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Abstract

Anti-microbial peptides (AMPs) have attracted major attention due to their potential bio-activities against some multidrug
resistant pathogens. The present study evaluated the mechanism of actions of highly potent AMP temporin-SHa analogs,
i.e., [G4a]-SHa, [G7a]-SHa, and [G10a]-SHa, against methicillin-resistant Staphylococcus aureus (MRSA) NCTC (13277)
with minimum inhibitory concentrations (MICs) of 14.35, 7.16, and 3.58 pM, respectively. These analogs exhibited signifi-
cant anti-MRSA activity at physiological salt concentration, 30% fetal bovine serum, and 30% human serum. [G4a]-SHa
and [G7a]-SHa were non-hemolytic and non-cytotoxic to normal mouse fibroblast 3T3 cell and human Caco-2 cell line.
Atomic force microscopy revealed that these analogs have profound effect on the morphological changes in MRSA surface
with significant leakage of cell cytoplasmic content. Propidium iodide uptake kinetic assay and (bis-(1,3-dibutylbarbituric
acid) trimethine oxonol) DiBAC,(3) membrane depolarization assay demonstrated that these analogs display a membrane
disrupting property. characterized by elevation of plasma membrane permeability and rapid transmembrane potential depo-
larization. [G10a]-SHa showed a significant anti-biofilm activity against biofilm forming S. aureus (ATCC 6538). Acute in
viveo toxicity studies revealed that [G10a]-SHa possesses some toxic effect at 100-mg/kg dose. While [G4a]-SHa at 100 mg/
kg. i.p. has no toxic effect even after 48 h, [G7a]-SHa also did not show any toxic effect at the dose of 100 mg/kg. i.p. dur-
ing 24-h observation of animals. In conclusion, [G4a]-SHa, [G7a]-SHa, and [G10a]-SHa show improved activity against
MRSA and stability compared to SHa peptide. Although highly potent, [G10a]-SHa. due to its hemolytic activity, might be
more suitable for topical application, whereas [G4a]-SHa and [G7a]-SHa have potential to be used for systemic application.

Keywords AMPs - Bacterial cell membrane - D-alanine - MRSA - Temporin-SHa - MDR Staphylococcus aureus

<] Farzana Shaheen

afnan.ices@gmail.com; farzana.shaheen@ices.edu Introduction

[~ Shabana U. Simjee

shabana.simjee @iccs.edu The prevalence of methicillin-resistant Staphylococcus

aureus (MRSA) has become a global problem because of
its associated notorious hospital and community infections
[1]. Vancomycin is a drug of choice for treating MRSA
infections, but in 1997 vancomycin intermediate Staphylo-
coccus aureus (VISA) was reported in Japan [2], causing a
widespread alarm. Thus, the crisis of anti-microbial resist-
ance has kept classical antibiotics under intense scrutiny.
To overcome this, several investigations have been carried
out over the last few decades to develop alternative treat-
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ments. Among the several classes of anti-bacterial agents,
anti-microbial peptides (AMPs) have received special atten-
tion because of their broad-spectrum anti-microbial activity.
AMPs play an important role in host defense in eukaryotes,



and are considered as a possible alternative way to combat
antibiotic-resistant bacterial strains.

Among the 13 families of AMPs isolated from the skins of
frogs of the Ranidae family [3, 4], short peptide like temporins
received special attention as potential drug candidate because
of low manufacturing cost [5]. Temporins are C-terminally
amidated small-sized peptides comprising of essential, direct,
profoundly hydrophobic AMPs containing 10-14 amino acids
with a net positive charge (0 to+3). These AMPs adopt an
amphipathic a-helical structure in membrane mimetic envi-
ronments or in apolar media [6, 7]. The amphipathic «-helical
structure of different temporins enables them to interact with
different microbial, and mammalian cell membranes, through
different mechanisms such as toroidal pores, carpet-like, barrel-
stave, or channel aggregates [6, 8-10].

Temporin-SHa of the temporin family is a single lysine basic
residue containing AMP, isolated from the skin of the North Afri-
can frog Pelophylax saharica [11]. It is reported to have a broad
spectrum anti-bacterial, anti-fungal, and anti-leishmanial activi-
ties, being highly hemolytic and cytotoxic in nature. Ladram et al.
(2017) [12] and Rajaet al. (2017) [13] studied [K3-SHa] analog,
which showed more potent anti-microbial activity than the parent
peptide (SHa). Recent study has shown that gold surfaces coated
with SHa, and its lysine substituted analogs, retained anti-bacterial
and anti-adhesive properties against Gram-positive bacteria
Listeria ivanovii [14]. This made them possible candidates as
anti-microbial coating agents [15]. Recently, SHa anti-bacterial
activity against Helicobacter pylori [16), Legionella pneumoph-
ila [17], and anti-cancer activity against breast, cervical, and lung
cancers [ 18] have been published. Shah et al. have shown a higher
efficacy of temporin-LK1 analog by substituting glycine with
D-alanine [19].

