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Abstract

Over the past years, short anti-microbial peptides have drawn growing attention in the research and trade literature because
they are usually capable of killing a broad spectrum of pathogens by employing unique mechanisms of action. This study
aimed to evaluate the anti-bacterial effects of a previously designed peptide named PVP towards the clinical strains of methi-
cillin-resistant Staphylococcus aureus (MRSA) in vitro. Secondary structure, cytotoxicity, and membrane-permeabilizing
effects of the peptide were also assessed. PVP had a tendency to adopt alpha-helical conformation based upon structural
predictions and circular dichroism spectroscopy (in 50% trifluoroethanol). The peptide showed MIC values ranging from 1
to 16 pg/mL against 10 strains of MRSA. In contrast to ciprofloxacin and gentamicin, PVP at sub-lethal concentration (1 pg/
mL) did not provoke the development of peptide resistance after 14 serial passages. Remarkably, 1 h of exposure to 4 X MBC
of PVP (8 ug/mL) was sufficient for total bacterial clearance, whereas 4 X MBC of vancomycin (8 pg/mL) failed to totally
eradicate bacterial cells, even after 8 h. PVP showed negligible cytotoxicity against human dermal fibroblasts at concentra-
tions required to kill the MRSA strains. The results of flow cytometric analysis and fluorescence microscopy revealed that
PVP caused bacterial membrane permeabilization, eventually culminating in cell death. Owing to the potent anti-bacterial
activity, fast bactericidal kinetics, and negligible cytotoxicity, PVP has the potential to be used as a candidate antibiotic for
the topical treatment of MRSA infections.
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Introduction

The indiscriminate and injudicious use of antibiotics for
treating infectious diseases has led to the emergence of
multidrug-resistant (MDR) bacterial pathogens, accelerat-
ing the obsolescence of the available antibiotics (Hotchkiss
and Opal 2020). In particular, ESKAPE pathogens (i.e.
Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aer-
uginosa, and Enterobacter species) are regarded as a major
public health threat due to their capability of developing
resistance to traditional anti-microbial therapies (Reuter
and Kruger 2020). In this respect, S. aureus can cause
a broad spectrum of illnesses, ranging from mild skin
infections to serious and life-menacing diseases. MRSA
was first isolated in the early 1960s, immediately after
methicillin came into use as an antibiotic. In some reports,
MRSA comprises more than half of all clinical S. aureus
strains (Morelli et al. 2015; Chatterjee et al. 2018). The
pathogen still remains as a great concern in both com-
munity and hospital settings owing to the fact that it can
readily become resistant to multiple classes of antibiotics
(especially aminoglycosides and glycopeptides), thereby
limiting the treatment options (Kluytmans and Harbarth
2020). In Europe, around 5,400 deaths as well as over a
million extra days of hospitalization due to MRSA are
estimated to occur each year (Gould et al. 2012). In the
United States, more than 323,000 hospitalized patients
were infected with MRSA in 2017, of whom nearly 10,600
succumbed to death (CDC 2019). This deplorable situa-
tion of antibiotic resistance necessitates urgent actions to
discover and develop novel classes of anti-microbials with
low predilection for microbial drug resistance.
Anti-microbial peptides (AMPs), also dubbed host
defense peptides, are evolutionarily crafted multipotent
molecules of innate immune systems in the living crea-
tures (Brand et al. 2019). Most AMPs exert inhibitory or
killing effects on bacteria, fungi, protozoans, and viruses
(Shagaghi et al. 2018; Memariani and Memariani 2020a).
Aside from documented anti-microbial features, these
intriguing peptides may exert a wide array of biological
functions such as anti-tumor, anti-inflammatory, anti-bio-
film, lipopolysaccharide-neutralizing, and adjuvant activi-
ties. Regardless of a perplexing diversity in their primary
sequences, AMPs typically encompass 12 to 50 amino acid
residues with an amphipathic nature and a net positive
charge at physiological pH (Haney et al. 2019). On the
basis of their secondary structure, they are categorized
into four classes, namely a-helical, B-sheet, extended,
and loop peptides. Natural or synthetically designed, the
majority of AMPs are believed to attack microorgan-
isms through a receptor-independent mediated membrane
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permeabilization, though some act on intracellular targets
including DNA, RNA, and enzymes (Wibowo and Zhao
2019). It is generally now accepted that most AMPs kill
bacteria in a relatively short time by employing unique
mechanisms of action which are distinct from those of
conventional antibiotics. Thus, they are less prone to
invoke microbial drug resistance (Moravvej et al. 2020).
Moreover, there is a voluminous body of literature regard-
ing synergisms between AMPs and antibiotics against both
the planktonic and biofilm-residing bacteria (Lazzaro et al.
2020; Zhang et al. 2014).

While AMPs hold promise in filling the antibiotic discov-
ery void, several obstacles including host cell toxicity, high
production costs, and low stability still lie ahead for their
development as therapeutically applicable anti-microbials.
To triumph over these constraints, various strategies have
been employed such as natural and unnatural amino acid
residual replacement, N- and C-terminal modifications,
truncation, cyclization, dimerization, hybridization, and
nano-encapsulation, to mention just a few (Ong et al. 2014).
In particular, hybridizing different fragments of AMPs to
construct novel hybrids has attracted the researchers’ atten-
tion because hybrid AMPs can embody higher therapeutic
indices compared with their parental counterparts (Wang
et al. 2019).

