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In order to part address the problem of drug-resistant pathogens, antimicrobial peptides
(AMPs) have been proposed as alternatives to traditional antibiotics. Herein, a novel
phylloseptin peptide, named phylloseptin-PV1 (PPV1), is described from the defensive
skin secretion of the Neotropical white-lined leaf frog, Phyllomedusa vaillantii. The
peptide was synthesized by solid phase peptide synthesis (SPPS) and purified by RP-
HPLC, prior to assessment of its biological activities. PPV1 not only demonstrated
potent antimicrobial activity against planktonic ESKAPE microorganisms and the yeast,
Candida albicans, but also inhibited and eradicated Staphylococcus aureus and MRSA
biofilms. The antimicrobial mechanism was shown to include permeabilization of target
cell membranes. The in vivo antimicrobial activity of the peptide was then evaluated
using mice. PPV1 also exhibited antiproliferative activity against the cancer cell lines,
H157, MCF-7, and U251MG, but had a lower potency against the normal cell line,
HMEC-1. Although, the peptide possessed a moderate hemolytic action on mammalian
red blood cells in vitro, it did not induce significant hepatic or renal toxicity in injected
infected mice. These studies have thus found PPV1 to be a potent phylloseptin group
AMP, which can effectively inhibit staphylococci, both in vitro and in vivo, without eliciting
toxicity. These data thus provide support for further evaluation of PPV1 as a novel
antimicrobial agent with therapeutic potential.

Keywords: antimicrobial peptide, phylloseptin, anti-staphylococcal activity, infected mouse, toxicity, amphibian
skin

INTRODUCTION

The discovery and utilization of antibiotics in the last century have undoubtedly saved countless
lives. However, with the widespread use and abuse of these therapeutics, resistant microorganisms
have emerged and developed into a serious issue in the clinic. As one of the ESKAPE pathogens,
Staphylococcus aureus is widely distributed and is very easily spread among the population by
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simple contact with patients or with their belongings (Imperial
and Ibana, 2016). It only causes mild symptoms in most people,
but it also induces severe infections in people with other serious
health problems (Ansari et al, 2019). It has already been
proven to be one of the most common nosocomial infections
(Dreyfus et al., 2020), and can cause pneumonia transmitted
through ventilators, surgical site infections, and catheter-
associated bloodstream infections (Kwiecinski and Horswill,
2020). The emergence of resistance to conventional antibiotics,
for instance, methicillin-resistant S. aureus (MRSA), has resulted
in an increase in severe infections, even death, and this much
more frequent than infections with a non-resistant form of the
pathogen. Resistance to first-line drugs, such as vancomycin,
which treat S. aureus infections effectively, has made patients
unable to cope with MRSA infections (McGuinness et al., 2017).
Therefore, there is an urgent need to discover new antibiotic
alternatives to tackle the global problem.

In Nature, antimicrobial peptides (AMPs) are considered to
be the first line of defense against viruses, bacteria, and fungi, and
they play an important role for most living organisms in their
defense against pathogens (Radek and Gallo, 2007). Their broad-
spectrum antimicrobial activity, prevention of biofilm formation
and fast killing effects, have also attracted much attention
among medical researchers (Gao et al., 2017; Molchanova et al,,
2017). So far, more than 3000 AMPs have been discovered,
among which more than one third have been isolated from
the skin secretions of amphibians (Yang et al, 2016). These
AMPs are widely distributed among different frog species
and classified into several families based on their structural
characteristics. The most famous amphibian derived AMP is
magainin that was discovered from the skin secretion of Xenopus
laevis (Zasloff, 2019), and it is the first AMP derived from
amphibian which has been investigated in the Phase III clinical
trial (ClinicalTrials.gov Identifier: NCT01590758). Besides, other
AMPs, such brevinin (Timmons et al., 2019), temporin (Gaiser
et al., 2019), ranatuerin (Zhou et al., 2019), and dermaseptin
(Ying et al., 2019), also demonstrated outstanding effects in
the recent studies.

Among all of the AMPs derived from amphibian skin,
phylloseptin is one of the AMP families isolated from
the skin secretion of Phyllomedusa frogs (Zhang et al,
2010), shown to have effective antimicrobial activity (Leite
et al., 2005). These peptides most often contain 19 amino
acid residues with a highly conserved N-terminal domain,
FLSLIP-, and C-terminal amidation (Wan et al, 2015).
Phylloseptins usually have an electrostatic interaction between
their positively charged residues and the negatively charged
molecules on the cell envelopes of microorganisms, such as
lipopolysaccharides (LPS), teichoic acid, and negatively charged
phospholipids (Resende et al.,, 2008). Then, they are also able
to form an a-helix conformation in target cell membrane
environments and to permeabilize these in the microorganisms
(Dathe and Wieprecht, 1999).

Phylloseptins have been proven to be effective against
many bacteria as well as fungi and parasites (Raja et al,
2013). Particularly, they exhibit potent antimicrobial activity
against Gram-positive bacteria, even those showing resistance to

conventional antibiotics (Chung and Khanum, 2017). However,
the evaluation of the antimicrobial potency of phylloseptins has
only been conducted at the cellular level. Using animal models
for phylloseptins is fast becoming essential for further elucidating
their potential and efficacy as new drug candidates. Here,
the discovery of a novel phylloseptin from the defensive skin
secretion of the white-lined leaf frog, Phyllomedusa vaillantii,
is described following use of “shotgun” cloning and mass
spectrometry. This peptide was then synthesized and found
to exhibit broad-spectrum antimicrobial activity against several
bacteria. In addition, since in vitro studies cannot address the
complex reactions which occur to cause antimicrobial effects, two
of the most common inbred and outbred mouse strains, C57BL/6
J and CD1, were chosen as models for studying peptide in vivo
biofunctional activity. PPV1 not only exhibited antimicrobial
activity against S. aureus in mice, but showed low toxicity
in vivo as well.