In the present study, the peptide analogs of temporin-SHa
were synthesized by replacing glycine with single D-alanine
at three different positions (4, 7, and 10). This was based
on the hypothesis to make them more serum stable and less
cytotoxic. These analogs were evaluated first time for anti-
MRSA activity, along with cytotoxicity, hemolysis, and salt
and serum sensitivity, as well as their mechanistic studies by
using different techniques, and acute in vive toxicity profile.

Methodology

Synthesis of D-Alanine Substituted Analogs
of Temporin-SHa

Peptides were synthesized manually by following Fmoc
solid phase peptide synthesis method as described by

(eOX)A2A41 — (eOX)A1A A2 of test agent dilution

Shaheen et al. [18]. Further purification of peptides was car-
ried out on LC-908 W recycling preparative-HPLC (Japan
Analytical Industry, Tokyo, Japan) with a column of ODS-
MATS0 (C18). 'H- and *C-NMR spectra of these purified
peptides were recorded at room temperature on Bruker
nuclear magnetic resonance (NMR) spectrometers (Bruker,
Ziirich, Switzerland) with operating frequency at 600 MHz
and 125 MHz, respectively [16].

Mass Spectrometric Analysis of Peptides

Matrix-assisted laser desorption/ionization—time of flight
(MALDI-TOF) analysis of the peptides was carried out on
Ultraflex III TOF/TOF (Bruker Daltonics, Germany) mass
spectrometer [16, 18]. Electrospray ionization quadrupole
time-of-flight (ESI-QTOF-MS) mass spectra were carried
out on Q-STAR XL mass spectrometer (Applied Biosys-
tems, USA).

Determination of Minimum Inhibitory
Concentration (MIC) by Using AlamarBlue Assay,
Minimum Bactericidal Concentration (MBC),
and Salt and Serum Sensitivity

A single colony of Staphylococeus aureus (NCTC 13,277)
was inoculated in Mueller Hinton Broth (MHB) (Oxoid,
UK), and incubated overnight at 37 °C [20]. Stock solutions
of different peptides (10 mM) prepared in DMSO were then
two-fold diluted in MHB broth ranging between 100 and
1.5 uM. Bacterial suspension, adjusted to 0.5 McFarland
Turbidity Index, was then diluted to make up the final vol-
ume of 200 pL to achieve 0.5-1.0 % 10 CFU/mL. Plates
were then incubated for 18-20 h at 37 °C. MIC value was
assigned to the lowest concentration of the test peptides
which did not support visible growth. The same procedure
was followed for these peptides at different physiological
salt concentrations of NaCl, MgCl,. CaCl,, 30% fetal bovine
serum, 30% human serum, and 10% human blood to check
salt sensitivity, serum, and blood effect, respectively. For
quantitative analysis, 20 pL of 0.02% resazurin sodium salt
dye (Sigma-Aldrich, USA) was added in all wells, and incu-
bated at 37 °C in shaking incubator at 80 rpm for 2 h. The
bacterial growth was indicated by change in the color of
dye from blue to reddish pink. Absorbance was read at 570
and 600 nm in Multiskan GO spectrophotometer (Thermo
Scientific, USA). The % difference in reduction of dye due
to bacterial growth was calculated using the mentioned for-
mula [21].

Percent difference in reduction =

X
(€0X)A24° 41 — (eOX)A1A° A2 of untreated positive growth control

100



where eqyx 1s the molar extinction coefficient (80,586 and
117,216 M™! cm’]) of AlamarBlue® at two different wave-
lengths 4, (570 nm) and 4, (600 nm), respectively, and A and
A° show the absorbance of test and positive growth control
(media and bacterial cells) wells.

Subsequently, % inhibition of bacteria due to compound
was calculated by subtracting % reduction from 100. For
MBC, 5-pL aliquots were taken from the treated wells of
different concentrations of test peptides, and added to a ster-
ile petri dish. Melted tryptic soya agar (TSA) was added
to these dishes, and incubated for 18-22 h at 37 °C. The
bacterial growth was observed next day. Absence of bacte-
rial colony with minimum concentration value was assigned
MBC. All experiments were carried out in triplicates.

