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The emergence of antibiotic-resistant microbes has stimulated research worldwide seeking new bio-
logically active molecules. In this respect, synthetic antimicrobial peptides (SAMPs) have been suggested
to overcome this problem. Although there are some online servers that provide putative SAMPs from
protein sequences, the choice of the best peptide sequences for further analysis is still difficult. Therefore,
the goal of this paper is not to launch a new tool but to provide a friendly workflow to characterize and
predict potential SAMPs by employing existing tools. Using this proposed workflow, two peptides
(PepGAT and PepKAA) were obtained and extensively characterized. These peptides damaged microbial
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An{ibioﬁlm activity membranes and cell walls, and induced overproduction of reactive oxygen species (ROS). Both peptides
Candida were found to assume random coil secondary structure in aqueous solution, organic solvent, and upon
Dermatophyte binding to negatively charged lipid systems. Peptides were also able to degrade formed biofilms but not

Peptide design to prevent biofilm formation. PepGAT was not resistant to proteolysis, whereas PepKAA was resistant to
SAMP pepsin but not to pancreatin. Furthermore, both presented no hemolytic activity against red blood cells,
even at a 10-fold higher concentration than the antimicrobial concentration. The pipeline proposed here
is an easy way to design new SAMPs for application as alternatives to develop new drugs against human

pathogenic microorganisms.
© 2020 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction developed ones. However, as a consequence of overuse and misuse

of drugs, the number of resistant microbes has increased, making

The 1940s was an important period for microbiology and drug
development due to the release of the first antibiotic (penicillin) for
clinical use. During the ensuing 50 years, microbe-mediated in-
fectious diseases were under control in most countries, mainly
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some conventional drugs ineffective [1]. Nowadays, there are many
bacteria and fungi highly resistant to traditional drugs, such as
erythromycin, tetracycline, chloramphenicol, fluconazole, itraco-
nazole, and echinocandins. Thus, the continued misuse of antibi-
otics as the first choice to manage microbial infections is
inappropriate and increases the risk of producing multiple micro-
bial resistance to these drugs [2,3].

To face that global health threat, synthetic antimicrobial pep-
tides (SAMPs) have emerged due to various advantages, such as
potent activity, low production cost and no or very low toxicity
[4,5]. Thus, many research groups have been seeking new SAMPs
[6—8]. As a consequence, some free online servers have also been
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created to predict and characterize SAMPs [9,10].

By using those servers, it is possible to prospect for SAMPs from
any protein sequence. Then, employing some criteria from natural
antimicrobial proteins/peptides, such as positive net charge, hy-
drophobicity, helicity [11], and the Boman index [12], those servers
can predict sequences with antimicrobial potential. The most
important advantages of designing SAMPs from natural sequences
are (1) gain of function, since SAMPs can present activities that
were not present in the original model sequence [6,13,14]; and (2)
reduction of toxicity and allergenicity, because during peptide
design it is possible to remove these specific sequences. Recently,
SAMPs have been designed from Moringa oleifera chitin-binding
protein, Mo-CBPs [6] and 2S albumin from Ricinus communis seed
cake, Rc-2S-Alb [8]. In both cases, peptides presented gain of
function when compared to their original proteins. For instance,
Mo-CBP3; has no antibacterial activity and weak anticandidal ac-
tivity, whereas its synthetic peptide (Mo-CBPs-Peplll) exhibits
antibacterial and anticandidal activity at concentrations as low as
2.2 uM [6]. Similarly, Rc-2S-Alb has no antifungal activity reported.
However, peptides (RcAlb-Pepl and RcAlb-Pepll) derived from it
exhibit antifungal activity at 9 pM [8].

The main drawback of using online servers to predict SAMPs is
the huge list of peptides generated, making it hard to choose the
best sequence for further analysis of biological activity. Therefore,
the main goal of this work is to propose an easy and smooth
workflow to help researchers seek new SAMPs from entire proteins
by using existing tools. Employing this pipeline, it was possible to
design and characterize two SAMPs and understand their action
mechanism against bacteria and fungi. Besides this, their low he-
molytic potential suggests they are suitable for clinical trials.

2. Materials and methods
2.1. Microorganisms

All tested yeasts belonged to the Candida genus, namely
C. albicans (ATCC 10231), C. parapsilosis (ATCC 22019), C. krusei (ATCC
6258), and C. tropicalis (clinical isolate), whereas the filamentous
fungi belonged to the Trichophyton genus, namely T. mentagrophytes
and T. rubrum. The gram-positive bacteria tested were Staphylococcus
aureus (ATCC 25923) and Bacillus subtilis (ATCC 6633), while the
gram-negative bacteria were Salmonella enterica (ATCC 14028),
Enterobacter aerogenes (ATCC 13048), Pseudomonas aeruginosa (ATCC
25619), Klebsiella pneumoniae (ATCC 10031) and Escherichia coli
(ATCC 8739). All microorganisms were obtained from the Laboratory
of Plant Toxins of the Department of Biochemistry and Molecular
Biology of Federal University of Ceara (UFC).

2.2. Bioinformatics analyses

2.2.1. Prediction and characterization of antimicrobial peptides

To design the peptides, we applied a pipeline divided into four
steps, summarized in Fig. 1. The first step was to choose a random
protein sequence from the NCBI database (https://www.ncbi.nlm.
nih.gov/). The protein chosen was a chitinase (NCBI accession
number NP_181885.1) obtained from Arabidopsis thaliana [15]. In
the second step, the chitinase sequence was analyzed using two
free online servers: (1) dPABBs (http://ab-openlab.csir.res.in/abp/
antibiofilm/protein.php), which is used to design peptides with
antibiofilm activity [10]; and (2) CellPPD (http://crdd.osdd.net/
raghava/cellppd/submission.php), which is used to design cell-
penetrating peptides [9].

The peptides that had both antibiofilm and cell-penetrating
action were selected and then characterized based on their pre-
dicted physico-chemical properties by using different online

servers, such as positive net charge (at least +1), total hydrophobic
ratio ranging from 40 to 60%, and Boman index (<2.5) [12]. These
criteria were evaluated using the Antimicrobial Peptide Database
(APD3) tool (http://aps.unmc.edu/AP/design/design_improve.php)
[16]. The pI (https://web.expasy.org/protparam/protpar-ref.html)
[17], presence of cleavage sites (http://web.expasy.org/peptide_
cutter/) [17], molecular mass (http://aps.unmc.edu/AP/); [18], and
resistance to proteolysis (http://crdd.osdd.net/raghava/hlp/help.
html) [19] were also assessed.

The peptides were blasted against the antimicrobial database
(APD3, http://aps.unmc.edu/AP/) to evaluate the similarity with
antibacterial and antifungal peptides experimentally tested [18],
and the antibacterial and antifungal potential were predicted using
the iAMPpred tool (http://cabgrid.res.in:8080/amppred/server.
php) [20]. Additionally, some biological properties were pre-
dicted. The allergic potential was calculated using the antigenic
prediction tool (http://imed.med.ucm.es/Tools/antigenic.pl) [21],
while the hemolytic and toxic potentials were evaluated using
HemoPl (http://crdd.osdd.net/raghava/hemopi/submitfreq.php?
ran=44366); [22], and ToxinPred tools (http://crdd.osdd.net/
raghava/toxinpred/design.php) [23], respectively.