Over the last decades, short AMPs (< 20 amino acid
residues) devoid of disulfide bonds have begun to garner
plenty of attention in the academia and commercial spheres
for either prophylaxis or treatment of various infections, par-
ticularly those caused by dermatologically relevant patho-
gens (Mikut et al. 2016; Mishra et al. 2017; Rahnamaeian
and Vilcinskas 2015). For instance, several short AMPs are
in clinical trials or preclinical development for topical treat-
ment of skin diseases such as MRSA skin infections, impe-
tigo, fungal nail infections, and acne rosacea (Mookherjee
et al. 2020; Koo and Seo 2019). The absence of disulfide
bonds in peptide structures obviates the need for supplemen-
tary folding steps, which would reduce costs of large-scale
production (Rahnamaeian and Vilcinskas 2015). Besides
this, short AMPs are less likely to evoke inapt immune
responses (Mikut et al. 2016).

In our earlier study, we assessed a series of short hybrid
peptides lacking disulfide bonds which were designed based
upon three naturally occurring AMPs (pEM-2, mastoparan-
VTI, and mastoparan-B) from animal venoms (Memariani
et al. 2017). Among designed hybrids, peptides PV3 and
PVP displayed higher anti-bacterial activities and lower
hemolysis rates as compared with their parental peptides.
This study aimed to appraise anti-bacterial properties of the
synthetic hybrid peptide PVP towards the clinical strains of
MRSA. We have also evaluated secondary structure, cyto-
toxicity, and membrane-permeabilizing effects of the hybrid
peptide.
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Materials and methods
Reagents and media

All the common chemical reagents employed in the pre-
sent study were of analytical grade from commercial
suppliers. Trifluoroethanol (TFE), Miieller-Hinton broth
(MHB), tryptic soy broth (TSB), and agar-agar were pro-
cured from Merck Co. (Darmstadt, Germany), while flat-
bottom 96-well polystyrene plates were obtained from
SPL Life Science Co. (Gyeonggi-do, Republic of Korea).
Furthermore, antibiotics were purchased from Oxoid Ltd.
(Basingstoke, Hampshire, UK). The other materials were
all supplied by Sigma—Aldrich Chemical Co. (St. Louis,
MO, USA).

Peptide analysis and synthesis

The secondary and tertiary structures of PVP
(KKWRKLLKWLAKK) were predicted by SABLE Pro-
tein prediction (https://sable.cchmc.org) and I-TASSER
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) serv-
ers, respectively. Furthermore, helical wheel diagram
of the peptide was created as described by Schiffer and
Edmundson (1967).

PVP was synthesized with carboxyl-amidated C-ter-
minus under good manufacturing practice regulations by
a multistep solid-phase technique using N-9-fluorenyl-
methoxycarbonyl (Fmoc) chemistry (Smart et al. 1996).
The purity of the synthetic peptide was evaluated using
reversed-phase high performance liquid chromatography
(RP-HPLC). Moreover, the identity of PVP was confirmed
by mass spectrometry on a Sciex API100 LC/MS instru-
ment (PerkinElmer Co., Norwalk, CT, USA) in positive
ion mode. The lyophilized peptide was aseptically dis-
solved in double-distilled water (final stock concentration
of 1.28 mg/mL) and stored at — 80 °C until further use.

Secondary structure analysis of the peptide

Circular dichroism (CD) spectra were routinely recorded
at 25 °C on an AVIV MODEL 215 spectropolarimeter
(AVIV Instruments, Inc., Lakewood, NJ, USA) equipped
with a 0.1-cm path-length cell (Hellma, Forest Hills,
NY, USA) to delineate secondary structures of PVP in
different environments (Memariani et al. 2018). For this
purpose, peptide solutions (at a final concentration of
0.2 mg/mL) were prepared in deionized water either in
the presence or absence of 50% (v/v) TFE. TFE acts as a
membrane-mimicking environment. Several scans between

a wavelength range of 190 and 260 nm with the scanning
speed of 20 nm.min~! were averaged and corrected for
background scattering through subtraction of respective
blank runs from the appropriate spectra of PVP. The mean
residue molar ellipticity ([¢]) was calculated by the fol-
lowing equation:

_ 0
10 X IXcy X n

[0]

Where 6, [, c,;, and n are the ellipticity, the optical path
length of the cell, the peptide concentration, and the num-
ber of amino acid residues in the peptide, respectively (Lee
et al. 2003).

Furthermore, CDNN 2.0 software (Gerald Bohm, Martin-
Luther-Universitdt Halle-Wittenberg, Germany) was used in
order to quantify secondary structure contents of the peptide.

Bacterial strains and culture conditions

Ten clinical strains of S. aureus (Table 1) were included
in this study. These strains were confirmed to be S. aureus
using established methods, including colonial appearance,
Gram stain characteristics, the existence of catalase activ-
ity, and capability of coagulating rabbit serum (Tille 2017).