Hemolytic Assay

Fresh whole blood (3 mL) was obtained from a healthy vol-
unteer in compliance with Independent Ethics Committee of
International Center for Chemical and Biological Sciences
(ICCBS) (Approval number ICCBS/IEC-047-HB-2019/Pro-
tocol/1.0). The blood was centrifuged and the cell pellet was
washed thrice with PBS, and diluted to attain approximately
4% concentration of initial blood cells [22]. Peptide analog
solutions (100 pL) at different concentrations (360, 180,
90, 45, 22.5, 11.25. 5.625. and 2.812 uM) were prepared
in 2% DMSO, and mixed with 100 pL. of RBC suspension.
After 1 h incubation at 37 °C, the plate was centrifuged at
2500 x rpm for 10 min to separate non-hemolyzed red blood
cells. The resulting supernatants (100 pL each) were trans-
ferred to a new 96-well plate, and the hemoglobin release
was measured at 576 nm, using a spectrophotometer (Mul-
tiSkan Go, Thermo Scientific). Each assay was performed
in triplicate, and the data were expressed as mean + S.D.

(0.D. 576 nm of the treated sample — O.D. 576 nm of the negative control)

Cytotoxicity Assay Against Mouse Fibroblast
NIH/3T3 (ATCC® CRL-1658™) and Human Colon
Cancer Caco-2 (ATCC® HTB37™) Cell Lines

NIH/3T3 (ATCC® CRL-1658™) and Caco-2 (ATCC®
HTB37™) cell lines were obtained from the cell culture
bank of the Dr. Panjwani Center for Molecular Medicine and
Drug Research, ICCBS, University of Karachi. These cell
lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, ThermoFisher Scientific, UK) supple-
mented with 10% fetal bovine serum and incubated in 5%
CO, incubator at 37 °C. The cells were seeded at a density
of 5000 cells/well of 96-well plate. Next day, 200 pL of fresh
complete medium containing different concentrations of test
peptides was added. After 24-h incubation, old medium was
removed, and 200 pL of fresh medium containing thiazolyl
blue tetrazolium bromide (MTT) (0.5 mg/mL) dye (Sigma-
Aldrich, USA) was added [23]. After 3-h incubation, solu-
tion was discarded, and 100 pL of DMSO was added to solu-
bilize the formazan crystals. After 10 min, absorbance was
recorded at 540 nm using a microplate reader (Multiskan™
GO, Thermo Scientific, USA). The extent of MTT reduction
to formazan crystals within the cells and the percent inhibi-
tion were calculated by using the formula given below. ICs,
values were also calculated by using Microsoft Excel.

(0.D. of test compound — O.D. of media control)

x 100
(O.D. of untreated control — O.D. of media control)

% Inhibition = 100 —

Atomic Force Microscopy Study

Exponentially growing S. aureus cells, adjusted to
2-3% 107 CFU/mL were treated with half and double MIC of

% Hemolysis = — — - x 100
(O.D. 576 nm of the positive control — O.D.576 nm of the negative control)
Table 1 Amino acid sequence of temporin-SHa and its analogs
Peptide code Sequence® Chemical formula  Calculated mass®  Observed mass*®

and substitution

SHa F-L28%GP-v-GT-M®-L-GO-K .12 F3.NH?2
[G10a]-SHa F.L2-8-GAP-ve-G7-M8-L%-al®- K!'-L - F"*-NH2
[G4a]-SHa F.L%8%a* P-ve-G-M.L°-G'O-K!.L - F1*_NH2
[G7a]-SHa F'.L%8-GP-ve-a-M*-L°-G'*-K''-L'%-F"*_NH2

CeHigoN sNa0,, S 1402.7891 [M +Nal* =1402.7896
CesHi 15N 150,48 1394.823 [M+H]* =1394.822

CesHi N jsNaO S 1416.8053 [M +Na]* =1416.8048
CesHi N jsNaO S 1416.8053 [M +Na]* =1416.8084

a D-alanine, F phenylalanine, G glycine, I isoleucine, K lysine, L leucine, M methionine, S serine, and V valine

“The substituted D-alanine residue is indicated in small bold letter (a) in the sequence

®Calculated mass
“Observed mass using HR-MALDI



each active peptide [24] and incubated for 30 min at 37 °C.
Cells were then centrifuged and washed with sterile ana-
Iytical grade water to remove peptides. Control and treated
bacterial cells in a volume of 10 pL. were applied on a sili-
con wafer, which was pretreated with (0.01%) poly-L-lysine

(Sigma-Aldrich. USA), and allowed to dry before imaging.
Changes in bacterial morphology due to peptide effect
were monitored by atomic force microscopy (AFM) (Agi-
lent Technologies 5500, USA) in tapping mode, with sili-
con nitride high-resonance frequency cantilever (Nominal
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resonant frequency = 330 kHz). Images were analyzed in
PicoView 1.2 imaging software.