2.2.2. Structural analyses

The helicity of antimicrobial peptides has been reported as an
important characteristic for successful insertion in the membrane
and then pore formation. Therefore, in the fourth step in the
pipeline (Fig. 1), the 3D structures of the peptides were evaluated
by simulation using the freely available PEP-FOLD online server
(http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD/). The
best models were chosen based on lowest sOPEP energy and
highest Tm values, as defined by the PEP-FOLD server [24]. The
analyses of the 3D structures were performed using the PyMol
Molecular Graphics System (version 1.7.4, Schrodinger, LLC) with
the educational license [25]. In addition, the helicity of peptides
was calculated using the program Rampage (http://mordred.bioc.
cam.ac.uk/~rapper/rampage.php), the helix formation was evalu-
ated by Ramachandran plotting [26], and wheel projection and
hydrophobic moment were predicted using HeliQuest (http://
heliquest.ipmc.cnrs.fr).

After all analyses cited above, two peptides from A. thaliana
chitinase showed high potential as antimicrobials [GATIRAVNSR
(PepGAT) and KAANRIKYFQ (PepKAA)]. Therefore, both were syn-
thesized by the company GenOne (Sao Paulo, Brazil) and the quality
and purity (>95%) were assessed by reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC) and mass spectrometry,
according to Dias et al. [8].

2.3. Biological assays

2.3.1. Antibacterial activity

The peptides were tested against S. aureus, B. subtilis, S. enterica,
E. aerogenes, P. aeruginosa, K. pneumoniae and E. coli by applying the
method described by Oliveira et al. [6]. After 24 h, the bacterial
growth was measured by absorbance at 600 nm using an auto-
mated microplate reader (Epoch, BioTek Instruments Inc., USA). The
antibiotic ciprofloxacin was used as a positive control, whereas the
negative control was 0.15 M NaCl containing 5% DMSO (NaCl-DMSO
solution), which was also used to dissolve the peptides. Synthetic
peptides were tested in concentrations ranging from 50 to
0.39 pg mL~! (1:2 serial dilutions). All assays were repeated three
times and the results are expressed as mean + standard deviation.

2.3.2. Anticandidal activity
Aliquots (100 uL) of C. albicans, C. parapsilosis, C. krusei, and
C. tropicalis cell suspensions (2.5 x 10> CFU/mL) in potato dextrose
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Fig. 1. Pipeline to design SAMPs based on any protein sequence. The first step is to choose a protein sequence. After that, select an online server to predict SAMPs. The third and
fourth steps include characterizing all peptides using several bioinformatics tools. The peptides that presented all characteristics of natural antimicrobial peptides are then selected

for further synthesis and in vitro assays.

broth medium (PDB) were mixed and incubated with 100 pL of
peptides at different concentrations (50—0.39 pg mL~', in NaCl-
DMSO solution) [6]. After 24 h, yeast growth was measured by
absorbance at 600 nm using an automated microplate reader
(Epoch, BioTek Instruments Inc., USA). Nystatin was used as the
positive control and a NaCl-DMSO solution was used as the nega-
tive control (100% growth). All assays were repeated three times
and the results are shown as mean + standard deviation.

2.3.3. Antidermatophytic activity

First, inoculum suspensions of T. mentagrophytes and T. rubrum
were prepared and the concentration was adjusted following the
method described by Lopes et al. [27]. The assays were performed
in microtiter plates with 96 flat-bottomed wells, as indicated by the
Clinical and Laboratory Standards Institute (CLSI) M38-A2 method
[28]. Peptides (100 uL), at concentrations ranging from 50 to
0.39 pg mL~!, were added to 100 pL of T. mentagrophytes or
T. rubrum microconidial suspension (OD. 0.1 at 600 nm). Griseo-
fulvin (1 mg mL™!), a commercial antifungal drug, was used as
positive control for inhibition of fungal growth, while a NaCI-DMSO
solution was used as negative control (100% growth). The mixture
was incubated at 28 °C and the microconidial germination was
monitored at 620 nm using an automated microplate reader
(Model EIx800, Bio-Tek Instruments). All assays were repeated

three time and the results are expressed as mean + standard
deviation.

2.3.4. Antibiofilm assay

The antibiofilm assays against bacteria and yeasts were per-
formed according to the method described by Dias et al. [8]. The
same controls and peptide concentrations used in the planktonic
assays (sections 2.3.1. and 2.3.2) were applied in the biofilm assays.
All assays were repeated three times and the results are expressed
as mean + standard deviation.

2.4. Action mechanism

2.4.1. Structural studies of peptides by circular dichroism

Circular dichroism (CD) spectroscopy [29] was employed to
study possible conformational changes of PepGAT (50 pg. mL™!)
and PepKAA (50 pg. mL~!) in the presence of the organic solvent
2,2,2-trifluoroethanol (TFE, 50%), when compared to 10 mM so-
dium phosphate buffer (pH 7.0). The CD spectra of both peptides
were also recorded in the presence of model membranes composed
of 20 mM sodium dodecyl sulfate (SDS), 20 mM N-hexadecyl-N-N’-
dimethyl-3-ammonio-1-propane-sulfonate (HPS), large uni-
lamellar vesicles of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-
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phosphoglycerol (POPG), all used at a 1:50 peptide-to-lipid molar
ratio. The analyses were performed using a ]-815 spec-
tropolarimeter (Jasco Inc., Japan) over the wavelength range from
280 to 190 nm, in 1 nm steps, at an average of 9 accumulations,
using a 0.1 cm path-length cylindrical Suprasil quartz cuvette
(Hellma), at 25 °C.

All CD data were processed using the CDtoolX [30] software,
which included averaging the individual scans, subtraction of the
corresponding baseline spectra, smoothing with a Savitzky—Golay
filter, zeroing over the range from 267 to 270 nm, and final
spectra conversion to delta epsilon units using mean residue
weights of 116 and 137.6, to PepGAT and PepKAA, respectively.

2.4.2. Pore formation, reactive oxygen species (ROS) induction, and
cell wall damage

To assess the possible mechanism of action of the peptides,
some microorganisms tested were evaluated for pore formation on
the cell membrane by using propidium iodide (PI). The induction of
overproduction of ROS by peptides was detected using 2',7'-
dichlorofluorescein diacetate (DCFH-DA). In both assays, PI and
DCFH-DA were incubated with the control and treated cells at 37 °C
for 30 min in the dark, and then cells were washed three times with
0.15 M NaCl to remove the background. The images were taken
using a fluorescent microscope (Olympus System BX 60: excitation
wavelengths of 490 nm (PI) and 488 nm (DCFH-DA); emission
wavelength of 525 nm) [8].

Two advanced microscopy techniques were employed to
observe possible cell morphological alterations. Scanning electron
microscopy (SEM) was applied to visualize the damage caused by
peptides to the morphology of T. mentagrophytes microconidia,
following the method described by Oliveira et al. [6]. In turn, the
antibacterial and anticandidal activities of peptides were assessed
by atomic force microscopy (AFM), according to Freitas et al. [31].