Given that results of cefoxitin disk diffusion testing (30 pg)
are easier to interpret and are thus more susceptible for the
detection of methicillin resistance than oxacillin results, we
used the former method for phenotypic detection of MRSA

Table 1 Characterization of MRSA strains isolated from patients dur-
ing November 2018 through January 2020

Isolate ID Specimen site Date of isola- Charac- mec A gene
tion terization of
(month/year) patients
Age Gender

AS1 Ascitic fluid  12/2019 383 M +

Bl Blood 01/2020 72 F +

B2 Blood 01/2020 48 F +

WTI ‘Wound or 11/2018 51 F +
tissue

WT2 Wound or 12/2018 20 M +
tissue

WT3 Wound or 03/2019 82 F +
tissue

WT4 Wound or 03/2019 64 M
tissue

WT5 Wound or 05/2019 16 M +
tissue

WT6 Wound or 06/2019 63 M +
tissue

WT7 Wound or 08/2019 54 M +
tissue
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strains (Boutiba-Ben Boubaker et al. 2004). This was further
confirmed by polymerase chain reaction (PCR) detection of
mecA gene using specific primers MEC1 (5-AAAATCGAT
GGTAAAGGTTGGC-3') and MEC2 (5'-AGTTCTGCAGTA
CCGCATTTGC-3'), as described elsewhere (Murakami et al.
1991). S. aureus ATCC 700699 and ATCC 29213 were also
used as positive and negative controls, respectively.

The aforementioned strains were then stored frozen at
—80 °C in TSB supplemented with 20% (v/v) glycerol. Bac-
terial strains to be tested were revived from frozen glycerol
stocks, sub-cultured twice on trypticase soy agar containing
5% sheep erythrocyte, and incubated aerobically at 37 °C for
up to 18 h in order to provide fresh colonies. One strain of
MRSA (WT1) was also selected for multistep resistance selec-
tion assay, kinetics of bacterial killing, fluorescence micros-
copy, and flow cytometric analysis.

In vitro anti-bacterial assays

Minimum inhibitory concentration (MIC) values of PVP and
antibiotics including oxacillin and vancomycin for each isolate
were appraised using broth microdilution method in accord-
ance with guidelines promulgated by Clinical and Laboratory
Standards Institute (CLSI 2019). In brief, exponentially grow-
ing bacteria were harvested, re-suspended in MHB to yield
5% 10° CFUs/mL, and added to 96-well plates containing two-
fold serially diluted anti-bacterial agents. The final concentra-
tions of the anti-bacterial agents ranged from 0.25 to 128 pg/
mL. Following 20 h of incubation at 37 °C, bacterial growth
was determined by quantifying the optical density at 600 nm
using a microplate spectrophotometer (Bio-Rad 680, CA,
USA). Wells devoid of the peptide and bacteria were served as
positive and negative controls, respectively. MIC was regarded
as the lowest anti-microbial concentration at which there was
no evidence of bacterial growth.

From the clear wells, 10 pL of broth was removed and
streaked onto Miieller-Hinton agar plates. Shortly after-
wards, the plates were incubated at 37 °C for 24 h. Mini-
mum bactericidal concentration (MBC) was determined as
the lowest anti-microbial concentration at which a reduction
0f 99.9% in CFUs was detected (Memariani et al. 2018).

Determination of anti-bacterial activity index

Anti-bacterial capacity of the peptide and antibiotics against
each strain can be calculated as the quotient of the MBC and
the MIC (Konaté et al. 2012):

MBC

Anti-bacterial activity index = ——
MIC

The anti-bacterial activity index was interpreted as fol-
lows: Bactericidal activity: MBC/MIC <2, bacteriostatic
activity: 4 <MBC/MIC < 32, and tolerance: MBC/MIC > 32.
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Multistep resistance selection assay

To shed some light on the possibility of bacterial resistance
selection (MRSA WT1) under pressure of PVP, ciprofloxa-
cin, and gentamicin in vitro, multistep resistance selec-
tion assay was performed. Drug resistant development of
MRSA WT1 was monitored daily upon treating bacterial
cells repeatedly with 0.5 X MIC of anti-bacterial agents by
calculating fold-change in MIC (Wiradharma et al. 2011a):

MIC,

Fold-ch in MIC =
old-change in MIC,

Where MIC, and MIC, represent the MIC value at passage

n and the initial MIC value, respectively. The initial MIC
values for PVP, ciprofloxacin, and gentamicin were 2, 1, and
2 ug/mL, respectively.

Kinetics of bacterial killing

The rates at which anti-bacterial agents can kill bacteria
were determined by incubating 5 x 10° CFUs/mL of MRSA
with 1%, 2%, and 4 X MBC of PVP and vancomycin indi-
vidually at 37 °C for various durations. At specified time
points, aliquots of each sample were taken, serially diluted
in phosphate-buffered saline (PBS), and plated onto Miieller-
Hinton agar plates (Guinoiseau et al. 2010). Finally, CFUs
were counted after 20 h of incubation at 37 °C.

Bacterial viability assay

Acridine orange/ethidium bromide (AO/EtBr) double stain-
ing method followed by fluorescence microscopy (Baskié
et al. 2006) was adopted to gain further clues concern-
ing bactericidal effects of PVP. Briefly, bacterial cell sus-
pensions (~ 10’ CFUs/mL) were incubated with 1 x and
2xMBC of PVP or vancomycin separately at 37 °C for 1 h.
Afterwards, 50 pL of bacterial cell suspension was mixed
with 10 pL of dye mixture (100 pg/mL AO and 100 pg/mL
EtBr in distilled water) on a clean microscope slide, and
then immediately visualized using fluorescence microscopy
(Zeiss, Oberkochen, Germany). The data were analyzed
using Axiovision 4.8 software (Carl Zeiss, Germany). Fluo-
rescence images were also processed using ImagelJ software
(NIH, rsb.info.nih.gov/ij/) in order to calculate the percent-
age of surface area covered by stained bacteria.