Cell Membrane Potential and Cell Membrane
Permeability Assay

The protocol of Clementi et al. [25] was followed. A stock
solution of propidium iodide (PI) dye (1 mg/mL in dou-
ble-distilled H,0) (Sigma-Aldrich, USA) and (bis-(1,3-
dibutylbarbituric acid) trimethine oxonol) DiBAC,(3) dye
(50 pM in DMSO) (Sigma-Aldrich, USA) was prepared,
and final working concentrations of 10 pg/mL and 250 nM,
respectively, were used in cell suspension. The exponential
growth phase bacterial cells were washed with PBS ata
concentration of 10° CFU/mL, and then were supplemented
with 1 M sterile glucose. Different concentrations of active
peptide were placed in cell suspension in triplicate. After
proper mixing, 200 pL of this cell suspension was placed
into each well of a white polystyrene 96-well plate. The
plate was placed in a 37 °C fluorescence detection plate
reader (SpectraMax M2, USA), and appropriate filter was
placed for DiBAC4(3) and PI dye (excitation/emission —
490/516 nm and 535/617 nm, respectively). To check cell
membrane potential, DIBAC,(3) fluorescence was moni-
tored for 30 min at intervals of 5 min. To assess cell mem-
brane permeability, PI fluorescence was taken for 2 h at
15-min intervals. The graph of fluorescence over time was
plotted.

Minimum Biofilm Inhibitory Concentration (MBIC)
Using Crystal Violet Assay

Mid-log phase strong biofilm forming S. aureus (ATCC
6538) in brain heart infusion broth, supplemented with 0.25%
glucose at 0.5-1.0x 108 CFU/mL, was treated with SHa ana-
logs in 96-well plate and incubated overnight at 37 °C [26].
Next day, plate was washed, dried, then stained with 0.1%
crystal violet dye, and washed again. After drying, images of
these wells were taken in microscope and then 200 pL of 30%
acetic acid was added into each well, and the absorbance was
measured at 595 nm by using a spectrophotometer (Thermo
Scientific, USA). Percent inhibition was calculated as

(0.D. of test compound — O.D. of media control)

% Inhibition = 100 — x 100

(O.D. of untreated control — O.D. of media control)

Acute In Vivo Toxicity Model

In vivo experiment was carried out with the approved ani-
mal study protocol number (#2019-013) on September 30,
2019 from the Institutional Animal Care And Committee
(IACAC), ICCBS, University of Karachi. Each group con-
tained healthy pathogen free 4 female BALB/c mice weigh-
ing 21-25 g. Three different doses (25, 50, and 100 mg/kg)
of each peptide were given by intra-peritoneal administra-
tion. The oral administration of [G7a]-SHa at doses of 25,
50, and 100 mg/kg was carried out to check its toxic effect
on GIT. After administration of peptides, the animals were
kept under observation for 48 h. Animals were closely moni-
tored for any sign of toxicity. The number of dead and live
animals for each dose was noted, and LDs; dose was calcu-
lated by using Up and Down method Botham [27].

Statistical Analysis

The data was statistically analyzed using GraphPad Prism
5.0 software. In propidium iodide and DiBAC,(3) dye uptake
assay, two-way analysis of variance (ANOVA) at the signifi-
cance level of *P <0.05 was used. In the remaining assays,
treated groups were compared with untreated control and
one-way analysis of variance (ANOVA) at the significance
level of #*P < 0.05 with Dunnett post-test was applied.

Results

Synthesis of D-Alanine Substituted Temporin-SHa
Analogs

Temporin SHa analogs, [G10a]-SHa, [G4a]-SHa. and [G7a]-
SHa, were synthesized by substituting the glycine residue at
positions 10, 4, and 7, respectively, with D-alanine, by using
Fmoc peptide synthesis protocol (Table 1). The chemical
structures of SHa, [G10a]-SHa, [G4a]-SHa, and [G7a]-SHa,
are presented in Fig. 1.

