pepll reduced the NYS and peptide concentration needed to attain
ICy0 for C. albicans. The ICqq values of Mo-CBP3-Pepl and Mo-CBP5-
Pepll combined with NYS declined from 2.2 uM to 0.18 pM and
17.5 pM to 2.18 uM, respectively (Table 1). Likewise, the 1Cyq of NYS
decreased from 108 pM (alone) to 0.16 pM when combined with Mo-
CBP3-Pepl or Mo-CBP3-Pepll, reducing 666 times the concentration
to reach the ICyq (Table 1). These changes generated a FICI value of
0.13. Values below 0.5 indicate a synergistic effect (Table 1).

3.6 | Toxicity to human red blood cells

To obtain information about the applicability of peptides, the toxicity
to HRBCs was assayed. There was no indication of toxicity of Mo-
CBP3-Pepl to any type of HRBC, even at concentrations 30 and
120 times higher than the MICyq (Figure 8). In turn, for Mo-CBP5-
Pepll, the concentrations tested were 4 and 16 times higher than the
MICgo. Mo-CBP3-Pepll only showed slight hemolytic effect against
type B HRBCs at a concentration 16 times higher than the MICyq
(Figure 8).

4 | DISCUSSION
C. albicans is a serious threat to human health worldwide. As an
opportunistic pathogen, it can cause bloodstream infection, and in
some cases death. Among patients who develop untreatable infection
by Candida species are immunocompromised, HIV positive, and inten-
sive care unit patients.®? The emergence of drug-resistant Candida
species makes this scenario worse. Thus, the search for and develop-
ment of new drugs to treat these infections are imperative to improve
patients' chance to survive.l 3

In this respect, natural AMPs are promising molecules, either
as substitutes or adjuvants in these treatments. However, they

have some disadvantages for the development of new drugs, such

as high toxicity, low resistance to proteolysis, and high cost of
purification. The development of SAMPs is an alternative solution
to this problem.**"*3 Bioinspired SAMPs using natural AMPs can
bring the best features of the molecules with very low or even no
toxicity.2”?® For example, the synthetic peptide LAH4 presented
higher activity against Escherichia coli and Staphylococcus aureus
than natural peptide Magainin 2, which was used as a model to
design LAH4.273° Recently, our research group designed three pep-
tides from the antifungal protein Mo-CBP3;. Among those peptides,
Mo-CBP3-Pepl and Mo-CBP5-Pepll presented anticandidal activity.'®
In this study, the mechanism behind this activity was evaluated to
understand how these peptides work and their possible
applications.

The 1Cy values of Mo-CBP3-Pepl and Mo-CBP3-Pepll against
C. albicans were 2.2 and 17.5 pM, respectively. This difference is likely
because Mo-CBP3-Pepl can alter its secondary structure (Figure 2C)
when interacting with the membrane, improving the interaction and
pore formation, thus enhancing its activity. It is already known that
peptides can change their secondary structures to a-helix to improve
interaction with membranes. A thermodynamic study performed by

1.31 revealed that the peptide magainin 2 increases its

Wieprecht et a
helicity upon membrane interaction. The authors concluded that the
helix formation generates a necessary and strong driving force to pep-
tide insertion in the membrane.3! Such conformational changes in the
Mo-CBP3-Pepl structure allowed it to bind to the two model mem-
branes employed, regardless of their net surface charge. Thus, Mo-
CBP3-Pepl was 7.9 times more active than Mo-CBP5-Pepll. These
findings probably explain the stronger inhibitory action of Mo-CBP3-
Pepl on C. albicans compared with Mo-CBP3-Pepll. Accordingly,
several antimicrobial peptides are able to change their secondary
structure to a-helical conformation upon interaction with target
membranes, enhancing the interaction.®? In addition to conforma-
tional changes, the sequence of both peptides helps in the interaction
with the membrane. The presence of an arginine residue is essential
to confer a positive charge, which is involved in the ionic interaction
with the negatively charged membrane of C. albicans cells. The pres-
ence of proline residues in peptides has been related to their interac-

tion with microbial membranes. For instance, Buforin Il is a potent
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Combined effect of Mo-CBP3-Pepl and Mo-CBP3-Pepll and nystatin (NYS)

TABLE 1

1C90™* (M)

Interpretation

FICI®®

Combination

Interpretation Only

FICI®®

Combination

Only

Strain

0.13 Synergistic effect

Mo-CBP3-Pepll

2.18

NYS
0.16

Mo-CBP3-Pepll

17.5

NYS
108

Synergistic effect

0.13

Mo-CBP3-Pepl
0.27

NYS
0.16

Mo-CBP3-Pepl

22

NYS
108

C. albicans ATCC 10231

Abbreviation: American Type Culture Collection.

?Cy0: Concentration that inhibited yeast growth by 90%.

BFICI: Fractional inhibitory concentration index. FICI values suggest antagonistic (FICI >4.0), indifferent (FICI >0.5-4.0) and synergistic (FICI <0.5) effect.