Membrane permeabilization assay

In order to elucidate whether PVP can provoke membrane
permeabilization, a flow cytometric analysis based on pro-
pidium iodide (PI) was performed, as described elsewhere
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(Jeyanthi and Velusamy 2016). In brief, MRSA cells were
grown in MHB to a mid-logarithmic phase, washed thrice
in PBS, adjusted to 5x 10° CFUs/mL in the same buffer,
and incubated with PVP (1 X and 2 x MBC) and vancomy-
cin (1 xand 2xMBC) individually at 37 °C for 1 h. These
bacterial cells were then incubated with PI (at a final con-
centration of 2 pg/mL) for 15 min to permit the dye uptake,
prior to recording fluorescence intensities by a FACSCalibur
flow cytometer (Becton Dickinson Biosciences, CA, USA).
Peptide-treated samples were also compared to the negative
control (PBS-treated) using CellQuest Pro software version
5.1 (BD Biosciences).

Isolation and culture of fibroblasts

Human dermal fibroblasts (HDFs) were retrieved from the
foreskin of a male infant without known dermatological or
genetic diseases (Moravvej et al. 2018). To this end, the fore-
skin tissue was stored overnight at 4 °C in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) containing 10% (v/v) anti-
biotic—antimycotic solution, washed thrice in PBS, minced
into small pieces, and incubated with Dispase at 4 °C for
16 h. Skin dermis was gently separated from the epidermis
using two pairs of curved forceps, chopped into very small
pieces, and incubated in type I collagenase solution (1 mg/
mL) at 37 °C for 4 h with occasional mixing. The digested
dermal mixture was then passed through a 70-um cell
strainer (Becton Dickinson, Heidelberg, Germany) in order
to harvest cells. HDFs were cultured in DMEM/F12 sup-
plemented with 10% (v/v) heat-inactivated fetal calf serum,
1% (v/v) L-glutamine, and 1% (v/v) antibiotic-antimycotic
solution in a humidified atmosphere (95% air, 5% CO,) at
37 °C up to passage 5.

Cytotoxicity assay

Potential cytotoxicity of PVP towards HDFs was investi-
gated using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetra-
zoliumbromide (MTT) colorimetric assay in vitro (Edwards-
Gayle et al. 2019). HDFs (10* cells/well) were seeded in
96-well plates and permitted to adhere in 100 uL of complete
medium at 37 °C for 24 h prior to addition of two-fold serial
dilutions of PVP. After 6, 12, and 24 h of cell exposure to
the peptide, 15 uL of MTT (5 mg/mL in PBS) was added
to each well and permitted to react with the cells for 4 h in
dark, followed by removing the supernatant from the wells.
Triton X-100 (0.1%; v/v) was used as a positive control. The
formazan crystals were then solubilized by addition of dime-
thyl sulfoxide (100 uL/well) and the amount of the re-sus-
pended formazan was measured at 570 nm. The percentage
of cell survival was calculated using the following equation:

Cell survival(%) =

[(S—B)

(C—B)] x 100

Where S, C, and B denote the absorbance of the peptide-
treated sample, the negative control (no peptide treatment),
and the background (MTT solution with DMEM/F12
medium only), respectively.

Morphological observation

After 6, 12, and 24 h of incubation with different concentra-
tions of the peptide, HDFs were visualized by an inverted
microscope (Nikon, Eclipse TS100, Tokyo, Japan) to iden-
tify the morphological changes as compared to the negative
control.

Determination of the selectivity index

As a widely employed parameter, selectivity index (SI) indi-
cates the in vitro specificity of anti-microbials for pathogenic
versus eukaryotic cells. The greater the SI, the higher the
separation between side effects and desired anti-infective
properties. SI was determined in accordance to the following
equation (Raja et al. 2017):

SI
GM

Where LCs, denotes the half lethal concentration of PVP
against HDFs after 24 h and GM represents the geometric
mean of MIC values from all MRSA strains.

Statistical analysis

All statistical analyses were carried out using SPSS Statistics
20.0 (SPSS Inc. Chicago, Illinois, USA). Quantitative data
are expressed as the mean + standard deviation (SD). The
statistical significance of differences between two groups
were determined by a t-test. P values less than 0.05 were
considered as statistically significant.

Results
Peptide analysis and synthesis

PVP is a short cationic peptide with a total net charge of
+ 8. Total hydrophobic ratio and hydrophobic moment of
the peptide were 46% and 0.693, respectively. As a trideca-
peptide, PVP has a tendency to adopt alpha-helical confor-
mation based upon structural prediction (Fig. 1a). In terms
of secondary structure prediction, 9 amino acid residues
(69.23%) of PVP take the form of helical structure. The

@ Springer
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Fig.1 Predicted secondary (a, top) and tertiary structures (a, bot-
tom), Schiffer-Edmundson helical wheel diagram (b) RP-HPLC
chromatogram (c), and mass spectrometry data (d) of PVP. In panel
a, AA, Pred, and Conf indicate single-letter amino acid codes, pre-

first 'TASSER model of PVP with high confidence score
is shown in Fig. 1a, indicating that the peptide assumes an
alpha-helical structure. On the basis of the Schiffer—Edmund-
son helical wheel diagram (Fig. 1b), the peptide represents
an imperfectly amphipathic nature in which hydrophobic and
positively charged residues are predominantly clustered on
opposing sides of the helical wheel. The purity of PVP was
above 95% according to the analytical RP-HPLC chromato-
gram (Fig. 1c). In addition, the theoretical molecular weight
of PVP (1,724.14 Da) was found to be closely similar to its
observed molecular weight (1,725.8 Da) obtained from mass
spectrometry experiment (Fig. 1d). This suggests that the
peptide was correctly synthesized.