Table 2 Susceptibility tests

C ds MIC (pM MBC (uM inhibiti
(MIC and MBC) of SHa and ormpoun M) M o M
its analogs against MDR S. MHB 30% FBS 30% human 10% human (mean + SD)
aureus (NCTC 13.277) by serum blood -
employing AlamarBlue® assay
and their percentage inhibition SHa 3.62 29 159 >220 >220 90.198 +0.413
(mean+SD) [G10a]-SHa 3.58 16 36 58 >72 00.213+0.253

[G4a]-SHa 14.34 57.35 143.38 143.38 186 83.243+2.124

[G7a]-SHa 7.16 35.84 143.38 180 186 85.125+1.254




Table 3 Susceptibility test (uM)

' A Serial no  Peptides NaCl (mM) MgCl, (mM) CaCl, (mM)
of SHa and its analogs against
MBDR . aureus (NCTC 13,277) 50 150 300 1 3 5 1 3 5
at different physiological salt
concentrations 1 [G10a]-SHa 7.16 7.16 7.16 7.16 7.16 7.16 7.16 7.16 7.16
[G4a]-SHa 1434 1434 1434 1434 1434 1434 1434 1434 1434
3 [G7a]-SHa 7.16 7.16 7.16 7.16 7.16 7.16 7.16 7.16 7.16

MIC, MBC, AlamarBlue Assay, Salt and Serum
Sensitivity Assays

Anti-MRSA activity of SHa and its three analogs were
tested against MRSA (NCTC 13,277), and cell viability
was determined by using AlamarBlue assay. The MIC,
MBC, and % inhibition at 14.34 uM of tested peptides
is shown in Table 2. Peptide analogs [G4a]-SHa, [G7a]-
SHa, and [G10a]-SHa showed better anti-MRSA activity
with lower MIC values (14.34, 7.16, and 3.58 uM, respec-
tively). Comparing the MIC and MBC values, [G10a]-
SHa was found to be the most potent peptide, followed by
[G7a]-SHa and [G4a]-SHa. All these analogs showed a
good anti-bacterial activity even at high physiological salt
and serum concentrations (300 mM NaCl, 5 mM MgCl,,
5 mM CaCl,, 30% fetal bovine serum, 30% human serum,
and 10% human blood) (Tables 2 and 3). Analog [G10a]-
SHa showed the most stability in all physiological salt
and serum sensitivity assays, followed by [G4a]-SHa and
[G7a]-SHa. The parent peptide was unstable in serum and
decomposed due to which bacteria grew even at very high
concentrations.

Cytotoxicity and Hemolytic Assays

Only peptide analogs [G10a-SHa] showed toxicity against
RBCs with HBy; of 22.5 uM, and ICy; of 18 + 1, and
55+ 3 pM against NIH 3T3 and Caco-2 cell lines, respec-
tively. Whereas, [G4a]-SHa and [G7a]-SHa were found
to be non-cytotoxic to tested cells and less hemolytic in
nature as compared to the parent peptide (Tables 4 and 5).

Table 4 Cytotoxicity (ICs;) of SHa and its analogs against NIH 3T3
and Caco-2 cell lines

Name of peptides NIH 3T3 cell line Caco-2
IC5, value (uM) ATCC
HTB37
IC;, value
(M)
SHa 73.30+5 >100
[G10a]-SHa 18+1 5543
[G4a]-SHa > 100 > 100
[G7a]-SHa > 100 > 100

The cytotoxicity and hemolytic assay results showed that
D-alanine substitution at 4 and 7 positions of the parent
peptide remarkably decreased the cytotoxic and hemolytic
nature of [G4a]-SHa and [G7a]-SHa analogs, making them
a suitable candidate for further study. [G10a]-SHa was
proven to be highly active, but due to its hemolytic nature,
it may be suitable only for topical applications.

Atomic Force Microscopy

Control cells displayed a smooth, compact, regular, and non-
capsulated surface with cocci arranged in clusters. Structural
integrity was well maintained with no visible pores, grooves,
or rupture in the cell surfaces (Fig. 2a, b). Cells treated with
half and double MIC of SHa and [G10a]-SHa were found
to be swollen, rough with distinct irregular lines of disrup-
tion on the cell surface. Structural integrity was highly dis-
turbed in double MIC-treated cells with no clear demarca-
tion between the cells (Figs. 2¢, d and 3a, b) respectively.
In comparison to SHa, [G10a]-SHa-treated cells showed a
higher degree of alterations in the structural integrity with
higher cytoplasmic leakage. Cells treated with half and dou-
ble MIC of [G4a]-SHa and [G7a]-SHa were also found to
be rough with irregular and corrugated surfaces (Fig. 3c, d,
e, f), respectively. Lines of rupture could be seen in many