MATERIALS AND METHODS

Acquisition of Skin Secretion From

Phyllomedusa vaillantii

Skin secretion of P. vaillantii was purchased from Mr. Juan
Chavez Lopez, (Peru Biotech E.I.R.L., Santiago de Surco, Peru).
The specimens were washed gently with deionized water and
their skins were stimulated by gentle electrical stimulation (5 V,
100 Hz, 140 ms pulse width) (Tyler et al., 1992). Skin secretions
were washed from the skin with deionized water into chilled
containers, snap frozen in liquid nitrogen and immediately
lyophilized. The study was performed according to guidelines
given in the United Kingdom Animal (Scientific Procedures)
Act 1986, project license PPL 2694, issued by the Department
of Health, Social Services and Public Safety, Northern Ireland.
Procedures had been vetted by the IACUC of Queen’s University
Belfast, and approved on 1st March, 2011.

“Shotgun” Cloning of A Phyllomedusa
vaillantii Skin Secretion-Derived cDNA
Library

The shotgun cloning was performed as described in detail in
a previous study (18). Briefly, poly-A mRNA was extracted
from the lyophilized skin secretion using a Dynabeads mRNA
Direct kit (Dynal Biotech, United Kingdom), and made into a
first-strand cDNA library. RACE-PCR was performed to obtain
full length nucleotide sequences using a SMART-RACE Kit
(Clontech, Palo Alto, CA, United States) and a degenerate sense
primer (S1; 5-ACTTTCYGAWTTRYAAGMCCAAABATG-3/
(Y =C/T, W = A/T, R = A/G, M = A/C, B = T/C/G), which
was designed to a highly conserved segment of the signal
peptide-encoding domain of cDNAs cloned previously from
other Phyllomedusa frogs (19). The PCR products were cloned
using a pGEM®-T Easy Vector system (Promega Corporation,
Southampton, United Kingdom), and sequenced by an ABI 3100
automated capillary sequencer (Applied Biosystems, Foster City,
CA, United States).
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database. The identical amino acids are indicated by asterisks.

MAFLKKSLFLVLFFGLVSLSICEEEKRETEEKENDQEEDDKSEEKRFLSLIPKIAGGIAALVKNLG
MAFLKKSLFLVLFLGLVSLSICEEEKRETEEEEHDQEEDDKSEEKRFLSMIPHIVSGVAALAKHLG
MAFLKKSLFLVLFLGLVSLSICEEEKRETEEEENDQEEDDKSEEKRFLSLLPSLVSGAVSLVKKLG
MAFLKKSLFLVLFLGLVSLSICEEEKRETEEKENEQEDDDKSEEKRFLSLIPHAINAVSAIAKHFG
MAFLKKSLFLVLFLGLATLSICEEEKRETEEEEYNQEEDDKSEEKRFLSLIPHAINAVSTLVHHFEG
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FIGURE 1 | The alignment of translated open-reading frame amino acid sequences of the phylloseptin-PV1 precursor and the top four similar hits from the Uniprot

KKk KAXKXXKKAKNKAK KK * *

FLSLIPKIAGGIAALVKNL
Prediction CCCHHHHHHHHHHHHHHCC
Conf.Score 9024367750699997419

Sequence

H:Helix;

S:Strand; C:Coil

FIGURE 2 | The prediction of the secondary structure of PPV1. (A) The possibility of a helical domain on PPV1 determined by the I-TASSER server. (B) The helical
wheel projection of PPV1. (C) The predicted 3D conformation of PPV1 using the I-TASSER server. The side chains of amino acid residues are indicated. (D) The
docking of PPV1 conformation from (C) with lipid bilayer using the Patchdock online server (Heller et al., 1993).

LC-MS Analysis of Peptides in the Skin

Secretion

Five milligrams of lyophilized skin secretion were dissolved
in 1 ml of trifluoroacetic acid (TFA)/water (0.05/99.95, v/v).
Then 20 pl was injected into an LC-MS (LCQ fleet ion trap
Mass spectrometry) fitted with a C18 column (4.6 x 250 mm,
Jupiter) and eluted at a rate of 0.5 ml/min. The sample peptides
were separated by gradient elution from 100% TFA/water
(0.05/99.95, v/v) to 100% ACN/TFA/water (80.00/0.05/19.95,
v/v/v) in 240 min. The sheath gas pressure was set to 20 psi
and auxiliary gas flow rate was set to five arbitrary units.
The spray and capillary voltage were set to 4.5 kV and 49 V
separately, while the capillary temperature was set to 275°C.

The total ion chromatograph (TIC) was obtained and the two
most abundant peaks were further selected and subjected to
MS/MS fragmentation with a normalized collision energy (NCE)
of 30. Then the spectra were searched against the translated
amino acid sequences from “shot-gun” cloning by the Proteome
Discoverer 1.0. Finally, the mass, amino acid sequence, and post-
translational modifications of the novel peptide, were obtained.