2.4.3. Interaction with chitin

The interaction of PepGAT and PepKAA with chitin was tested by
affinity chromatography, as described by Lima et al. [32]. PepGAT
and PepKAA (1 mg mL~") were loaded in a chitin column previously
equilibrated with the NaCl-DMSO solution. The non-retained peak
was eluted with the same solution used to equilibrate the column,
while the retained peak was eluted sequentially with acetic acid,
HCI or NaOH (all at 0.1 M), using a 0.5 mL min~' flow rate. The
elution of peptides was monitored at 230 nm using an automated
absorbance reader (Epoch, BioTek Instruments, Inc., USA).

2.5. Digestibility and hemolytic potential

The peptides (0.5 mg mL~!) were treated with a simulated
gastric fluid (SGF: 0.034 M NaCl, 0.07% HCl and pepsin at
3.2 mg mL!) or simulated intestinal fluid (SIF: 0.05 M potassium
phosphate and pancreatin at 10 mg mL~') for 2 s, 5 min, and 2 h, at
37 °C [8]. The intact and digested peptide samples (5 pL) were
loaded in a reverse-phase C-18 nanocolumn (0.075 x 100 mm)
coupled to a nanoACQUITY system, and the eluted material was
analyzed in a hybrid mass spectrometer (ESI-Q-ToF) (Synapt HDMS,
Waters Corp, MA, USA).

To evaluate the hemolytic potential, the peptides (50, 100, 250,
and 500 pug mL~!) were incubated with rabbit red blood cells for
1 h at 37 °C [8]. The protocol was approved by the Institutional
Committee for Care and Use of Laboratory Animals of Federal
University of Ceara.

3. Results
3.1. Selection and in silico characterization of peptides

As depicted in Fig. 1, the first step to design SAMPs is the choice
of a protein sequence. Here, we selected a random protein sequence
from the NCBI database (NP_181885) to test whether our workflow
would work well. After the choice of protein sequence, the next
step was to select the servers (Fig. 1). The servers dPABBs and
CellPPD, which are used to design antibiofilm and cell-penetrating
peptides, respectively, were used because they provide additional
characterization of peptides compared to other servers [9,10].

Although peptides with different sizes can be generated by the
dPABBs and CellPPD servers, short peptides are desired. Therefore,
only peptides with ten amino acid residues were chosen here. After
analyzing the results, both dPABBs (Table S1) and CellPPD (Table S2)
generated 300 peptide sequences with ten amino acids. Out of 300
peptides generated by dPABBs, only 15 were predicted to be active
against biofilms, whereas only three predicted by CellPPD were
cell-penetrating. After careful evaluation, only two peptide se-
quences were both active against biofilms and had cell-penetration
ability. Therefore, these two peptides [GATIRAVNSR (PepGAT) and
KAANRIKYFQ (PepKAA)] were characterized and evaluated
regarding antimicrobial potential.

Some bioinformatics tools were used to characterize PepGAT
and PepKAA based on their physico-chemical and biological prop-
erties (Tables 1 and 2, respectively). Both peptides are cationic
[PepGAT (+2) and PepKAA (+3)], have a good hydrophobic ratio
(40%), and low Boman index (<2.5), which are essential features for
antimicrobial activity (Table 1) [11]. Indeed, the bioinformatics
analyses predicted that the peptides would have antifungal po-
tentials of 60 and 89%, whereas the antibacterial potentials were 77
and 60% for PepGAT and PepKAA, respectively (Table 2). Accord-
ingly, when blasted against the database of experimentally tested
antimicrobial peptides (APD, http://aps.unmc.edu/AP/), PepGAT
had higher similarity with antibacterial peptides. On the other
hand, PepKAA had higher similarity with antifungal peptides
(Table S3).

In general, both peptides were predicted to contain a short helix
secondary structure. However, the helix in PepGAT presented two
turns, whereas PepKAA had one and a half turns (Fig. 2). These

Table 1

Some physicochemical properties of the synthetic peptides PepGAT and PepKAA.
Properties PepGAT PepKAA
Sequence GATIRAVNSR KAANRIKYFQ
“pl 12.00 10.29
¢ Calculated molecular mass (Da) 1044.18 1238.44
b Experimental molecular mass (Da) 1044.90 1239.00
¢ Boman index 2.19 2.28
¢ Hydrophobic ratio (%) 40 40
4 Hydrophobic moment (iH) 0.275 0.398
¢ Net Charge +2 +3
€ Ramachandran Plot (%) 98 75
"Tm 0.360 0.414
"'sOPEP -7.39 -18.18

2 pl and molecular mass were calculated using ProtParam (https://web.expasy.
org/protparamy/).

b Data obtained by mass spectrometry.

¢ Data generated by the Antimicrobial Peptide Database (APD3, http://aps.unmc.
edu/AP/prediction/prediction_main.php).

4 Hydrophobic moment was calculated using HeliQuest (http://heliquest.ipmc.
cnrs.fr).

€ Calculated using Rampage (http://mordred.bioc.cam.ac.uk/~rapper/rampage.
php).

f Calculated using PepFOLD 3.0 (http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/
portal.py#forms::PEP-FOLD).
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Table 2
Some properties of the synthetic peptides PepGAT and PepKAA obtained by
bioinformatics.

Properties PepGAT PepKAA
‘CPP Yes Yes
bAntibiofilm active Yes Yes
“Allergic Potential No No
9Hemolytic Potential (%) 5 4
“Toxic Potential Non-toxic Non-toxic
fAntimicrobial Potential (%)

Antifungal 60 89
Antibacterial 77 60
2Cleavage sites

Trypsin (high pH) Yes Yes
Pepsin (pH = 1.3) Yes No
Pepsin (pH > 2) Yes No
"Half-life 0.879 1.115
iStability Normal High

2 CPP (Cell Penetrating Peptide) capacity was calculated using the CellPPD tool
(http://crdd.osdd.net/raghava/cellppd/multi_pep.php).

" The antibiofilm action was assessed using the dPABBs tool (http://ab-openlab.
csir.res.in/abp/antibiofilm/protein.php).

¢ The allergic potential was calculated using the Antigenic Prediction tool (http://
imed.med.ucm.es/Tools/antigenic.pl).

4 The hemolytic potential was calculated by HemoPI tool (http://crdd.osdd.net/
raghava/hemopi/submitfreq.php?ran=44366).

€ The toxin potential was calculated using the ToxinPred (http://crdd.osdd.net/
raghava/toxinpred/design.php).

f The antimicrobial potential was calculated using the iAMPpred tool (http://
cabgrid.res.in:8080/amppred/).

& The cleavage sites was analyzed using the Peptide Cutter (http://web.expasy.
org/peptide_cutter/).

" The half-life in seconds was calculated using the Half Life Prediction tool (http://
crdd.osdd.net/raghava/hlp/help.html), which predicts the proteolytic activity in the
intestinal-like environment.