Table 5 Percentage hemolysis assay of SHa analogs at different con-
centrations

Concentration (1M) % hemolysis (mean + SD)

[G10a]-SHa [G4a]-SHa [G7a]-SHa
2.812 <l <1 <1
5.625 1+0.63 <1 <1
11.25 7+0.56 <1 1.8+£09
22.5 52.74+594 2.88+1.24 2+0.94
45 55.07+5.23 18.18+7.65 7.49+1.20
920 58.93+6.02 42.93+4.75 44.69+3.73
180 61.64+13.83 47.60+7.88  57.01+8.50
360 64.71+11.34 51.15+10.41 58974551
Triton-X 100 (0.5%) 100

Positive control

DMSO (2%) <1
PBS negative control <1

Hb, of SHa is 25 pM [6]
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Fig.2 Morphological evaluation of untreated and SHa-treated S. aureus (NCTC 13,277) by using atomic force microscopy. a and b Untreated

control and ¢ and d SHa-treated cells at half and double MIC, respectively

cells with alterations in the structural integrity, but with less
leakage of cytoplasmic content, as compared to [G10a]-SHa.

Propidium lodide (Pl) Uptake Kinetic Assay
The relative fluorescence unit (rfu) of untreated S. aureus

increased slightly due to the presence of small number of
dead permeable cells. Cells treated with vancomycin and

gentamycin showed a slight but non-significant increase in
rfu values, as compared to untreated control cells (Fig. 4a).
PI fluorescence intensity of cells treated with [G10a]-SHa
(3.5, 7, 14, and 28 uM), [G4a]-SHa (14, 21, and 28 uM),
and [G7a]-SHa (7, 14, and 28 uM) increased significantly
(P<0.001), as compared to the untreated control (Figs. 4b
and 5a, b), respectively. [G10a]-SHa-treated cells at a dose
higher than 14 uM showed higher fluorescence above 1400
rfu, indicating its strong cell membrane rupturing ability.



Fig. 3 Morphological evalua-
tion of [G10a]-SHa-, [G4a]-
SHa-, and [G7a]-SHa-treated S.
aureus (NCTC 13,277) by using
atomic force microscopy. a and
b [G10a]-SHa-treated cells at
half and double MIC, respec-
tively; ¢ and d [G4a]-SHa-
treated cells at half and double
MIC, respectively; and e and f
[G7a]-SHa-treated cells at half
and double MIC, respectively
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DiBAC,(3) Membrane Depolarization Assay

MRSA cells treated with Triton-X showed significant
increase (P <0.001) in fluorescence, whereas gentamycin-
and vancomycin-treated cells showed non-significant dif-
ference as compared to untreated control (Fig. 6a). MRSA
cells treated with SHa (Fig. 6b) and [G10a]-SHa (Fig. 7a)

at 14-, 28-, and 42-pM doses demonstrated significant
increase (P <0.001) in fluorescence at all-time intervals.
The maximum fluorescence of SHa and [G10a]-SHa at
42 pM was 20,014 and 25,737 rfu, respectively. MRSA
cells treated with [G4a]-SHa (Fig. 7b) and [G7a]-SHa
(Fig. 7c) at 14, 28, and 42 pM showed significant increase
in fluorescence (P <0.001) at 5 min after treatment:
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thereafter, fluorescence gradually decreased. However, at
30 min, this decrease in fluorescence was still significantly
higher (P <0.001) than the untreated control. These results

showed the membrane depolarizing effect of these pep-
tides which consequently increased the membrane perme-
ability, and compromised its membrane integrity.
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Biofilm Formation Inhibition Assay

Anti-biofilm activity of peptide analogs was carried out
on strong biofilm forming §. qureus strain (ATCC 6538).
The percentage of biofilm formation inhibition of S.
aureus (ATCC 6538) after treatment with SHa analogs
at different concentrations are shown in Table 6. [G4a]-
SHa, [G7a]-SHa, and [G10a]-SHa at concentrations of
6, 12, and 12 pM, respectively, showed more than 90%
biofilm formation inhibition. Biofilm images of both
untreated and treated S. aureus in the 96 well plates are
shown in Fig. 8a—g. Bacterial cells treated with 9-uM
dose of [G4a]-SHa and [G7a]-SHa and 4 uyM of [G10a]-
SHa showed small scattered biofilm fragments attached
to the periphery of the wells. On the other hand, 8 pM of
[G10a]-SHa and 15-uM doses of [G4a]-SHa and [G7a]-
SHa completely inhibited the biofilm formation. This
shows that [G10a]-SHa possesses a biofilm formation
inhibiting capacity at a lower concentration as compared
to the other two analogs.