Solid Phase Peptide Synthesis

The mature peptide was chemically synthesized by Fmoc
chemistry using a Tribute automated solid-phase synthesizer
(Protein Technologies, Inc., Tucson, AZ, United States), which
was described in detail in a previous study. Briefly, Fmoc groups
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FIGURE 3 | The CD spectra of 100 M of PPV1 in both 10 mM NH4AC solution and in 50% TFE (2,2,2-trifluoroethanol)/10 mM NH4AC solution. The spectrum in

the 50% TFE solution was analyzed by the BESTSEL online server.

were removed to free the a-amine by using piperidine/DMF
(20/80, v/v) solution. Then, the peptide bond was coupled in
the presence of HBTU and 1M N-methylmorpholine. After
this, the final Fmoc group was removed from the peptide
chain and the resin and side chain protection groups were
further removed by use of a cleavage cocktail, consisting of
94% TFA, 2% 1, 2-ethanedithiol, 2% (v/v) thioanisole, and
2% (v/v) water. The peptide was precipitated using ice-cold
ether and lyophilized. The crude peptide was further purified
by RP-HPLC (Cecil Adept HPLC, coupled with C18 column
21 x 250 mm) and the molecular mass was determined by
MALDI-TOF mass spectrometer (Voyager DE MALDI-TOF-MS,
Applied Biosystems).

Secondary Structure Analysis
The secondary structure of the peptide was determined by
use of circular dichroism spectrometry (JASCO J-815 CD

TABLE 1 | The antimicrobial and antibiofilm activities of PPV1 against
different microorganisms.

PPV1 MIC/uM MBC/pM MBIC/uM MBEC/pM
S. aureus (NCTC 10788) 4 8 8 16
S. aureus (ATCC 6538) 2 4 4 8
S. aureus (BO38 V1S1A) 8 16 32 64
S. aureus (B042 V2E1A) 8 16 16 64
MRSA (ATCC 12493) 4 8 8 16
E. faecalis (NCTC 12697) 32 32 64 256
E. coli (NCTC 10418) 32 64 32 64
E. coli (ATCC BAA-2340) 64 128 128 512
E. coli (ATCC CRM-8739) 128 256 256 >512
P, aeruginosa (ATCC 27853) 128 128 >512 >512
P, aeruginosa (ATCC CRM-9027) 256 >512 >512 >512
P, aeruginosa (B004 V2 S2 B) >512 >512 >512 >512
K. pneumoniae (ATCC 43816) 64 128 >512 >512
K. pneumoniae (ATCC BAA-1705) 256 512 >512 >512
K. pneumoniae (ATCC BAA-2342) 128 256 >512 >512
C. albicans (NCYC 1467) 8 16 16 32

spectrometer, Jasco, Essex, United Kingdom) as described
in a previous study (Gao et al, 2016; Wu et al, 2016).
Peptides were dissolved in 10 mM ammonium acetate buffer
or 50% TFE in 10 mM ammonium acetate buffer at a final
concentration of 100 WM. The percentage of the o-helix
structure was predicted by the online tool K2D3 (Louis-
Jeune et al, 2012). Peptide samples were measured within
the range of 190-250 nm at 20°C. The parameters were set
as: 200 nm/min scanning speed, a bandwidth of 1 nm, and
0.5 nm data pitch.

Antimicrobial Susceptibility Assays

The antimicrobial activity of the peptide was evaluated in
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) assays utilizing the broth
dilution method as in a previous study (Gao et al., 2016).
Microorganisms used included Gram-positive bacteria,
S. aureus (NCTC 10788 and ATCC 6538), Methicillin-
resistant S. aureus (MRSA, ATCC 12493) and Enterococcus
faecalis (NCTC 12697), Gram-negative bacteria, Escherichia
coli (NCTC 10418 and ATCC CRM-8739), Pseudomonas
aeruginosa (ATCC 27853 and ATCC CRM-9027), and Klebsiella
pneumoniae (ATCC 43816) and the yeast Candida albicans
(NCYC 1467). Besides, we employed the antibiotic resistance
strains from ATCC KPC Panel (ATCC MP-24), including
E. coli (ATCC BAA-2340) and K. pneumoniae (ATCC BAA-
1705 and BAA-2342). The clinic isolates, S. aureus (B038
VISIA and B042 V2E1A), and P. aeruginosa (B004 V2
S2 B), from cystic fibrosis patients were also tested. The
antibiotics resistance profiles for these three strains were
showed in Supplementary Table 1. The microorganism
treated with broth media was used as the negative control.
Vancomycin (for Gram-positive bacteria), gentamicin (for
Gram-negative bacteria) and amphotericin B (for C. albicans)
were employed as the positive controls. After performing
the MIC assays, 10 pl of the medium from each well were
inoculated onto a Mueller-Hinton agar (MHA) plate and
incubated for 24 h. The lowest concentrations that showed
no evidence of colony growth were considered as the MBCs.
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FIGURE 4 | The time-killing curves of PPV1 against E. coli, S. aureus, and MRSA over 180 min, at the peptide concentration corresponding to 1 x MIC and 4 x MIC.
The bacterial treated with broth only was used as growth control. The error bars represent the mean + SD of nine replicates from three independent experiments.

For investigating the thermal stability of the peptide, it was
pre-incubated at temperatures of 20, 40, 60, 80, and 100°C, for
30 min before testing.

Antibiofilm Assays

The minimal biofilm inhibition concentration (MBIC) and the
minimal biofilm eradication concentration (MBEC) assays were
performed as previously described with some slight modifications
(Gao et al., 2016).