Secondary structure analysis of the peptide

The CD spectra of PVP in different environments are
depicted in Fig. 2. In deionized water, the CD spectrum of
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dicted secondary structure (C; random coil, H; helix), and confidence
in the prediction, respectively. PVP is also shown in N- to C-terminus
direction in panel a. Polar/basic and nonpolar amino acid residues are
colored light blue and orange, respectively

the peptide exhibited a minimum at 198 nm with a shoulder
at 220 nm, which is indicative of a predominantly random
coil conformation. Addition of up to 50% TFE (v/v), a lipo-
mimetic solvent, to deionized water resulted in the appear-
ance of two troughs at 222 and 206 nm; this curve profile is
characteristic of an alpha-helix structure. The helical content
of the peptide was increased from 12% in deionized water
to 41% in 50% TFE.

In vitro anti-bacterial assays

S. aureus strains were obtained from ascitic fluid (n=1),
blood (n=2), and wound or tissue (n=7). Strains of S.
aureus having zone of inhibition of <21 mm to cefoxitin
disk (30 ug) were screened as MRSA. In this respect, all of
the S. aureus strains (n=10) were found to be resistant to
cefoxitin. Out of these 10 strains, 9 harbored the mecA gene
using PCR (Table 1).
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Fig.2 CD spectra of PVP in deionized water (blue line) and in the
presence of 50% (v/v) TFE (red line)

The in vitro activities of PVP, oxacillin, and vancomycin
towards 10 different strains of MRSA are listed in Table 2.
All of the anti-bacterial agents were tested at concentrations
ranging from 0.25 to 128 pug/mL. MIC and MBC values of
PVP against S. aureus ATCC 29213 were both equal to 2 pg/
mL. The range of MIC values for PVP was 1-16 pg/mL
(Fig. 3). Moreover, MIC values of PVP were significantly
lower than those of oxacillin (P=0.0193), indicating that
the peptide possesses greater anti-bacterial activity against
MRSA strains in comparison to oxacillin. However, signifi-
cant statistical differences were found between MIC values
of PVP and vancomycin (P =0.0341), demonstrating that
vancomycin has superior anti-bacterial activity against
MRSA strains over PVP. Additionally, PVP, oxacillin, and
vancomycin had GM values of 4.2, 19.2, and 0.95, respec-
tively. In the majority of cases, the observed MBC values
of PVP and antibiotics were equal to or two times the cor-
responding MIC values. This implies that the peptide and
mentioned antibiotics exerted bactericidal effects on tested
MRSA strains.

Multistep resistance selection assay

Having shown that PVP exerts potent anti-bacterial effects
towards the MRSA strains, we next sought to decipher
whether MRSA develop resistance to the peptide. There
were no changes in MIC values after consecutive exposures
of MRSA to a sub-lethal dose of the peptide (Fig. 4), under-
lining the fact that PVP did not provoke the development
of resistance. Contrarily, there was a one-fold increment in
the MIC value of gentamicin after the third passage. Sub-
culturing of MRSA in the presence of ciprofloxacin led to

[—
32 16 8

(c)

Fig. 3 Broth microdilution assay for MIC determination of anti-bac-
terial agents against the clinical strains of MRSA. PVP (a), oxacillin
(b), and vancomycin (c) were tested at concentrations ranging from
0.25 to 128 pg/mL. For each MRSA strain, positive controls (bacte-
rial inoculation without anti-bacterial agents) and negative controls
(MHB only) were also included. Each orange circle denotes the MIC
value for the corresponding strain
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Table 2 Anti-bacterial

e . Isolate ID  PVP Oxacillin Vancomycin

activities of PVP, oxacillin, and - - -

vancomycin against clinical MIC* MBC® R°¢ AIY MIC MBC R Al MIC MBC R Al

strains of MRSA
AS1 2 2 1 BC 8 8 1 BC 05 0.5 1 BC
B1 1 1 1 BC 16 32 2 BC 05 1 2 BC
B2 4 8 2 BC 16 16 1 BC 1 1 1 BC
WTI 2 2 1 BC 16 2 BC 05 2 4 BS
WT2 8 8 1 BC 8 8 1 BC 2 2 1 BC
WT3 2 2 1 BC 8 32 4 BS 1 1 1 BC
WT4 16 16 1 BC 32 32 1 BC 2 2 1 BC
WT5 2 4 2 BC 16 16 1 BC 0.5 0.5 1 BC
WT6 4 4 1 BC 64 64 1 BC 1 1 1 BC
WT7 1 1 1 BC 16 16 1 BC 0.5 0.5 1 BC
MIC minimum inhibitory concentration (ug/mL), MBC minimum bactericidal concentration (ug/mL), R
MBC/MIC ratio, Al Anti-bacterial activity index (BC bactericidal, BS bacteriostatic)