Acute In Vivo Toxicity Model
Initially, 25- and 50-mg/kg doses of [G4a]-SHa, [G7a]-

SHa, and [G10a]-SHa were dispensed through i.p. route to
4 female Balb/c mice/group. All animals were alive for 48 h

with no signs of toxicity. Therefore, the dose of all three
analogs was increased to 100 mg/kg. Images of vital organs
arc shown in Fig. 9. At 100-mg/kg dose of [G10a]-SHa,
one mouse died in 15-20 min after dosing, while 3 animals
remained alive for 48 h but these animals were inactive and
weak with black patches seen on their skin. These mice lost
an average weight of 0.75 g. Thus, it showed that [G10a]-
SHa possesses a toxic effect at 100 mg/kg with 75% survival
rate. Unlike [G10a]-SHa, all animals treated with 100 mg/
kg, i.p. of [G4a]-SHa were healthy and active even after
48 h. Upon dissection, no sign of toxicity was observed on
the vital organs. Thus, it showed that [G4a]-SHa has high
therapeutic index, and its lethal dose is higher than 100 mg/

Table 6 Percentage biofilm formation inhibition of S. aureus (ATCC
6338) after treatment with SHa analogs

Concentration % biofilm formation inhibition (mean + SD)
M
(M) [G10a]-SHa [G4al-SHa [G7al-SHa
15 > 90 >90 >90
12 >90 >90 > 90
10 >90 5545 65+5
8 > 90 4043 40+ 5
6 90+3 15+2 16+4
4 60+5 <10 <10
2 2043 <5 <35
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were alive for 24 h. After 42 h, one mouse was found to
be dead, while the remaining 3 mice were alive for 48 h. It
showed 75% survival rate at 100 mg/kg. Upon dissection,
stomach of two live and one dead mouse showed signs of
diarrhea, while the remaining one alive had normal stomach.
As three mice with [G7a]-SHa (100 mg/kg) dosing showed
signs of diarrhea; it was given orally (25, 50, and 100 mg/
kg) to check its effect on the gastrointestinal system. In oral
dosing, all animals were alive and active for 48 h. Upon dis-
section, no signs of toxicity were found in the stomach, liver,
intestine, spleen, and kidney, thus indicating that this analog
could be tolerated through oral route. Overall, [G4a]-SHa
showed least toxic effect at 100 mg/kg: therefore, the dose
could be increased further to find its lethal dose.

Among the different AMPs, the temporin family received
special attention due to the possibility of generating a new
class of peptide-based anti-infective therapeutics [28]. Out
of the 120 peptides from temporin family, we selected an
anti-bacterial and anti-cancer cationic anti-microbial peptide
temporin-SHa as the parent peptide, and synthesized its new
peptide analogs in search of analogs that may be better than
the parent peptide.

Peptide analogs with D-alanine substitutions in the amino
acid sequence at positions 4, 7, and 10 of temporin-SHa
were synthesized by solid phase synthesis, and subsequently
evaluated for their anti-MRSA activity due to the fact that
D-isomers cannot be hydrolyzed by host and bacterial



proteases [29]. These D-alanine substituted analogs dem-
onstrated a good resistivity and stability even at high physi-
ological salt and serum concentrations, thus successfully
passing one of the major obstacles in AMP development.
Among these analogs, [G10a]-SHa showed the best resis-
tivity and stability at lower concentrations, indicating the
importance of 10th position of this peptide for higher serum
stability. This serum stability was followed by [G4a]-SHa

Fig.9 Acute in vivo toxicity model of SHa analogs at the dose of »
100 mg/kg. a Untreated control showing no signs of toxicity, b and
¢ [G10a]-SHa-treated group showing mild black patch on skin indi-
cated by blue arrow, d and e [G4a]-SHa-treated group showing no
toxicity, (f and g) [G7a]-SHa-treated animals showing discolora-
tion of the stomach indicated by blue arrow, and h and i [G7a]-SHa-
treated animals given oral dose of the peptide demonstrated no signs
of toxicity

Fig. 8 Biofilm formation of S. aureus (ATCC 6538) using crystal vio-
let assay. a Untreated control shows full biofilm growth, b [G10a]-
SHa-treated cells at 4 pM show small amount of remaining biofilm
at the periphery of the wells, ¢ [G10]-SHa-treated cells at 8 pM show
no biofilms, d [G4a]-SHa-treated cells at 9 pM shows presence of

minor biofilm at the periphery of the wells, e [G4a]-SHa-treated cells
at 15 uM inhibit the biofilm completely, f [G7a]-SHa-treated cells at
9 uM show minor layer of biofilm at the periphery of the wells, and g
[G7a]-SHa-treated cells at 15 uM demonstrate complete inhibition of
biofilm






and [G7a]-SHa. This indicated that D-alanine substitution
gives serum stability by protecting it from the enzyme pro-
teases present in fetal bovine and human serum.