For the MBIC assay, the peptide stock solutions were prepared
in the same way as for the MIC assays. A 10° CFU/ml bacteria
suspension in TSB (for Gram-positive bacteria) or LB (for
Gram-negative bacteria) was mixed with corresponding peptide
solutions in a 96 well plate and incubated at 37°C for 24 h. Then,
the culturing medium in the wells was discarded and the well
of the plate was washed with 100 1 PBS and fixed with 100 pl
methanol for 30 min. The biofilm was air-dried and subsequently
stained with 0.1% (w/v) crystal violet for 30 min and then further
washed with PBS. Thereafter the crystal violet was solubilized
in 100 wl 33% acetic acid and the absorbance at 595 nm was
measured with a Synergy HT plate reader (BioTek, United States).

For the MBEC assay, 100 ] of the same diluted inoculum were
dispensed into each well of a 96-well plate for 24-48 h to form
mature biofilms. Then mature biofilms were washed with PBS to
remove the planktonic bacteria. The biofilm was then treated with
peptide solutions at 37°C for 24 h. After this, the plate was washed
and stained as above. For both MBIC and MBEC assays, biofilm
in the broth media was used as the negative control. A cocktail
containing 1% SDS, 1% EDTA, 1% NaOH, and 0.1% NaClO was
used as the positive control (Stiefel et al., 2016).

Time-Killing Assays

The kinetic time-killing assays were performed using S. aureus
(NCTC 10788), E. coli (NCTC 10418), and MRSA (ATCC 12493).
A suspension culture (10° CFU/ml) of each bacteria was mixed
with peptide solutions at the concentration of respective MIC and
4 x MIC. Then, the aliquots were removed from culture tubes at
0, 5, 10, 15, 30, 60, 90, 120, and 180 min intervals. The bacteria

were seeded onto MHA plates and incubated at 37°C for 24 h
prior to colony counting.

Membrane Permeability Assays

Membrane permeability assays were carried out using SYTOX
Green Nucleic Acid Stain as in a previous study (Huang
et al., 2017). Bacterial cells in log-phase were harvested and
resuspended in 5% TSB in 0.85% NaCl solution to achieve the
concentration of 1 x 108 CFU/ml. Peptide solutions were mixed
with bacterial suspension and 5 wM SYTOX green dye in the
wells of a black 96 well plate. The positive control employed the
permeabilized bacterial cell suspension that had been damaged by

SYTOX green dye uptake assay g £ coli

z B S.aureus
S 1004 _ I o [ MRSA
g L
= 80-
8
3
£ 60
™
[
Q. 404
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=
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FIGURE 5 | Cell membrane permeabilization effects of PPV1 on E. coli,

S. aureus, and MRSA, detected by the uptake of SYTOX Green dye assay at
peptide concentrations corresponding to 1 x MIC, 2 x MIC, and 4 x MIC.
The bacteria without any treatment was employed as negative control. The
100% of membrane permeabilization effect was achieved by the bacterial cell
that were treated by 70% isopropanol. A cytolytic peptide, Melittin (32 M)
was employed in this assay as well. The error bars represent the mean + SD
of nine replicates from three independent experiments.
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FIGURE 6 | The antiproliferative effects of PPV 1 on the cell lines, MCF-7, H157, U-251 MG, and HMEC-1. The results are expressed as cell viability (%) at different
peptide concentrations from 10°4 M to 10" M. Medium control represents the cells growing in the fresh medium without any treatment, which was employed as
100% cell viability. The data represents means =+ SD of nine replicates from three independent experiments, and asterisks indicates p-values of each sample group
compared with the medium group using one-way AONVA analysis: *p < 0.01; **p < 0.001; ns, no significant difference.
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70% isopropanol. In addition, the well-known cell lytic peptide,
melittin, was also tested for the comparison. The black plate
was incubated for 2 h at 37°C in the dark. The SYTOX green
dye could bind with nucleoid DNA when the cell membrane
was compromised. The fluorescent intensity of each well was
recorded using an ELISA plate reader (Biolise BioTek EL80S,
Winooski, VT, United States) with excitation and emission
wavelengths set to 485 and 528 nm, respectively.

Screening of Antiproliferative Activity

Breast cancer (MCF7, ATCC HTB-22), human neuronal
glioblastoma (U251MG, ECACC General Cell Collection:
09063001), non-small cell lung cancer (NCI-H157, ATCC CRL-
5802), and dermal microvascular endothelial (HMEC-1, ATCC
CRL-3243) cell lines were seeded at a density of 5 x 103 cells
per well onto 96-well plates. Each cell line was treated with

peptide and incubated for 24 h. Ten microliters of 5 mg/mL MTT
solution were added and incubated for 4 h. The supernatants were
removed and 100 L of DMSO solution were added into all wells
to dissolve the formazan crystals. The Synergy HT plate reader
(BioTek, Winooski, VT, United States) set at 550 nm, was used to
record the absorbance.

Hemolysis Assays

The hemolytic activity of the peptide was assessed as previously
described with some modifications (Gao et al., 2016; Wu et al.,
2016). Peptides were incubated with a 2% horse red blood cell
suspension in a final concentration range from 1 to 512 wM, and
all the tested samples were kept at a constant 37°C for 2 h. The
negative controls employed were PBS while the positive controls
included the non-ionic detergent, 1% Triton X-100 (Sigma-
Aldrich, St. Louis, MO, United States). The sample supernatants
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FIGURE 7 | The hemolytic activity of PPV1 on horse erythrocytes. The 100%
hemolysis was conducted using the treatment of the positive control, 1%
TritonX-100. The erythrocytes that was resuspended in PBS was used as
negative control. The error bars indicate the mean + SD of 15 replicates from
three independent experiments.

were used to assess the extent of hemolysis by measuring their
OD values at 570 nm.