! Stability was calculated using the Half Life Prediction tool (http://crdd.osdd.net/
raghava/hlp/help.html). Half-life < 0.1 s means low stability; half-life from 0.1 to
1.0 s means normal stability; half-life > 1.0 s means high stability.

differences were corroborated by the Ramachandran plot (Table 1),
where PepGAT had 98% favorable regions for helix formation and
PepKAA had 75% (Table 1). The helical wheel projection analyses
revealed more features about both peptides. Usually, a wheel pro-
jection is expected to show a helix formed by hydrophobic or apolar
amino acids concentrated on one side of the helix, with polar amino
acids on the other side. That was not of the case of PepGAT and
PepKAA (Fig. S1). The wheel diagrams lead to the conclusion that
neither PepGAT nor PepKAA have well-defined segregation of po-
lar/charged and lipophilic faces, which means their a-helices do not
look to be amphiphilic. The low hydrophobic moment for both
peptides [PepGAT (0.275 pH) and PepKAA (0.398 pH)] can be the
basis of their reduced antimicrobial action in comparison to other
amphiphilic a-peptides, as it will be discussed further.

The electrostatic map revealed a small negatively charged re-
gion (red) and a large positively charged region (blue) in both
peptides, mainly by the presence of two arginine (R) residues and
one arginine and two lysine (K) residues, respectively, in PepGAT
and PepKAA (Fig. 2). Besides this, it is possible to suggest the amino
acid residues involved in possible antimicrobial activity: for Pep-
GAT: Alay, Args, Alag, Valy, and Argqo; while for PepKAA: Lys;, Alay.s,
Args, lleg and Lys;. Those amino acids are important for antimi-
crobial activity because they can have two types of interaction with
the cell membrane: (1) electrostatic, in which an attraction force
drives peptide-membrane interaction; and (2) hydrophobic/apolar,
involved in peptide insertion in the membrane [11].

Because several bioinformatics tools predicted that both PepGAT
and PepKAA were cationic, had a good hydrophobic ratio and low
Boman index, exhibited helix secondary structures as well as anti-
biofilm, cell-penetrating, antifungal and antibacterial activities,

they were synthetized for further in vitro antimicrobial assays. The
PepGAT and PepKAA exhibited theoretical molecular masses of
1044.18 Da and 1238.44 Da, respectively (Table 1), which were
confirmed by mass spectrometry (MS). For both peptides, MS an-
alyses showed two peaks, one monoprotonated and the other
diprotonated (Fig. S2). The RP-HPLC profile of both peptides
confirmed the samples’ purity (Fig. S2, inserts).

3.2. CD spectra in the presence of different solvents and model
membranes

The conventional CD spectra of PepGAT and PepKAA in aqueous
solution (Fig. 2, black lines) presented a major negative peak
centered near 195 nm region, which is typical of random coil
structures, commonly assumed by short peptides. However, in the
presence of 50% TFE (Fig. 2, red lines), an organic solvent, the CD
spectra of both peptides were slightly changed, showing a slight
alteration in the secondary structure, but still suggesting the
presence of random coil structures (Fig. 2).

CD spectra of PepGAT and PepKAA when incubated with HPS
(Fig. 2, blue lines) or POPC vesicles (Fig. 2, purple lines), which have
zwitterionic characteristics, were similar to those in aqueous sol-
vent, indicating no interaction. However, a slight change in the
structure of the peptides, quite similar to that observed in TFE, was
observed when membrane models containing a negative charge
density on the surface (POPG vesicles or SDS systems) were used
(Fig. 2, silver and green lines).

3.3. Antimicrobial assays and action mechanism

3.3.1. Antibacterial activity

The antibacterial assay revealed that both peptides were not
active, even at the highest concentration tested (50 pg. mL™1),
against E. aerogenes, E. coli, and P. aeruginosa (Table 3). However,
different results were observed against K. pneumoniae, S. aureus,
B. subtilis, and S. enterica (Table 3). PepKAA was much less effective
than PepGAT, presenting 8, 5, 5, and 4% inhibition, whereas PepGAT
showed 25, 35, 31 and 80% inhibition against, respectively,
K. pneumoniae, S. aureus, B. subtilis, and S. enterica (Table 3).

To understand the mechanism of the antibacterial activity of
PepGAT (50 pg. mL™1), S. enterica was chosen as a model. AFM
images confirmed that control cells presented a typical bacillus-like
form, with no cracks, scars or any other damage to the cell wall
(Fig. 3). In contrast, the PepGAT-treated cells had severe damages
and morphological alterations of the membrane, such as mem-
brane protrusion and evagination (Fig. 3). This severe membrane
damage also resulted in the loss of internal content (Fig. 3). Inter-
estingly, the action of PepGAT on S. enterica led to uneven cell
surface and loss of internal content, resulting in a reduction of cell
volume (Fig. 3).

In addition, PepGAT induced pore formation on the cell mem-
brane of S. enterica, which was observed by the propidium iodide
(PI) uptake by S. enterica cells after contact with PepGAT (Fig. 4).
The control cells, with intact membranes, showed no fluorescence,
indicating no PI uptake (Fig. 4). The ability of PepGAT to induce
pores on the S. enterica membrane corroborates the prediction of
being a cell-penetrating peptide (Table 2). Additionally, PepGAT did
not induce any ROS formation in S. enterica cells (Fig. 4).

3.3.2. Antifungal activity

The antifungal potential of peptides was tested against patho-
genic dermatophytes and yeasts to humans. Antidermatophytic
activity was evaluated against T. mentagrophytes and T. rubrum.
Only PepKAA using the highest concentration tested (50 pg. mL™!)
was active, inhibiting T. mentagrophytes microconidial germination
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Fig. 2. 3D models and CD analyses of PepGAT and PepKAA. 3D Models were obtained using the PEPFold server and are presented in cartoon (main chain), stick (side chains) and
surface representations. Blue and red surfaces represent positively and negatively charged amino acids, respectively. CD analyses were performed in 10 mM sodium phosphate
buffer (pH 7.0), in TFE (50%) or in the presence of different membrane models (HPS, SDS, POPC and POPG).

by 90%, whereas T. rubrum was barely sensitive to both peptides
(Table 3).

SEM images revealed control microconidia of T. mentagrophytes
with healthy shape, with no cracks, damage, or altered morphology
(Fig. 3). However, PepKAA treatment caused severe damage, such as
loss of internal content, which is indicative of membrane pore
formation (Fig. 3). The cell morphology was dramatically altered,
with malformation, depressions, reduced cell volume, presence of
warts and rougher surface (Fig. 3). Fluorescence analysis showed no
PI uptake by control microconidia, confirming the cell membrane
integrity (Fig. 4). However, PepKAA-treated microconidia presented
red fluorescence, indicating PI uptake, corroborating the results of
SEM, where severe membrane damage was observed (Fig. 3). Also,
PepKAA was able to induce ROS overproduction (Fig. 4), which is
indicative of oxidative stress in the fungus, compared to the control
(Fig. 4).

3.3.3. Anticandidal activity
The anticandidal activity was tested against four species of the

Candida genus (Table 3). Among them, C parapsilosis and
C. tropicalis were not affected by either peptide. In contrast, PepGAT

and PepKAA (both at 50 pg. mL~!) inhibited, respectively, the
growth of C. albicans (40%) and C. krusei (80%) (Table 3). The action
mechanisms of PepGAT and PepKAA against C. albicans and C. krusei
were evaluated by AFM (Fig. 3). The control C. albicans had no
cracks, scars, or any damage to the cell membrane (Fig. 3). However,
PepGAT induced some damages, such as loss of cytoplasmic con-
tent, which can be seen around the cells (Fig. 3, white arrows). The
control had ovoid and spherical cells (Fig. 3), while the PepGAT-
treated cells lost this morphology, presenting extended tube-like
forms, which is indicative of cell stress caused by treatment (Fig. 3).