Peptide

antimicrobial peptide that has a proline residue essential to its activity.
Mutations in Buforin Il, replacing the proline, result in loss of Buforin
Il activity, suggesting the importance of proline for antimicrobial activ-
ity.3% Related to cysteine residue content, PyMol analysis revealed
that those cysteine residues were not involved in the disulfide bridge.
Although the mechanism is unclear, it is known that somehow cyste-
ine contributes to antimicrobial activity. For example, Schroeder
et al.3* showed that the treatment of the peptide human beta-
defensin-1 (hDB-1) with dithiothreitol (DTT) reduced disulfide brid-
ges, leading to free cysteine residues and increasing antimicrobial
activity. In addition, replacing the cysteine residues in hDB-1 by
alanine from serine residues reduced hDB-1 antimicrobial activity.
These results suggest, although unclear, the importance of cysteine
residues to antimicrobial activity.

The results suggest that Mo-CBP3-Pepl and Mo-CBP5-Pepll were
able to break the cell wall and induce membrane-pore formation, lead-
ing to loss of cell content of C. albicans (Figures 3 and 4). Compared
WithVS2 and VS3 (two SAMPs designed by Maurya et al.?2), the activ-
ities presented here are 35 and 17 times higher for Mo-CBPs-Pepl
and 4.5 and 3 higher for Mo-CBP3-Pepll. Also, SEM analysis revealed
that the damage caused in C. albicans cells by Mo-CBP3-Pepl and Mo-
CBP3-Pepll was more evident compared with VS2 and VS3.

Unlike the common drugs used to treat infection, which have a
specific target (i.e., protein involved in cell wall synthesis), most
SAMPs target cell membranes, leading to pore formation or damage
to the cell wall.'®?2 This makes it hard for the microorganism to
develop resistance, because it has to change the membrane or cell

wall composition, which has a high metabolic cost.3®

The pore forma-
tion in C. albicans membranes induced by Mo-CBP3-Pepl and Mo-
CBP3-Pepll was clear (Figure 5A-C). Interestingly, Mo-CBP3-Pepl and
Mo-CBP3-Pepll presented different behaviors when interacting with
C. albicans cell membranes. Mo-CBP3-Pepl interacted by forming pore
sizes of 6 kDa (Figure 5D) and Mo-CBP3-Pepll of 10 kDa (Figure 5F).
These results are very interesting because Mo-CBP3-Pepl and Mo-
CBP3-Pepll have sizes of 893.10 and 1033.23 Da, respectively
(Figure 1). Therefore, we suggest that the pore formation demon-
strated is due to self-association after membrane insertion. This is an
important feature for SAMPs responsible for pore formation in mem-
branes.3®3” Our results related to pore formation suggest the exis-
tence of a barrel-stave mechanism employed by peptides to induce
pores. In this mechanism, peptide-lipid interaction occurs first, and
then inside the membrane peptide-peptide interaction occurs, leading
to the formation of stable pores in the membranes.>¢~8 By comparing
the sizes of Mo-CBP3-Pepl and Mo-CBP5-Pepll and the pores formed,
it can be hypothesized that Mo-CBPs-Pepl and Mo-CBP3-Pepll move
through those pores to reach intracellular targets. If so, the peptides
may be internalized by energy-independent pathways, known as
direct translocation through the pores formed.'”®? Once inside the
cells, peptides can inhibit many cytoplasmic processes, such as cell

37 Maurya et al.??

wall synthesis, protein synthesis, and folding.
described the ability of VS2 and VS3 to form pores in the membrane
of C. albicans and pass through those pores to reach some targets

inside the cell.
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incubation were 30 and 120, and were 4 and 16 times higher than MICyo, respectively, against A type-A, B type-B, and C type-O of human red

blood cells
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FIGURE 9 Diagrams indicating all possible mechanisms for anticandidal activity of Mo-CBP3-Pepl and Mo-CBPs-Pepll: A, chitin interaction

leading to broken cell wall; B, pore formation in the membrane inducin,

g damage, electrolyte imbalance, and loss of internal content; C,

inducement of reactive oxygen species (ROS) overproduction, which can damage many intracellular components; and, D, penetration of peptides

through the membrane to reach intracellular targets

In addition, chitin is a very important component in the fungal cell
wall, making it an important target of SAMPs.*®4! Mo-CBP; has
strong antifungal activity against phytopathogenic fungi, which have
chitin in the cell wall. Contrarily, it does not present any activity
against oomycetes, which have no chitin in the cell wall. It is clear that
the antifungal action of Mo-CBP3; depends on interaction with chi-
tin.2% Here, both peptides were able to bind to chitin (Figure 7). Like-
wise, Rogozhin et al.*? reported a chitin-binding SmAMP3 (Stellaria
media antimicrobial peptide 3), which displayed high antifungal activity