Antimicrobial Activity of the Peptide in

S. aureus Infected Mice

A suspension of S. aureus (1 x 108 CFU/ml in 0.1 ml PBS), was
injected into the peritoneal cavity of female C57BL/6 ] mice (6-
8 weeks old) to initiate infection. Mice were treated with peptide
at 5 ug/g and vancomycin at 50 pg/g by intraperitoneal injection,
respectively, at 2 h post-infection (10 mice for each group). Mice
were monitored for 48 h and euthanized promptly if they became
moribund (Mourtada et al., 2019). The livers and kidneys were
then harvested and embedded in paraffin, sectioned, mounted
on glass slides and stained with hematoxylin and eosin (H&E).
All procedures involving animals were approved by the Animal
Care and Use Committee of Nanjing University of Chinese
Medicine and performed strictly according to the Guide for the
Care and Use of Laboratory Animals (Ethics review approval
number: ACU191002).

Determination of In vivo Toxicity of

Peptide

Ten CD-1 mice (male, 6-8 weeks old) were dosed with peptide
at 5 pg/g twice daily for 8 days by intraperitoneal injection of
peptide dissolved in PBS. The second daily dose was administered
approximately 8 h after the first dose. Another 10 mice treated
with PBS only were employed as negative control. On day 9,
blood was withdrawn for evaluation of RBC parameters and
serum chemistries, and the animals were euthanized for necropsy
and histologic analyses (Mourtada et al., 2019). Harvested tissues
were embedded in paraffin, sectioned, mounted on glass slides
and stained with H&E. All procedures involving animals were
approved by the Animal Care and Use Committee of Nanjing
University of Chinese Medicine and performed strictly according

—— Infected
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FIGURE 8 | In vivo antimicrobial activity of PPV1 in the treatment of infected
mice. Survival rate of female C57BL/6 J mice infected with S. aureus over

48 h following intraperitoneal injection of PPV1 at 5 jwg/g every 12 h. PBS and
vancomycin at 50 ug/g were employed as negative control and positive
control, respectively. The significance of survival curves was analyzed by
log-rank test in Prism software.

to the Guide for the Care and Use of Laboratory Animals (Ethics
review approval number: ACU191002).

Statistical Analyses

For antimicrobial and antibiofilm assays, all experiments were
repeated at least three independent experiments and the MICs,
MBCs, MBICs, and MBECs were determined as the lowest
concentration with no significance to the positive control via
unpaired two-tailed Students t-test. One-way ANOVA was
employed for membrane permeability assay, MTT test and
hemolysis assay. The survival rates of mice were analyzed by log
rank test, and the serum tests were compared using unpaired two-
tailed Student’s t-test (GraphPad Prism 6.01, GraphPad Prism
Inc., La Jolla, CA, United States).

RESULTS

Identification of Phylloseptin-PV1 From

Skin Secretion

A novel peptide-encoding cDNA was repeatedly isolated from
the skin secretion cDNA library of the white-lined leaf
frog, P. vaillantii. The translated open-reading frame (ORF)
amino acid sequence consists of 66 amino acid residues,
including a putative signal peptide of 22 amino acid residues
(Supplementary Figure 1). The alignment of proprepeptides
showed that the phylloseptins from different species share a
highly conserved propeptide domain, while the mature peptide
region exhibits high degrees of variation (Figure 1). However,
all phylloseptin proprepeptides contain a Gly residue at the
C-terminus which acts as an amide donor. The presence of
the cDNA-encoded mature peptide in the skin secretion was
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FIGURE 9 | Liver histopathologic changes (A,C,E) and kidney histopathologic changes (B,D,F) of S. aureus infected C57BL/6 J mice following intraperitoneal
injection of PPV1. (A,B) The control tissues were treated with PBS. (C) The liver from S. aureus infected mice revealed neutrophil cell infiltration in the liver capsular
area (indicated by arrowhead). (D) While, there is no significant histopathologic changes to kidney from the infected mice. (E) With the treatment of PPV1 (5 g/g), the
liver capsule shows no inflammatory cell infiltration, and (F) kidney did not show any obvious changes. The magnification is x200. The bar length represents 50 pm.

confirmed by MS/MS fragmentation and it also confirmed the
presence of the post-translational modification of C-terminal
amidation (Supplementary Figure 2). As this peptide was the
first phylloseptin discovered in the skin secretion of P. vaillantii,
it was systematically named phylloseptin-PV1 (PPV1). The
sequence has been deposited in the GenBank with the accession
number: MT497983.

Secondary Structure of Phylloseptin-PV1
The synthetic peptide was purified by RP-HPLC and its identity
confirmed by MALDI-TOF mass spectrometry (Supplementary

Figure 3). As online servers predicted, PPV1 was able to form
an a-helical structure (Figure 2), which is consistent with the
CD spectra using the membrane-mimicking 50% TFE solution
(Figure 3). The calculated percentage of helical content based on
the spectrum in 50% TFE solution is 40.3% However, it adopted
a random coil structure in an aqueous environment. As the
docking result showed, the hydrophobic N-terminal domain of
PPV1 could bind with the fatty acid chain of phospholipid, while
the C-terminal charged domain could bind with the negatively
charged lipid heads. The physicochemical properties are showed
in Supplementary Table 2.
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TABLE 2 | Female C57BL/6 J mice infected with S. aureus were treated with
PPV1 by intraperitoneal injection (right side) at a dose of 5 wg/g after infection.