32+ . . PBS (control) VAN (1xMBC)
Ciprofloxacin = PVP (IxMBC) ~#- VAN (2xMBC)
28+ =& Gentamicin -~ PVP 2xMBC) =@~ VAN (4xMBC) P
| =&~ PVP (4xMB g i
—e- PVP 8 (MEQ :

2
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Fig.4 Multistep resistance selection assay performed on MRSA
WTI. Bacterial cells were serially exposed to sub-lethal doses (equiv-
alent to 0.5xMIC) of PVP (1 ug/mL), ciprofloxacin (0.5 pg/mL),
and gentamicin (1 pg/mL) during a fourteen-day-long period. Broth
microdilution method was used to evaluate MIC value of the peptide
following each consecutive passage

the onset of resistance as early as passage 4. After 14 pas-
sages, 32- and 8-fold increases in MIC values of gentamicin
and ciprofloxacin were observed, respectively.

Kinetics of bacterial killing

As evidenced in Fig. 5, PVP reduced viability of bacterial
cells in a concentration- and time-dependent fashion. At
concentrations equivalent to MBC and supra-MBC, PVP
caused a perceptible decrement in MRSA viability only
after 30 min of incubation (Fig. 5). Contrary to vancomy-
cin, PVP at 2x MBC and 4 X MBC required 1 h and 30 min
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Fig.5 Kinetics of bacterial killing of PVP against MRSA WT]I. Bac-
terial survival in the presence of MBC and supra-MBC of anti-bacte-
rial agents (PVP and vancomycin) was assessed over a total period of
8 h. Each experiment was carried out at least three times using three
replicates. Error bars indicate standard deviations

to diminish a > 3log,, of the initial inoculum, respectively.
Markedly, 1 h of exposure to 4 X MBC of PVP was sufficient
for total bacterial clearance (Fig. 5). However, 4 X MBC of
vancomycin failed to wholly wipe out bacterial cells, even
after 8 h. These findings suggest that the peptide has faster
bactericidal kinetics in comparison to vancomycin.

Cytotoxicity assay
To evaluate if PVP has cell toxicity, HDFs were treated

with increasing concentrations of the peptide (0-128 ug/
mL) at three different incubation times, as depicted in
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Fig.6 Cytotoxicity of PVP. Freshly isolated HDFs were incubated
with PVP at the indicated concentrations for 6, 12, and 24 h. The cell
viability (%) was determined using MTT colorimetric assay. Triton
X-100 (0.1%; v/v) was employed as a positive control. Three repli-
cates per treatment were performed from three different experiments.
The values represent the mean + standard deviation

Fig. 6. At concentrations below or equal to 4 ug/mL,
PVP showed no tangible cytotoxic effects on HDFs. At
a concentration of 32 ug/mL, more than 70% of HDFs
were still viable even after 24 h of treatment. In addition,
LCs, value of PVP within 24 h was 128 ug/mL. The pep-
tide decreased viability of HDFs in a concentration- and
time-dependent manner (Fig. 6). Treatment of HDFs with
Triton X-100 (0.1%; v/v) for 6, 12, and 24 h resulted in a
complete loss of cell viability.

Morphological observation

The images of HDFs treated with increasing concentra-
tions of PVP are provided in Fig. 7. When compared to
the negative controls (without peptide treatment), there
were no tangible changes in cell morphology at the pep-
tide concentrations ranging from 1 to 16 pg/mL after 6, 12,
and 24 h. The majority of these cells retained their typical
fusiform shapes upon microscopic examination. However,
distinct morphological changes were discernible in some
of the cells exposed to >32 pg/mL. In this context, some
HDFs appeared to be rounded, shrunken, aggregated, and
loosely attached to the surface. These findings suggest that
the extent of morphological changes of HDFs exposed to
PVP were concentration- and time-dependent. In the case
of the positive controls (Triton X-100), all of the cells were
lysed (Fig. 7).

Determination of the selectivity index

The GM of PVP was 4.2 pg/mL against 10 MRSA strains.
As mentioned above, the peptide showed an LCj, value of
128 pg/mL. Therefore, SI of PVP was found to be 30.47,
indicating greater specificity for bacterial cells compared
with HDFs.

Bacterial viability assay

In order to visualize live and damaged MRSA cells by fluo-
rescence microscopy, concurrent staining of bacterial cells
with AO and EtBr was employed. In this method, live cells
with intact membranes exhibit green fluorescence, while
dead cells show orange-red fluorescence. The negative
control (PBS-treated) behaved as expected. In light of this,
there were no significant changes in color pattern of MRSA
cells (Fig. 8a). Exposure of bacterial cells to 1 X MBC and

Concentrations (ug/mL)

Incubation times (h)

Fig.7 Morphological changes of HDFs when exposed to various
concentrations of PVP (0-128 ug/mL) at three different incubation
times (6, 12, and 24 h). The black arrows labeled 1, 2, 3, and 4 repre-

64 128

Trito’n X-100

sent normal, round-shaped, lysed, and aggregated HDFs, respectively.
Triton X-100 (0.1%; v/v) was also used as a positive control
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Fig. 8 Fluorescence microscopic images of MRSA WTI after treat-
ment with the anti-bacterial agents. AO/EtBr double staining method
was used for observing live and dead bacteria. PBS-treated bacterial
cells were used as a negative control (a). Panels b (1 xMBC, 1 h) and
¢ (2xXMBC, 1 h) indicate bacterial cells that were exposed to PVP,
while panels d (1xMBC, 1 h) and e (2XMBC, 1 h) represent vanco-