AFM images also revealed that C. krusei cells suffered some
damages after treatment with PepKAA (Fig. 3). Controls looked
normal, presenting smooth surface, no cracks and spherical shape
(Fig. 3). In contrast, all PepKAA-treated C. krusei cells presented
damages and altered morphology, which likely led to death (Fig. 3).
The damages caused by PepKAA were particularly evident, with
cracks and scars crossing over the cells (Fig. 3, white arrows). Also,
it was possible to see depressions like cavities in cells, indicating
damage to cell wall and membrane. Besides that, it is important to
mention the changes presented in Fig. 3, where cells were severely
damaged and wrinkled, with signs of loss of internal content and
dead cell fragments over other ones. In addition, both PepGAT and
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Table 3

Antimicrobial activity of synthetic peptides PepGAT and PepKAA.
Microorganisms % of inhibition

PepGAT PepKAA

Bacteria 50 pg mL~! 50 pg mL~!
K. pneumoniae 25 + 0.002 8 +0.032
S. aureus 35 +0.281 5+0.018
B. subtilis 31 + 0.009 5+ 0.010
S. enterica 80 + 0.023 4 +0.012
E. aerogenes NA NA
E. coli NA NA
P. aeruginosa NA NA
Yeast
C. albicans 40 + 0.221 NA
C. krusei NA 80 + 0.321
C. parapsilosis NA NA
C. tropicalis NA NA
Filamentous Fungus
T. mentagrophytes NA 90 + 0.029
T. rubrum 5+ 0.021 15 + 0.001

NA = No activity.

PepKAA were able to induce pore formation, measured through PI
uptake by cells, corroborating the damage visualized in the mem-
brane by AFM analysis (Fig. 4). Although with low intensity, ROS
overproduction in candida cells was also detected after treatment
with peptides (Fig. 4).

Control

3.4. Antibiofilm activity

Both peptides were predicted as having antibiofilm activity
(Table 2), and this was used as a threshold to select them. Based on
the results with planktonic cells, we decided to test the antibiofilm
activity of PepGAT against S. enterica and PepKAA against C. krusei
(Table 3, Figs. 3 and 4). The antibiofilm activity of peptides was
tested by the ability to inhibit biofilm formation and to degrade
previously formed biofilms. Both peptides were able to degrade
existing biofilms but had no action on biofilm formation (Table 4).
PepGAT was able to degrade 37% of the formed biofilms of
S. enterica, while at the same concentration the antibiotic cipro-
floxacin only degraded these films by 22%. PepGAT presented
antibiofilm activity 68% higher than ciprofloxacin (Table 4). The
ability of PepKAA to degrade formed biofilms of C. krusei was four
times higher than the antifungal nystatin at the same concentration
(Table 4). At 50 pg mL™!, PepKAA degraded 40% of formed C. krusei
biofilms, whereas nystatin only degraded 10% (Table 4).

3.5. Chitin-binding assay

Because PepGAT and PepKAA showed different selectivity to
fungi and bacteria, a new assay was performed to study if they
could interact with chitin, which is a main compound of fungal cell
walls (Fig. 5). PepGAT did not interact with the chitin column, being
eluted as non-retained peak, while PepKAA was strongly retained
and eluted from the chitin column only after 0.1 M NaOH (Fig. 5).
This result may explain, at least in part, why PepKAA was more
active against fungi than PepGAT.

Treated

PepGAT
X

S. enterica
by AFM

PepKAA

X
T. mentagrophytes
by SEM

PepGAT
X

C. albicans
by AFM

PepKAA
X
C. Krusei
by AFM

Fig. 3. Microscopic analyses showing alterations in the cell surface of different microorganisms after incubation with PepGAT and PepKAA. Both peptides were used at 50 pg. mL™".
NaCl-DMSO solution was used as control. White arrows indicate damage in the candida cells.
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Fig. 4. Fluorescence microscopic analyses showing membrane permeability and ROS overproduction in human pathogens induced by PepGAT and PepKAA. Both peptides were used
at 50 pg. mL~". NaCl-DMSO solution was used as control (left panel). Red fluorescence indicates damage to the membrane by PI uptake and green fluorescence overproduction of

ROS (right panel).

Table 4
Antibiofilm activity of synthetic peptides PepGAT and PepKAA.
Microorganisms Peptides (% of inhibition)
Inhibition of Biofilm Formation
5% DMS0-0.15 M NaCl PepGAT PepKAA Ciprofloxacin® Nystatin”
50 pg mL~! 50 pg mL~! 50 pg mL~! 50 pg mL~!
S. enterica 0 0 — 6 +0.01 —
C. krusei 0 - 0 - 0
Degradation of Formed Biofilm
5% DMS0-0.15 M NacCl PepGAT PepKAA Ciprofloxacin® Nystatin”
50 pg mL™! 50 pg mL™! 50 pg mL~! 50 pg mL™!
S. enterica 0 37 + 0.04 - 22 +0.51 -
C. krusei 0 - 40 + 0.09 — 10 +0.03

-Not tested.
@ Used as positive control to antibacterial assays.
b Used as positive control to anticandidal assays.

0,06 PepGAT 0.06- PepKAA
Unbound peak
,— Unbound peak
E 0.04+ E 0.04+
S 0.1 M HCl1 S 0.1 M HCI
P 0.1M P 0.1M
= 0.1M : = 0.1M ;
0.02+ 0.02+
= acetic acid NaOH < aceticacid | NaOH
0.004 0.00+
0 20 40 60 80 0 20 40 60 80
Tubes Tubes

Fig. 5. Affinity chromatography in a chitin column using PepGAT and PepKAA. The column was previously equilibrated with 0.15 M NacCl containing 5% dimethyl sulfoxide (NaCl-
DMSO solution). The PepGAT was non-retained and eluted with DMSO-NaCl solution, while the PepKAA was retained in the column and eluted with 0.1 M NaOH.
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3.6. Allergenic, toxic and hemolytic potentials and digestibility of
peptides

With respect to clinical applications, other important charac-
teristics used to choose the peptides were their allergenic, hemo-
lytic, and toxic potentials. Both PepGAT and PepKAA had no
predicted allergenic or toxic potential (Table 2). The bioinformatics
analysis also predicted that PepGAT and PepKAA would have very
low hemolytic potentials, of 5 and 4%, respectively (Table 2). The
in vitro hemolytic activity of both peptides was tested against rabbit
blood cells (RBC) (Table S4). As expected, 0.1% Triton X-100, used as
a positive control for hemolysis, presented 100% hemolysis and the
control solutions (5% DMSO, 0.15 M NaCl and a solution of 5%
DMSO + 0.15 M NaCl) (peptide vehicle) produced no hemolysis
(Table S4). Both peptides were tested at the same concentration
that showed antimicrobial activity (50 pg mL~1), and 2, 5, and 10-
fold that concentration. None of them presented any signs of he-
molysis (Table S4). This result suggests that both peptides are safe
to mammalian cells even at concentration 10-fold higher than the
antimicrobial activity. For comparison with conventional drugs,
hemolysis activity was also assayed with ciprofloxacin (control for
bacteria) and nystatin (control for yeasts) at the same concentration
as the peptides (Table S4). Ciprofloxacin presented hemolytic ac-
tivity values of 1.5, 1.5, 8, and 50% at the concentrations of 50, 100,
250, and 500 pg mL~!, respectively, whereas nystatin exhibited
100% hemolysis at all tested concentrations.