S. aureus + PPV1 S. aureus PBS

RBC (x 108 cells/uL) 9.06 + 0.92 8.96 + 0.74 9.23 +0.23
WBC (x10° cells/puL) 4.58 +1.35 4.68 +1.22 5.24 +£0.87
HGB (g/DL) 184+ 141 12.4 £1.07 13.66 + 0.64
ALT (UL 23+4 32+3.8 28.75 +1.25
AST (U/L) 104 + 20 158 + 18.6 1245+ 19.5
ALP (UL) 71.6+9.4 79+ 6.9 134.4 £ 105
CREAT (umol/L) 158+18 12+2.1 183.8+18

Data shown are the mean + SD for testing performed on n = 10 mice. HGB,
hemoglobin; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
ALKR alkaline phosphatase; CREAT, creatinine.
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FIGURE 10 | The mortality of CD-1 mice treated with PPV1. Survival rate of
CD-1 mice up to 8 days following intraperitoneal injection with PPV1 at 5 g/g
twice daily, was recorded. The negative control group was treated with PBS
alone. The significance of survival curves was analyzed by log-rank test in
Prism software.

Antimicrobial and Antibiofilm Activities
of PPV1

Phylloseptin-PV1 showed broad-spectrum antimicrobial and
antibiofilm activities against the tested microorganisms (Table 1).
It showed more potent activity against Gram-positive bacteria
and C. albicans than against Gram-negative bacteria. Particularly,
PPV1 was not able to inhibit biofilm formation or eradicate
established biofilms of P. aeruginosa and K. pneumoniae.
Additionally, PPV1 demonstrated the antimicrobial activity
against S. aureus strains isolated from the cystic fibrosis patients.
As shown in Supplementary Table 3, the antimicrobial activity
of PPV1 was not affected at high temperature. The time-killing
curves demonstrated that PPV1 was capable of killing MRSA and
S. aureus at corresponding MICs and fourfold MICs. While, it
is only able to kill E. coli at fourfold MIC. The fourfold MICs
of PPV1 can kill S. aureus and MRSA within 15 min, but it cost
90 and 120 min to kill them at onefold MICs, respectively. PPV1

killed E. coli more slowly than S. aureus, and it is not able to kill
them at onefold MIC (Figure 4).

Membrane Permeabilization by PPV1
Phylloseptin-PV1 permeabilized the cell membrane of S. aureus
and MRSA as effectively as the known cytolytic peptide, melittin,
but its potency was weaker than that of melittin against E. coli
(Figure 5). PPV1 only permeabilized around 50% cell membrane
on E. coli cells and this effect was slightly decreased at the
high concentration.

Cell Viability and Hemolysis Effects of
PPVA

Phylloseptin-PV1 decreased the cell viability of selected cancer
cell lines. It was more potent against MCF-7, H157, and U251MG
(Figure 6), but less potent against HMEC-1. The IC5p values
obtained against tested cell lines are shown in Supplementary
Table 4. PPV1 induced the hemolysis of horse erythrocytes and
caused less than 10% hemolysis at concentrations up to 8 uM
(Figure 7) which was a higher concentration than observed MICs
against S. aureus and MRSA.

The Antimicrobial Activity of PPV1 on the

Infected Mice

As PPV1 effectively inhibited the growth of S. aureus in vitro
at the concentration without any hemolysis on horse blood
cells. The S. aureus infected C57BL/6 ] was employed as a
model for investigation of the in vivo antimicrobial potency. As
shown in Figure 8, PPV1 at 5 pg/g significantly ameliorated
the survival rates of the mice with injection of S. aureus (ATCC
6538) and their survival rate was not significantly different to
those that received vancomycin at 50 jg/g. According to the
appearance of H&E-stained liver (Figure 9), PPV1 ameliorated
neutrophil cell infiltration, caused by S. aureus. While, there
is no obvious morphological changes among the kidney tissue.
Additionally, PPV1 did not induce lysis of red blood cells or
induce significant toxicity on liver and kidney as assessed by
monitoring of functions (Table 2).

In vivo Toxicity of PPV1

The survival rate of CD-1 mice up to 8-days with intraperitoneal
injection twice daily with PPV1 was the same as that of the blank
control (Figure 10). The H&E-stained liver and kidney sections
and the blood tests performed, showed that PPV1 at 5 png/g

did not cause significant toxic effects in CD-1 mice (Figure 11
and Table 3).

DISCUSSION

Bioactive peptides from the skin secretions of amphibians are
supposed to be an important component of their immune
systems. These peptides exhibit multifunctional activities,
including the inhibition of Gram-negative and Gram-positive
bacteria, fungi and some cancer cells (Wu et al,, 2017). In
addition, they also can be acquired readily in quantity by chemical

Frontiers in Microbiology | www.frontiersin.org

October 2020 | Volume 11 | Article 565158


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

Phylloseptin Antimicrobial Study in Mice

FIGURE 11 | H&E-stained liver sections (A,C) and kidney sections (B,D) from a representative mouse from?10 treated with PBS (A,B) and PPV1 (C,D) at an
intraperitoneal dose of 5 wg/g administered twice daily for 8 days, revealed normal tissue and cellular architecture. Both tissues did not demonstrate any
histopathologic changes induced by the administration of PPV1 for 8 days. The magnification is x200. The bar length represents 50 pm.

synthesis, which is convenient for mass production and this
may increase their potential to become new medicines against
microbial infection and drug resistance (Huang et al., 2017).
Current research has shown that the skin secretions of
Neotropical phyllomedusine frogs are one of the richest sources
for discovery of novel antibacterial peptides (Amiche et al., 2008).
In this study, a novel AMP, named PPV1, was discovered in

TABLE 3 | Male CD-1 mice were treated with PPV1 at 5 jug/g twice daily for
8 days by intraperitoneal injection.