compared with SMAMP1.1a, because the latter did not interact with
chitin. Contrary to our case, SMAMP3 is a hevein-derived peptide,
which explains its interaction with chitin.*? In contrast, the peptides
reported here do not possess a hevein-like domain involved in chitin
interaction by many chitin-binding proteins. However, our results indi-
cate that the chitin column was previously equilibrated with the 0.5 M
NaCl solution, suggesting that the observed interaction was supported
by strong ionic interactions between the peptides and the chitin

matrix.
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Thus, this interaction might be involved with the demonstrated
anticandidal activity of both peptides. This finding suggests that the
chitin present in the fungal cell wall might be one of the potential tar-
gets to which Mo-CBP3-Pepl and Mo-CBP3-Pepll bind and begin their
deleterious action in the microorganism. Probably this interaction also
explains the ability of Mo-CBPs-Pepl and Mo-CBP5-Pepll to induce
many damages to C. albicans cell walls, rupturing them and leading to
cell death, as shown by SEM analysis (Figures 3 and 4).

Furthermore, Mo-CBP3-Pepl and Mo-CBP3-Pepll induced ROS
overproduction in C. albicans (Figure 6E-F), leading to cell
death.*3#143 Similar to other peptides,*>*>** the mechanism involved
in ROS overproduction induced by Mo-CBP3-Pepl and Mo-CBP3-Pepll
is unclear. Nonetheless, it is known that ROS can damage important
molecules such as proteins, DNA, and lipids, killing the cell. 1322
Regarding the damage to DNA or RNA molecules, it has been
reported that some synthetic peptides interact and damage cell DNA
or RNA or impair small interfering RNA (siRNA) functions, leading the

cell to death.*

Here, bioinformatics and in vitro analysis showed that
neither Mo-CBP3-Pepl nor Mo-CBPs-Pepll were able to cause damage
to cellular nucleic acids of any kind (data not shown).

Regarding the clinical application, Mo-CBP3-Pepl and Mo-CBP5-
Pepll had no hemolytic activity against type A, B, and O human eryth-
rocytes, even at concentrations 30 and 120, and were 4 and 16 times
higher than the 1Cyq values against C. albicans, respectively (Figure 8).
Many current therapies are based on drug combinations, employing
two or more drugs with different modes of action, which can improve
the antimicrobial treatment. In addition, this combination can reduce
toxic effects and the cost of treatments.*® Also, many peptides from
natural sources have shown synergistic activity with conventional
drugs against fungi. Studies of this type using SAMPs are very limited.
For instance, Harries and Coote*® tested 6,752 cyclic synthetic pep-
tides, which showed no synergistic activity with caspofungin and/or
anidulafungin against C. albicans isolates.

Another clinical application of peptides could be as adjuvants. As
summarized in Table 1, Mo-CBP3-Pepl and Mo-CBP3-Pepll improved
the activity of NYS by synergistic action. To achieve the ICyq against
C. albicans, in the presence of either Mo-CBP3-Pepl or Mo-CBP5-Pepll,
required a concentration of NYS 666 times lower than NYS alone.
The FICI values of NYS and Mo-CBP3-Pepl or Mo-CBPs-Pepll
were < 0.5 (0.13, Table 1). NYS (polyene) promotes anticandidal activ-
ity by interacting with ergosterol in the fungal cell membrane, which
makes it a very efficient drug for the treatment of skin infections cau-
sed by Candida sp. However, NYS is very toxic due to the high hemo-
lytic activity against human blood, limiting its application. In this
respect, our results about the synergistic effect are important,
because NYS can be administered at very low concentrations while
maintaining high activity with no collateral effect.

Figure 9 summarizes all the possible mechanisms of anticandidal
activity of Mo-CBP3-Pepl and Mo-CBP5-Pepll: (1) chitin interaction
leading to cell wall rupture (Figure 9A); (2) pore formation in the mem-
brane, inducing loss of internal content (Figure 9B); (3) inducement of
ROS overproduction, which can damage many intracellular compo-

nents (Figure 9C); and (4) passage of the peptides through the

membrane to reach some cytoplasmic targets (Figure 9D). Altogether,
these mechanisms explain the potent anticandidal activity of Mo-
CBP3-Pepl and Mo-CBPs-Pepll. In addition, our data about
membrane-pore sizes (Figure 5E-F) along with data published in the
literature”-?23¢ suggest that Mo-CBP5-Pepl and Mo-CBP3-Pepll can
move through the membrane and reach cytoplasmic targets, enhanc-

ing their action against C. albicans (Figure 9D).

5 | CONCLUSION

Based on the strong anticandidal activity, absence of toxic effects,
and synergistic effect, enhancing the antifungal activity of NYS, we
suggest that Mo-CBPs-Pepl and Mo-CBPs-Pepll are promising pep-
tides either as new antimicrobial agents for clinical applications or
adjuvants of conventional drugs because of their high activity and low
toxicity.
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