The bioinformatics analyses also predicted that both peptides
would not be resistant to trypsin digestion due to the presence of
arginine residues. With respect to pepsin, PepGAT was predicted to
be hydrolyzed at both pH levels tested (pH 1.3 and > 2.0), while
PepKAA was predicted to be resistant. Besides this, the stability of
the peptides in the intestine-like environment (ILE) was also
simulated, with half-lives of 1.115 and 0.879 s, respectively, for
PepKAA and PepGAT (Table 2). To test the resistance to in vitro
digestion, both peptides were incubated in simulated gastric fluid
(SGF, pepsin) and simulated intestinal fluid (SIF, pancreatin). Pep-
GAT was readily digested after incubation with SGF and SIF (Fig. 6),
since PepGAT ions were not detected in any of the MS spectra ob-
tained afterward. PepKAA remained intact after incubation with
SGF for 2 s, 5 min and 2 h, but was digested with SIF at all incu-
bation times (Fig. 7). As predicted, PepKAA was resistant to pepsin
digestion, while PepGAT was not (Table 2).

4. Discussion

The rational design of SAMPs based on the sequence of other
proteins has been increasing due to many advantages. First, pep-
tides can be designed to improve their potential without side ef-
fects [13]. Second, multiple functions can be incorporated in the
same peptide sequence [33]. Third, SAMP synthesis is less expen-
sive than some purification processes [14]. Fourth, many online
servers facilitate peptide design [9,10]. Fifth, synthetic peptides can
be designed to have features that are not present in the proteins
used as models [6].

Although many studies have been published reporting SAMPs as
potent antimicrobial agents [34,35], none of them provide a
workflow either to design or characterize them. Here, we describe a
workflow that brings together some servers to clearly and easily
design and characterize SAMPs (Fig. 1). First, from a protein
sequence, several peptides with antibiofilm and cell-penetrating
activities were obtained. Then, those with positive net charge (at
least +1), hydrophobic ratio (40—60%), ten amino acids, low Boman
index (<2.5) and a-helix structure were selected and synthetized
for further antimicrobial assays.

Following the proposed workflow, we obtained only two

peptides (PepGAT and PepKAA) that met all requirements essential
for peptides that target the membrane of microorganisms [11]. First
of all, a positive charge of peptides is critical to enable them to
interact with the negative portion of phospholipids of the mem-
brane by electrostatic forces. Furthermore, the hydrophobic portion
of peptides is essential to enable insertion in the membrane’s hy-
drophobic core. The helicity of the peptide and the non-polar face
of the a-helix structure are also vital for successful insertion in the
membrane and then pore formation [11].

Indeed, to be attracted by the negative charge of the membrane,
SAMPs have to present a positive net charge of at least +1.
Measuring the correlation between positive charge and activity is
difficult, but it is accepted that negative or neutral peptides usually
do not have antimicrobial activity. One crucial point to be consid-
ered during peptide choice is that a very high positive charge (e.g.,
> +9) can result in two problems: (1) no antimicrobial activity; and
(2) toxicity to mammalian cells [11]. Jiang et al. [36] reported that
the reduction of the net charge of V13K to values lower than +4
reduced the antimicrobial activity, whereas increasing values to +8
improved the antimicrobial activity 4-fold. However, analogs of
V13K with positive charge higher than +9 not only improved
antimicrobial activity but also dramatically increased hemolytic
activity.

Following this idea, Lyu et al. [34] reported that PMAP-36 had a
net charge of +14 and showed hemolytic activity at 4 uM, whereas
its derivative RI12, which had a net charge of +6, only presented
hemolytic activity at concentrations >128 uM. Also, Dias et al. [8]
produced three synthetic peptides with a net charge of +1. All of
them presented antimicrobial activity with no hemolytic effects
even at a concentration 128 times higher than the minimum
inhibitory concentration (MIC). Altogether, the results showed a
correlation between high positive charge (>+9) and hemolytic ef-
fects [34,36]. Based on that, PepGAT and PepKAA were chosen
because they have net charges of +2 and + 3, respectively.

Both electrostatic and hydrophobic interactions are essential for
the antimicrobial activity of SAMPs [11]. Hydrophobicity is neces-
sary for peptides to penetrate the membrane. However, as happens
with the charge, high hydrophobic content results in collateral
damage such as hemolytic activity. Chen et al. [37] performed a
rational design based on the peptide V13K, which has high hy-
drophobic content, and found it presented MIC against P. aeruginosa
and hemolytic activity of 7.8 and 250 pg mL~’, respectively. A less
hydrophobic V13K;-derived peptide (L6A/L21A) presented MIC
against P. aeruginosa and hemolytic activity of >500
and > 1000 pg mL~!, respectively [37]. In addition to the hydro-
phobic ratio, the hydrophobic moment is also important. Kim et al.
[35] reported that by increasing the hydrophobic moment of syn-
thetic peptides, there was a positive correlation with antibacterial
activity. For example, Hp1404-T1, with a hydrophobic moment
value of 0.699, was 16-fold less efficient to inhibit bacterial growth
than Hp1404-T1e, which has a hydrophobic moment value of 0.831.
Although both PepGAT and PepKAA presented low values of the
hydrophobic moment, respectively, 0.275 and 0.398, they exhibited
interesting antimicrobial activity.

The importance of a-helix formation was assessed by Chen et al.
[38], who reported that the substitution of L-amino acids with bp-
amino acids, which only affects «-helix formation, reduced the
activity of the peptide. In another work, Lyu et al. [34] designed a
peptide (RI18) derived from PAMP-36, an antimicrobial peptide, to
improve a-helix formation and stability. The RI18 presented anti-
candidal activity 8-fold higher than the original peptide, corrobo-
rating the importance of a-helix formation for antimicrobial
activity. The CD analyses revealed that in aqueous solution, both
PepGAT and PepKAA presented a predominance of random coil
structure [39]. Both CD spectra slightly changed when peptides
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Fig. 6. Mass spectra of PepGAT digested with simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) for 2 s, 5 min, and 2 h.
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Fig. 7. Mass spectra of PepKAA digested with simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) for 2 s, 5 min, and 2 h.
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were in an organic solvent (TFE), which can be attributed to the
removal of water molecules from the vicinity of the peptides, fa-
voring intra-chain interactions and resulting in peptide ordering
[40]. However, peptides still maintain the characteristic spectra of
peptides with random coil structures. It is also noteworthy that
both peptides changed their conformation only in the presence of
negatively charged membranes (SDS and POPG), like when incu-
bated in TFE. However, this change was more pronounced in Pep-
KAA than PepGAT, suggesting possible selectively of interaction
with membrane lipids and thus different antimicrobial activity.