Blank Normal

range

5 ng/g ip injection twice
daily for 8 days

RBC (x 106 cells/uiL) 8.69 + 0.81 7.88+£0.62 7.0-10.1
WBC (x10° cells/iLL) 5.29 + 0.64 4.86+091 3.2-12.7
HGB (g/DL) 13.87 + 0.63 13.14 £ 0.54 11.8-14.9
ALT (UL 248452 278408 2864
AST (U/L) 83.4 4+ 24.2 75+£19  47-120
ALP (UL) 177 £ 26 184 £33  101-207
CREAT (umol/L) 14 + 1 11.6+£26  0-30

Data shown are the mean + SD for testing performed on n = 10 mice. HGB,
hemoglobin; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
ALKR, alkaline phosphatase; CREAT, creatinine.

the skin secretions of the leaf frog, P. vaillantii, and it showed
different antimicrobial potencies against test microorganisms.
As the results of MICs and MBCs shown, it exhibited potent
bacteriostatic and bactericidal activities against Gram-positive
bacteria and C. albicans, while, its overall antimicrobial activity
against Gram-negative bacteria was weaker. This phenomenon
can be often observed among the other members in phylloseptin
family (Wu et al,, 2017, 2019; Proafio-Bolanos et al., 2019). For
instance, phylloseptin-L1 is able to inhibit the growth of S. aureus
at the concentration of 8 wM, while it has no effect on E. coli
(Conlon et al., 2007).

As it is widely recognized, the bacteria killing mechanisms of
AMPs are associated with the membrane premeabilization effect
that could be exerted through several vital characteristics, such
as cationicity, hydrophobicity, amphipathicity, and secondary
structures (Raheem and Straus, 2019). AMPs can attach on the
surface of bacteria cells by electrostatic interaction and further
pass over the cell wall to reach the target, cell plasma membrane.
Accordingly, the capability of AMPs to traverse along the call
wall could considerably affect their antimicrobial activity. With
regards to Gram-negative bacteria, the outer membrane consists
of a large proportion of lipopolysaccharides (LPS) which has an
amphiphilic structure containing a lipid A, an O antigen, and a
core oligosaccharide. It is proved that LPS in the outer membrane
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could inactivate some AMPs by inducing self-association or
aggregations of peptides, as it is much more difficult for the
oligomeric AMPs to translocate through the outer membrane
(Mohanram and Bhattacharjya, 2014). Although there is no study
to show the aggregation effect of phylloseptin peptides in LPS
micelles directly, it could be deduced that phylloseptin may be
inactivated by LPS the similar way as an AMP, temporin-TA
(FLPLIGRVLSGIL-NH,) (Saravanan et al., 2013). The aromatic
sidechain of its Phe residue at the N-terminus generates packing
interaction with the hydrophobic sidechain at 4th and 5th
positions, which could form an “anchor” domain. Subsequently,
this domain of the helical temporin-TA could bind with the
hydrophobic region at C-terminus (-GIL-) of another temporin-
TA molecule to form the oligomer in the LPS micelles (Saravanan
et al., 2013). As we can see from the sequence of PPV1, the
FLSLIP- domain at N-terminus might also pack into the “anchor”
conformation. Similarly, PPV1 might undergo the hydrophobic
interaction between the “anchor” and the hydrophobic region,
such as the -TAGGIAA- helical domain and the C-terminal Phe
sidechain. On the other hand, bacteria possess different surface
structure, such as pili, fimbriae, fibrillae, and capsule, which, to a
certain extent, could also separate PPV1 from the cell membrane
(Campos et al., 2004).

Generally, AMPs are considered to form transmembrane
pores, including carpet, barrel-stave, and toroidal pore-type
models when the peptides reach a concentration threshold on the
cell membrane (Gaspar et al., 2013). As showed in Figure 2D,
PPV1 could extensively interact with the acyl region of the
phospholipids to disintegrate bacterial cell membrane (Raja et al.,
2013). SYTOX green dye uptake assays also proved that the cell
membranes were permeabilized by the treatment of PPV1. In
fact, PPV1 showed a similar membrane permeabilization effect to
melittin against Gram-positive bacteria, while it was less potent
in disrupting the cell integrity of E. coli. The similar situation was
observed in the time-killing assay, where PPV1 kills MRSA and
S. aureus more rapidly and effectively than E. coli. It is consistent
with the hypothesis that PPV1 might encounter difficulties in
translocating or diffusing through the outer membranes of Gram-
negative bacteria, which has also been reported for other AMPs
(Hancock, 2001).