Therapeutic index (HB5y/MIC ratio) and cytotoxicity
results showed that [G10a]-SHa was highly hemolytic and
cytotoxic just like SHa peptide; hence, it could not be used
for systemic application. However, due to its high anti-MRSA
activity in lower dose and better stability, it could be tested
in in vivo skin infection models. Both [G4a]-SHa and [G7a]-
SHa were found to be less hemolytic and less cytotoxic to
3T3 cell and Caco? cell lines at higher concentrations. As
[G7a]-SHa showed a high therapeutic index, it was used in
acute oral in vive toxicity model. Animals were alive till
100 mg/kg, indicating the non-toxic effect of [G7al-SHa on
gastric lining. Based on [G7a]-SHa oral in vivo acute toxicity
result, [G4a]-SHa is also predicted to be safe in gastrointes-
tinal tract due to its high therapeutic effect in in vivo model,
and gastric N87 cell line [16]. In vivo acute toxicity study
revealed no toxic effects of these analogs up to 50 mg/kg.
However, [G10a]-SHa at 100 mg/kg showed a toxic effect;
therefore, it is suitable for topical application. Carotenuto
et al. proposed “dynamic peptide-lipid supramolecular pore™
and “Barrel-Stave” model to interpret the anti-microbial and
hemolytic activity of temporin [7]. AFM images of S. aureus
revealed a rapid effect of these peptides on the cell surface
as many cells were seen with ruptured surface along with
leakage of cytoplasmic content, demonstrating the membrane
rupturing effect of these peptides. Even though, S. aureus
cells were killed due to treatment with vancomycin and gen-
tamycin, they did not show increase in PI fluorescence as
these affected cells still had intact cell membrane, which pre-
vented PI entry inside the dead cells. Vancomycin kills bac-
teria by inhibiting peptidoglycan cross-bridge formation, and
it is reported that it has little effect on cell membrane [30].
Gentamycin crosses the cytoplasmic membrane in response
to the internal negative membrane potential of the cell [31]
and kills bacteria by inhibiting protein synthesis, because
of which cell membrane of the dead cells still show intact
cell membrane. Cells treated with these analogs at concen-
trations > MIC showed relatively higher PI fluorescence with
increase in incubation time, indicating the increase in cell
membrane permeability in a concentration-dependent manner
due to loss of membrane integrity. Among the three analogs,
[G10a]-SHa showed the highest membrane rupturing ability
even at lower concentrations, followed by [G7a]-SHa and
[G4a]-SHa.

Clementi et al. [25], by using DiBAC,(3) and PI dye,
simultaneously showed that DIBAC4(3) fluorescence
increased ahead of increase in PI fluorescence, indicating
that membrane potential depolarization occurred prior to
cell membrane rupture. Vancomycin and gentamycin did not
show increase in DiBAC4(3) fluorescence, indicating their
non-significant effect on the cell membrane [30]. SHa and

[G10a]-SHa caused membrane depolarization in a concen-
tration-dependent manner, and increased with incubation
time. As SHa and [G10a]-SHa exhibited a high membrane
depolarizing activity and this may be the reason behind their
hemolytic activity, as this property enhances the membrane
permeability.

[G10a]-SHa inhibited biofilm formation of S. aureus
(ATCC 6538) at a lower concentration. Therefore, to confirm
its mature biofilm disrupting effect, our next target will be to
study further its mature biofilm eradication property, and its
possible use as anti-adhesive coating on different surfaces.

Conclusion

D-alanine substituted analogs of temporin-SHa showed high
serum and salt-resistant potential. [G4a]-SHa and [G7a]-
SHa triggered rapid anti-MRSA activity, primarily through
membrane disruption, with less toxic effect towards mam-
malian cells. Highly potent [G 10a]-SHa, due to its hemolytic
activity, might be suitable for topical applications, whereas
[G4a]-SHa and [G7a]-SHa would be explored for their pos-
sible systemic application. Therefore, further in vivo find-
ings are needed to evaluate their chronic toxicity, immuno-
genic activity, and therapeutic profile.
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