2xMBC of PVP for 1 h resulted in enhancement of orange-
red fluorescence intensity (Fig. 8b and c¢). By contrast, no
marked changes in orange-red fluorescence intensity of
vancomycin-treated-bacterial cells were noted following 1 h
of treatment (Fig. 8d and e). As calculated by the Imagel
software, less than 0.25% of the surface area of the nega-
tive control image (Fig. 8f) was covered by dead bacterial
cells. Noticeably, the percentages of surface areas covered
by dead bacterial cells in Fig. 8g and h (PVP-treated MRSA
cells) were much higher than those found in Fig. 8i and j
(vancomycin-treated MRSA cells). These findings suggest
that PVP is superior to vancomycin for killing of MRSA
cells after 1 h of incubation.

Membrane permeabilization assay

The membrane-disruptive action of PVP against MRSA was
assessed using flow cytometric analysis by measuring the
influx of PI into bacterial cells (Fig. 9). As an intercalating
DNA-binding dye, PI only enters cells that have damaged
membranes. While the PBS-treated MRSA cells (control)
displayed negligible PI fluorescence signal (3.12% PI-posi-
tive bacteria, Fig. 9a), fluorescence diagram of PVP-treated
cells exhibited a marked shift to the right (Fig. 9b and c),
implying that PVP has permeabilized bacterial membrane.
Noticeably, 24.8% and 41.5% of MRSA cells subjected to
1 XxMBC and 2 X MBC of PVP became permeable for PI
after 1 h of incubation. On the contrary, 1 h exposure of
MRSA to 1 XxMBC and 2 X MBC of vancomycin resulted in

@ Springer

mycin-treated bacterial cells. Furthermore, the white arrows labeled 1
and 2 depict live and dead MRSA cells, respectively. Panels f (nega-
tive control), g (1xXxMBC of PVP, 1 h), h 2xMBC of PVP, 1 h), i
(1 xMBC of vancomycin, 1 h), and j (2xMBC of vancomycin, 1 h)
represent the percentages of surface areas covered by stained bacteria
(i.e. total, live, and dead cells)

staining of only 4.83% and 7.76% of MRSA cells (Fig. 9d
and e), respectively. These observations indicate that vanco-
mycin did not influence the uptake of PI into bacterial cells
within 1 h of treatment.

Discussion

The present study was aimed at examining anti-bacterial
and cytotoxic effects of the synthetic hybrid peptide PVP.
This peptide can be straightforwardly yielded through rou-
tine chemical synthesis owing to its short size and amino
acid composition. Regarding the latter, a simplified sequence
of AMPs like PVP can hasten its translational biomedical
applications.

The existence of appropriate amounts of hydrophobic and
cationic residues in peptide sequences of short AMPs is a
prominent feature which influences their structural proper-
ties, potency, and selectivity (Memariani et al. 2017). In the
present study, PVP showed a propensity to form an alpha
helix based upon structural prediction, which is in line with
the behavior of the peptide in a membrane-mimetic environ-
ment (50% TFE), as judged by CD spectroscopy. The adop-
tion of this active structure can be attributed to a large per-
centage of helix-stabilizing residues (e.g. alanine, lysine, and
leucine) as well as clustering of hydrophobic amino acids on
one face of the helix for insertion into bacterial membrane
(Roncevié et al. 2019; Wiradharma et al. 2011b). Moreover,
cationic amino acid residues such as arginine and lysine may
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Fig.9 Flow cytometric analysis by measuring the influx of PI into MRSA WTI. Bacterial cells were treated with PBS (a; control), PVP
(b; 1 XMBC, ¢; 2xMBC) and vancomycin (d; 1 X MBC, e; 2XMBC) for 1 h

facilitate initial electrostatic interaction between PVP and
negatively-charged components of bacterial membranes.

In our study, PVP killed the majority of MRSA strains at
concentrations lower than or equal to 8 ug/mL, demonstrat-
ing its potent bactericidal activity in vitro. During the past
years, a great deal of evidence has accrued regarding the
ability of short cationic AMPs to inhibit/kill both Gram-
positive and Gram-negative bacteria (Kang et al. 2009; Lee
et al. 2011; Mohamed et al. 2016; Shin and Hahm 2004,
Wiradharma et al. 2011a). For instance, a 13-residue alpha-
helical peptide named K{LyW (KWKKLLKKLLKLL-NH,)
was shown to exert appreciable anti-bacterial effects (MIC
range of 4-8 uM) on laboratory reference strains of bac-
teria (Shin and Hahm 2004). In one study, Mohamed and
co-workers (2016) reported that two short AMPs, WR12
(RWWRWWRRWWRR) and D-IKS (irikirik), had strong
anti-bacterial activities towards all tested multidrug resist-
ant Staphylococcal strains, especially those were resistant
to vancomycin and teicoplanin. In an attempt to design and
characterize a series of leucine-/lysine-rich AMPs hav-
ing 5 to 11 residues, Lee et al. (2011) found that L;K,W,
(LKWLLKWLL-NH,) had the most potent anti-bacterial
activity with GM values of 1.5 and 5.7 for Gram-positive
and Gram-negative bacteria, respectively. In another work,
an 11-mer peptide LsKsW, (KKLLKWLKKLL-NH,) was

reported as the most useful peptide among de novo designed
AMPs with a short length and a simple amino acid composi-
tion since it exhibited not only broad-spectrum anti-bacterial
effects but also little hemolytic activity (Kang et al. 2009).
Overall, these findings suggest that short AMPs with simpli-
fied sequences have the potential to be exploited as a lead
compound for designing novel anti-bacterial agents.