Although it is not the best structure for antimicrobial activity,
the random coil structure is still interesting to antimicrobial activity
[41]. Su et al. [41] showed that random coil structure in arginine-
rich cell-penetrating peptides is essential for rapid translocation
across the lipid membrane without causing permanent, but tran-
sient, damages to the cell membrane. Accordingly, PepGAT and
PepKAA have arginine and random coil structures with the ability
to cause membrane damage. Therefore, the low values of the hy-
drophobic moment and the lack of a stable helical structure can
explain the reduced antimicrobial action of both peptides in com-
parison to well-structured SAMPs.

Using the same approach, Lima et al. [32] correlated the anti-
microbial activity of two peptides (Mo-CBP3-Pepl and Mo-CBP3-
Pepll) with their abilities to interact with SDS micelles. Mo-CBP3-
Pepl, which strongly interacted with the SDS, had higher antimi-
crobial activity than Mo-CBP3-Pepll, which did not have a good
interaction with the micelles. Besides this, the CD results suggested
that PepGAT and PepKAA did not interact with zwitterionic micelles
(HPS and POPC). This fact corroborates the absence of hemolytic
activity of both peptides, because the erythrocyte plasma mem-
brane is mainly composed of zwitterionic phospholipids [42].

Regarding antibacterial activity, PepGAT was promising against
S. enterica, which is a very harmful human pathogen, responsible
for typhoid fever and non-typhoid infection due to the ingestion of
contaminated water and food, leading to over 200,000 deaths
annually [43]. Over the years, S. enterica has become resistant to
many conventional drugs. Therefore, many studies have been
focused on S. enterica, seeking new alternative treatments based on
SAMPs [34,44]. For instance, Tsai et al. [44] reported that at
64 pg mL~!, a synthetic peptide called GWQ4 inhibited S. enterica
growth by 50% after 48 h, while PepGAT inhibited S. enterica growth
by 80% at 50 pg mL~! after 24 h. To the best of our knowledge, there
is no publication revealing the mechanisms of action of peptides
against drug-resistant S. enterica, which makes the results shown
here more interesting.

By applying AFM and fluorescence microscopy, it was possible to
gain some insight into the mechanism of antibacterial activity of
PepGAT against S. enterica. After 24 h, PepGAT caused S. enterica
membrane damage, resulting in the inevitable loss of volume and
thereby overflow of cytoplasmic content. The damage to the mem-
brane was confirmed by PI uptake, which can only occur when the
membrane is damaged, allowing the PI to interact with DNA and thus
release red fluorescence [45]. Based on microscopic data, we can
suggest that PepGAT targets the S. enterica membrane.

Although PepKAA did not show antibacterial activity against the
microorganisms tested, it presented strong activity against the
dermatophytic fungus T. mentagrophytes and the yeast C. krusei.
T. mentagrophytes is an etiological agent of dermatophytosis from
the Trichophyton genus that has developed resistance to the most
common drug used for treatment, griseofulvin [46]. Despite its
clinical and economic importance, few published studies have tried
to find alternative solutions to fight T. mentagrophytes infections.
Among the few studies reported, none of them involve proteins or
peptides. Most of them have related antifungal action with sec-
ondary metabolites, and at extremely high concentrations [47,48].

For instance, to reach 50% inhibition against T. mentagrophytes,
Lopes et al. [46] needed to use 7800 pg mL~' of phlorotannins. To
attain the same inhibition, Rahman et al. [47] employed
500 pg mL~! of essential oil from Lonicera japonica. Those con-
centrations are 156 and 10 times, respectively, higher than the
concentration (50 pg mL~!) of PepKAA used to inhibit
T. mentagrophytes germination by 80%. A major problem associated
with the results presented by Lopes et al. [46] and Rahman et al.
[47] is the very low purity of the tested compounds, which can
result in many collateral effects. Moreover, neither study provided
any indications of the action mechanism of these compounds.

SEM analysis revealed the damage caused to the microconidia of
T. mentagrophytes by treatment with PepKAA. Furthermore, fluo-
rescence analysis of PI uptake confirmed that PepKAA can damage
the membrane of microconidia. The ability of PepKAA to induce
membrane pore formation in T. mentagrophytes makes it a potential
synergistic component to conjugate with conventional drugs. For
example, the action mechanism of griseofulvin is to inhibit the
formation of microtubules. To do that, the drug needs to reach the
cytoplasm, which is done by interacting with a membrane trans-
porter [49]. Based on that, PepKAA can improve the action of
griseofulvin by producing pore membranes to enable entrance of
the drug in the cytoplasm and then inhibition of cytoskeleton for-
mation. In addition to membrane pore formation, PepIKKAA was able
to induce the overproduction of endogenous ROS in
T. mentagrophytes. The mechanism behind the overproduction of
ROS by peptides is still unclear. Nevertheless, it is known that a high
level of ROS damages molecules such as DNA and proteins as well as
the cell membrane [7].

Related to anticandidal activity, the peptides presented activity
only against C. albicans and C. krusei. However, PepKAA was still
more effective, by inhibiting C. krusei growth by 80%, whereas
PepGAT inhibited C. albicans growth by 40%. AFM analysis showed
that both peptides induced similar damage to the membrane and
cell wall, leading to death of Candida cells. Also, by applying SEM
analysis, Oliveira et al. [6] demonstrated damage to the candida cell
wall after treatment with the synthetic peptide Mo-CBP3-Peplil. In
addition, those authors reported that Mo-CBP3-Peplll had affinity
for chitin, exerting action against the cell wall. The PI uptake
corroborated the results shown by AFM analysis. By targeting
membranes, PepGAT and PepKAA, unlike conventional drugs,
which target ergosterol or cell mechanisms (i.e., microtubule for-
mation), hamper the development of resistance because changes in
membrane composition can be hazardous and metabolically
expensive to cells. The ability to induce pore formation in the
membrane is not common to all synthetic peptides, but it seems to
be an important mechanism. Lopes et al. [7] and Lyu et al. [34]
reported synthetic peptides with anticandidal activity but that
were unable to permeate the membrane. Another exciting feature
of PepGAT and PepKAA is the ability to induce over-accumulation of
ROS in candida cells. Uncontrolled ROS production in cells can be a
severe problem, leading to death by damage of important mole-
cules such as DNA, lipids and proteins [7].

Because PepGAT and PepKAA were designed from an antifungal
protein (A. thaliana chitinase), we expected both peptides to exhibit
such activity. However, the bioinformatics analyses and the in vitro
assays showed that PepGAT was more active against bacteria,
whereas PepKAA was better against fungi. These results are very
similar to those reported by Dias et al. [8], who found that peptides
designed from an antibacterial 2S albumin demonstrated high
antifungal activities. Again, these results show a clear advantage of
peptide design by incorporating of new function, which was not
present in the model protein [33].

Our results show a clear strain-specific activity of PepGAT and
PepKAA. The higher activity against dermatophytes and yeasts
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displayed by PepKAA can be explained, at least in part, by its affinity
for chitin, suggesting that that polymer is the primary target of
PepKAA. After binding, the peptide can cross the cell wall and
damage the membrane. Accordingly, previous studies have
demonstrated the importance of interaction with chitin by anti-
fungal peptides [6,32,50]. For instance, Rogozhin et al. [50] reported
that the peptide SmMAMP3 presented stronger antifungal activity
than SmAMP1, because the first was able to bind to chitin whereas
the second was not.