Biofilm is a special structure consisting of a multicellular
community of microorganisms on surfaces, and this structure
is believed to be responsible for more than 50% of all human
infections (De la Fuente-Nuiez et al., 2014), Problematically,
it has already been proven to provide obvious resistance to
various chemical, physical, and biological antimicrobial agents,
and to cause many persistent infections (Guilhelmelli et al., 2013).
PPV1 exhibited inhibitory activity against biofilm formation in
S. aureus and MRSA at a relatively low MBIC, and it eradicated
mature biofilm, which may imply a potential to become an
effective agent for killing the sessile biofilms of S. aureus and
MRSA on the surfaces of medical instruments (Ohara et al,
1998). Although, the mechanism of antibiofilm effect is not
clear yet, the possible assumption could be deduced from their
bacterial killing mechanisms that PPV1 might exert detergent-
like effect to disperse the mature biofilm as well as killing the
bacteria embedded in the biofilm (Dou et al., 2017).

Currently, cancer is one of the main causes of the loss
of human life and known anti-cancer peptides usually share
a similar a-helical or P-sheet structure with most AMPs
(Hoskin and Ramamoorthy, 2008), which is why PPV1 was
also screened for anti-cancer activity. The results showed that
it did induce inhibition against the tested cancer cell lines.
This selectivity may be due to the negative charge of cancer
cell membranes, which differs from the membranes of normal
mammalian cells (Schweizer, 2009). As a result, the positively
charged peptides can bind to the cancer cell membranes, and
undergo the same way as that they act on the bacteria cell
membrane (Tornesello et al., 2020). In accordance with the
cytotoxicity of PPV1 on HMEC-1 and erythrocytes, PPV1
inhibited around 50% cell growth at 100 pM and induced
more than 50% hemolysis at 32 wM, which revealed the similar
effect to the other phylloseptins (Conlon et al., 2007). According
to Dathe et al. (1997), the cell membranes of erythrocytes
are mainly composed of zwitterionic phosphatidylcholine and
phosphatidylethanolamine, so the hemolytic activity may not
closely relate to the net charge. However, hydrophobicity may be
a significant factor, since the correlation between hydrophobicity
and hemolytic activity has already been observed for some AMPs
(Dathe et al.,, 1997). As a previous study has shown, the balance of
hydrophobicity and net charge remarkably affected the selectivity
and cytotoxicity of phylloseptins (Liu et al., 2019). Higher
constitution of hydrophobic amino acids on the hydrophobic
surface of amphipathic helical dipole could extensively enhance
the hemolytic activity. Considering that PPV1 contains more
than 50% hydrophobic amino acid residues, it may induce a
potent hydrophobic interaction with zwitterionic cell membranes
to induce hemolytic activity (Kondejewski et al., 1999).

Most members in the phylloseptin family exhibited
considerable hemolytic activity (Raja et al., 2013; Liu et al,
2017; Wu et al,, 2017), which is a factor that limited their
potential for clinical applications. No or very low host cell
cytotoxicity is considered as one of the most important criteria
for utilization of AMPs. Herein, PPV1 induced mild hemolytic
activity at the concentration against the growth of S. aureus
(up to 16 pM), though it caused significant hemolytic activity.
Therefore, we assumed that it might be able to treat with the
infection by S. aureus in vivo without generate significant
toxicity. Besides, there are no in vivo studies reported which
have investigated the efficacy of phylloseptins so far. Therefore,
considering the potent anti-staphylococcal effects of PPV1, an
in vivo study using S. aureus infected C57BL/6 ] mice, an ideal
model for such studies, was performed to obtain reliable in vivo
data for further evaluation of antimicrobial activity of PPV1
(Hohl, 2014). Data indicated that PPV1 exhibited significant
potency against S. aureus in vivo, which almost approached
the effect of vancomycin. Additionally, PPV1 could reduce
neutrophil cell infiltration in the liver caused by S. aureus, which
indicates that PPV1 may kill the bacteria in the peritoneal cavity
directly so that the immune cells would not be recruited by the
bacteria invaded into the liver capsule.

Interestingly, the concentration of PPV1 used in the in vivo
model did not induce any toxicity toward liver and kidney
after the 8-day intraperitoneal injection study and caused no
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apparent damage to red blood cells conflicting somewhat with
data from our hemolysis assay. It is speculated that the red
blood cells used in the hemolysis assay were derived from horse
and stored for a period prior to the study, which could have
made them more fragile. Another cause for this discrepancy
could have been that the peptide did not directly contact the
red blood cells following intraperitoneal injection, which the
lethal effect could be four time higher by a non-systemical
administration than the intravenous administration (Pini et al.,
2007). Also the whole animal model provides a considerably
more complex environment compared to that of a test tube
with few components. Unlike to melittin, a cytolytic peptide
from bee venom that produces significant hemolytic activity to
red blood cells and toxicity in vivo (Ownby et al., 1997), PPV1
possesses relative weak amphipathicity that could prevent from
the non-specific killing effect to the normal cells.

CONCLUSION

In summary, a novel AMP, a member of the phylloseptin family,
was found in the skin secretion of P. vaillantii, and this peptide
demonstrated more effective antimicrobial activity against Gram-
positive bacteria than Gram-negative bacteria. Especially, PPV1
exhibited more potent effect against S. aureus. The in vivo testing
showed that PPV1 significantly reduced the mortality of S. aureus
infected mice without severe toxicity. However, we admit
that data for supporting such expectation is still preliminary,
especially the considerable hemolytic activity of PPV1 could
extensively compromise its potential clinical application. The
further modification would be taken into consideration such
as stapling the sequence to maintain the secondary structure
to improve the cell selectivity (Mourtada et al, 2019), and
encapsulation of AMPs within liposomes or nanoparticles (Ron-
Doitch et al., 2016). Additionally, these data suggest that PPV1
exhibits an encouraging antimicrobial potential when applied by
localized administration in vivo.
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