A considerable challenge facing anti-microbial agents
is induction of microbial drug resistance (Mwangi et al.
2019). Anti-bacterial resistance selection can be assessed
through serial passaging of bacteria in the presence of sub-
lethal doses of AMPs (Hammer et al. 2012). Herein, we
have demonstrated that 14 consecutive cycles of exposure
to 0.5 X MIC of PVP did not lead to the development of
bacterial resistance to the peptide, which was in sharp con-
trast to tested antibiotics. Likewise, there have been several
examples in the literature regarding the ability of natural or
synthetically designed AMPs, but not conventional antibiot-
ics, to inhibit bacterial growth during serial passages without
development of peptide-resistant mutants (Mohamed et al.
2014; Myhrman et al. 2013; Wiradharma et al. 2011a). The
possible reason behind these observations can arise from the
membrane-compromising activity of most cationic AMPs
(Diehnelt 2013). It should be hard for bacterial cells to elicit
resistance against such AMPs since substantial alteration
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in membrane lipid composition would jeopardize bacterial
survival (Lohner 2009).

An ideal short AMP should efficiently target microbial
pathogens, while not being cytotoxic against human cells.
High anti-bacterial activity (i.e. low GM value) in con-
jugation with low toxicity (i.e. high LCsg) is needed for
attaining high SI (Raja et al. 2017). In fact, SI provides a
beginning point to decide which AMP has adequate thera-
peutic capacity for further examination in preclinical trials
(Memariani et al. 2017). In the present study, PVP showed
no or negligible cytotoxicity against HDFs at anti-bacterial
concentrations (i.e. < 16 ng/mL). As the peptide concentra-
tions increased to 32 ug/mL or above, however, some HDFs
underwent several morphological changes. The SI of PVP
was 30.47, suggesting that MRSA can be killed by PVP
without inflicting damage upon the host cells. The selective
toxicity of cationic AMPs is thought to have arisen from
inherent differences in biomembrane lipid compositions of
the various cell types (Bobone and Stella 2019). In contrast
to eukaryotic cells, Gram-positive bacterial surfaces are rich
in phosphatidylglycerol, phosphatidylserine, cardiolipin, and
lipoteichoic acid, providing them an overall negative charge.
These negatively charged components favor the interaction
of bacterial cell membranes with cationic peptides. Other
than that, teichoic or teichuronic acids of Gram-positive
bacteria confer further negative charges to their bacterial
surfaces (Yeaman and Yount 2003). Another difference is
the presence of cholesterol inside the eukaryotic membranes
that seems to contribute to a weaker hydrophobic interaction
between the membrane and the cationic AMPs (Bacalum
and Radu 2015). Moreover, it has been proposed that trans-
membrane potential of prokaryotic cells is typically up to
50% higher than that of most mammalian cells, facilitating
selective targeting of bacteria by the cationic peptides (Yea-
man and Yount 2003).

In the present study, kinetics of bacterial killing and
fluorescence microscopy revealed that PVP dose- and time-
dependently diminished the bacterial viability. Notably, PVP
exhibited faster rates of bactericidal activity compared to
vancomycin. In line with these findings, some studies dem-
onstrated faster bactericidal kinetics of short AMPs in com-
parison to antibiotics such as vancomycin (Zhang et al. 2019;
Mohamed et al. 2016). In addition, fast bactericidal action
of PVP supports the findings of flow cytometric analysis in
which the peptide showed rapid membrane-permeabilizing
activity. It is generally believed that membrane disruption
is the main bactericidal mechanism of fast-acting AMPs,
particularly at supra-MBC, whereas some AMPs target-
ing intracellular components (such as proline-rich peptide
family) need longer incubation times (typically 6 h <) to
kill microbial pathogens (Cudic et al. 2002; Memariani and
Memariani 2020b). Overall, anti-microbial agents possess-
ing rapid microbicidal activity have several benefits over

@ Springer

conventional antibiotics such as restraining the dissemi-
nation of bacterial pathogens, improving outcome of the
disease, lessening treatment durations, and decreasing the
potential development of microbial resistance (Alder and
Eisenstein 2004).

Conclusions

The growing problem of anti-microbial resistance among
bacterial pathogens necessitates the discovery and develop-
ment of novel anti-microbial substances. As a short AMP
with a helix-forming propensity, PVP was found to be effi-
cient in eradication of MRSA strains in vitro. The peptide
not only exerts potent bactericidal effects, but it also pos-
sesses negligible cytotoxicity against HDFs. It seems that
membrane permeabilization is the main mechanism of action
by which PVP kills MRSA. In addition, PVP did not provoke
the development of bacterial resistance during serial pas-
sages. Though the results reported herein reflect the in vitro
effectiveness of PVP, in vivo activities of the peptide should
be further evaluated to better understand its possible thera-
peutic effects.
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