On the other hand, PepGAT was much more active against
bacteria than PepKAA. Although both peptides have very similar
physicochemical features, they differ in their amino acid compo-
sition. PepGAT has two arginine residues and PepKAA has one
arginine and two lysine residues. Even though arginine and lysine
are positively charged amino acids, the first has a guanidinium side
chain, which is responsible for this amino acid being the most
hydrophilic found in nature, a feature that has important biological
implications [51]. It is known that natural and synthetic AMPs with
arginine residues are much more active against bacteria and are
better able to penetrate the cell by forming pores in the membrane
than those in which lysine is present [52]. In fact, previous studies
have shown that the substitution of arginine by lysine leads to a
decrease in the antibacterial activity and membrane pore formation
ability in tritrpticin, human neutrophil peptide and KR-12 [53—56].
Thus, it is reasonable to suggest that the presence of two arginine
residues in PepGAT and only one in PepKAA can be responsible for
the differential antibacterial activity between these two peptides.

Finally, PepGAT and PepKAA also demonstrated variable results
for different bacteria as well as for different Candida spp. The large
range of activities against bacteria seems not to be related to the
general characteristics between gram-positive and gram-negative
bacteria, since PepGAT exhibited high antibacterial activity
against S. enterica (80% inhibition) but none against E. aerogenes,
E. coli and P. aeruginosa, all gram-negative bacteria. Interestingly,
PepGAT was active only against C. albicans (40% inhibition) and
PepKAA against C. krusei (80% inhibition). Similarly, a previous
study showed that four short peptides designed from porcine
myeloid antimicrobial peptide-36 (PMAP-36) were strain-specific
against yeasts and bacteria [34]. For instance, RI12 was 8-fold
more active against E. coli EC183 than against E. coli 1005 and
E. coli 25922. In the same way, the same peptide RI12 was 16-fold
more active against C. tropicalis than against C. albicans [34]. The
same authors explained that the results could be due to the dif-
ferences in cell membrane composition, even in microorganisms of
the same species. Thus, although fungi and bacteria have the same
general components, the biochemical composition of their cell
walls and membranes can be very different, which can explain the
selectivity of several antimicrobial peptides. This is very important,
because cell-specific molecules can be used, avoiding side-effects
and selection for resistant microbes as a consequence of overuse
and misuse of these substances.

An important adaptation developed by bacteria and yeasts is the
ability to form biofilms. Biofilm formation by microorganisms re-
sults in strong antibiotic resistance, which is a global health prob-
lem [57]. It is not clear what triggers microorganisms to change
from their free forms to biofilms, but it is well known that the
extracellular matrix produced during biofilm formation is rich in
carbohydrates, proteins, lipids, nucleic acids and water [57]. Bio-
films can increase drug resistance 1000-fold to conventional drugs
compared to free cells [58]. Here, both peptides were predicted to
have antibiofilm activity, which was experimentally confirmed.
PepGAT was able to degrade the formed biofilm of S. enterica by 37%
at 50 ug mL~. This reduction was 68% higher than that caused by
the antibiotic ciprofloxacin, which was 22%. The low effect of an-
tibiotics on biofilms has been reported previously [57]. Zoysa et al.

[59] reported a synthetic lipopeptide that inhibited P. aeruginosa
biofilm by only 25% at 51 pg mL~". Unlike PepGAT, PepKAA caused
400% more degradation than nystatin, a commercial antifungal
drug against C. krusei biofilms. At 50 ug mL~!, PepKAA degraded
40% of C. krusei, whereas nystatin degraded only 10%.

Besides the impressive activity of PepKAA compared to the
commercial antifungal drug, PepKAA'’s antibiofilm activity was also
higher than other synthetic peptides, such as KU4 (96 pg mL™1),
uperin 3.6 (96 pg mL'), upn-lys4 (96 pg mL~'), upn-lys5
(192 pg mL™ 1), and upn-lys6 (96 pg mL~!), which reduced the
viability of C. albicans biofilms by 20, 35, 15, 40, and 30%, respectively
[60]. In addition, the synthetic peptide VLL-28 at 72 pg mL~! reduced
the viability of C. krusei biofilms by 35% [61], whereas PepKAA at 1.5-
fold lower concentration presented better activity. Recently, Paulone
et al. [62] reported a peptide that presented an ICsg value against
C. albicans biofilm of 126 pg mL~, a concentration almost 3 times
higher than that of PepKAA with the same activity.

The in silico approach predicted that PepGAT and PepKAA would
present normal and high stability, respectively, in the intestinal
environment. Nevertheless, this supposition was not confirmed
in vitro. Although PepKAA was not digested with SGF, PepGAT was
completely digested after 2 s of incubation with SGF and SIF. Pep-
KAA was digested with SIF at all incubation times. The presence of
pepsin cleavage sites in the PepGAT explains the digestion in SGF.
Probably PepGAT and PepKAA were digested by the various pro-
teases (trypsin, chymotrypsin, elastase and carboxypeptidase)
present in the pancreatin mixture (SIF). These results indicate that
neither peptide can properly be applied orally. However, both of
them can be applied topically, such as in hydrogels or even bio-
membranes, which can be used against skin infections, because
PepKAA presented antifungal activity against the dermatophyte
T. mentagrophytes and was not allergenic or toxic.

Neither peptide was toxic to rabbit red blood cells even at
concentrations 10 times higher than the antimicrobial concentra-
tion. This is corroborated by CD analyses, which revealed that
neither peptide’s structure changed when in contact with zwit-
terionic membranes, such as erythrocyte membranes. On the other
hand, ciprofloxacin was toxic to blood cells only at concentrations
10-fold higher than the antimicrobial activity tested here, whereas
nystatin caused 100% hemolysis at all concentrations. Both com-
mercial antibiotics have been reported as hemolytic drugs [63,64].
However, they cause different types of hemolysis. Ciprofloxacin
induces autoimmune hemolytic anemia [63] and nystatin causes
damage to erythrocyte membranes and hence hemolysis [64].
Despite being potent alternative molecules to treat diseases caused
by resistant microbes, many synthetic and natural peptides have
presented hemolytic activity [36,37,65]. Jindal et al. [65] reported
four potent synthetic antibacterial peptides (RN7-IN10, RN7-IN9,
RN7-IN8, and RN7-IN6) that presented MICygp values at
7.81 pg mL~L On the other hand, those peptides presented high
hemolytic and toxic activity against mammalian cells, starting at a
concentration 5 times higher than the MICygp. The same happened
with the peptide RI21, which presented MICygg against C. albicans of
8.6 g mL~!, while at that same concentration it presented hemo-
lytic activity [34].

5. Conclusion

The pipeline presented here offers an easy step-by-step way to
choose, characterize and test potential sequences to be assayed as
synthetic antimicrobial peptides. Using this workflow, two peptides
(PepGAT and PepKAA) with antimicrobial potential, including ac-
tivity against biofilms and without any hemolytic effects, were
identified and characterized. The results encourage further studies
of these peptides to develop new drugs for clinical application.
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