o Acta Biochim Biophys Sin 2022, 54(3): 350-360
ABBS https://doi.org/10.3724/abbs.2022013
CoT= Advance Access Publication Date: 2 March 2022

N Original Article

Original Article

Four temporin-derived peptides exhibit antimicrobial and
antibiofilm activities against methicillin-resistant
Staphylococcus aureus

Xiuchuan Tan', Shenghong Xie', Xiao Jin', Ruiying Zhu', Shuangshuang Wei?,
Yanting Song', Xi Xie', Rong Wang', Lushuang Li', Manchuriga Wang?**, and
Yingxia Zhang'*

IKey Laboratory of Tropical Biological Resources of Ministry of Education, School of Pharmaceutical Sciences, Hainan University, Haikou
570228, China, %College of Life Sciences, Hainan University, Haikou 570228, China, and 3College of Animal Science and Technology, Hainan
University, Haikou 570228, China

*Correspondence address. Tel: +86-13617549001; E-mail: manchuriga@163.com (M.W.) / Tel: +86-13637541388; E-mail: zhangyingxia@hainanu.edu.cn (Y.Z.)

Received 11 August 2021 Accepted 2 November 2021

Abstract

Temporin-GHa (GHa) was cloned from Hylarana guentheri, showing a weak antimicrobial activity. In order to
improve its bactericidal efficacy, GHaR6R, GHaR7R, GHaR8R and GHaR9W were designed and synthesized. Com-
pared to the parent peptide, the GHa-derived peptides show potent antimicrobial activities against methicillin-
resistant Staphylococcus aureus (MRSA), which is the main pathogen with high morbidity and mortality that causes
various infections in humans. These peptides exert bactericidal actions on MRSA by permeabilizing the cytoplasmic
membranes and damaging membrane integrity. All of the four peptides exhibit excellent stability under harsh
conditions, including extreme temperature and salts. Furthermore, they inhibit the formation of biofilm and era-
dicate mature biofilm of MRSA. The GHa-derived peptides decrease bacterial surface hydrophobicity, auto-
aggregation and polysaccharide intercellular adhesion synthesis in concentration-dependent manner. Real-time
quantitative reverse transcription PCR analysis revealed that the peptides downregulate the expression of adhesion
genes icaADBC involved in biofilm formation. Except for GHaR7R, the other three peptides have low hemolytic
toxicity against human erythrocytes. In the presence of human erythrocytes, GHaR7R, GHaR8R and GHaR9W
interact with MRSA preferentially. GHaR6R, GHaR8R and GHaR9W show less toxicity toward normal cells HL-7702
and hFOB1.19. These results suggest that the GHa-derived peptides may be promising antimicrobial candidates
against MRSA infections.
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Introduction

Staphylococcus aureus is one of the main pathogens in hospitals
and communities, which can cause a wide range of infectious dis-
eases and associated complications, such as sepsis, endocarditis,
pneumonia, and even death in the worst case [1]. S. aureus is an
opportunistic pathogen, which is prone to acquire drug resistance
against some antibiotics. Overuse and misuse of traditional anti-
biotics is a major contributor of drug resistance developed in bac-
teria. It was predicted that deaths caused by infections of drug
resistant bacteria will be more than deaths caused by cancers by
2050 [2,3]. Methicillin-Resistant S. aureus (MRSA) is defined as

strains with an oxacillin minimum inhibitory concentration (MIC)
more than 4 mg/L. The biofilms formation of MRSA is one of the
important reasons for persistent infections and the development of
multi-drug resistance [4,5]. Biofilms are well-organized microbial
communities, in which bacteria secrete a variety of virulence factors
to ensure the survival in a malignant environment, and attach to the
surface using extracellular matrix composed of polysaccharides,
proteins, and extracellular DNA (eDNA). Currently, the glycopep-
tide antibiotic vancomycin remains the first-line treatment of MRSA
infections. However, vancomycin-resistant Staphylococcus aureus
(VRSA) were reported in 2002 [6]. Hence, the research and devel-
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opment of new candidates of antibiotics with different mechanism
of action is urgently needed.

Antimicrobial peptides (AMPs) are widely found in various living
organisms, and play important roles in the innate immune defense
system. AMPs are amphiphilic small peptides consisting of 12-50
amino acid residues, showing diverse structures and biological
functions, including antimicrobial, antifungal, and antitumor ac-
tivities, etc. AMPs are usually positively charged by basic amino
acids, and the hydrophobic amino acid residues consist of a hy-
drophobic surface contributing to the binding with bacterial mem-
branes [7-9]. In comparison with traditional antibiotics with a
specific molecular target, most of the AMPs prefer to interact with
bacterial cytoplasmic membranes and interfere with multiple bio-
logical function of pathogenic bacteria [10,11]. This property hin-
ders bacteria from developing a resistance strategy against AMPs.
So, AMPs are considered as promising weapons in the fight against
antibiotics resistance.

Temporin peptides, one group of the shortest naturally occurring
AMPs consisting of 10-13 amino acid residues, are the excellent
peptide templates for the design of novel AMPs with potent anti-
microbial efficacy [12]. Temporin GHaR6R, GHaR7R, GHaR8R and
GHaR9W are peptides derived from temporin-GHa (GHa) found in
Hylarana guentheri. These four GHa-derived peptides have a broad
spectrum of antimicrobial activity, including Gram-positive bac-
teria, Gram-negative bacteria and fungi [13,14]. Here, we in-
vestigated their antimicrobial and antibiofilm activities and
mechanism of actions against MRSA.

Materials and Methods

Bacterial strains and culture conditions

MRSA (ATCC 43300; ATCC, Manassas, USA) and clinically isolated
strains (MRSA-1, MRSA-2, MRSA-3, MRSA-4 and MRSA-5; provided
by Prof. Ke Yang, Guangxi University of Chinese Medicine, Nan-
ning, China) were used in this study. The MRSA strains were cul-
tivated aerobically at 37°C with shaking in Tryptic Soy Broth (TSB;
HuanKai Microbial, Guangzhou, China).

Peptide synthesis

The peptides were synthesized by the Fmoc-based solid-phase
synthesis (Jier Biochemical Co., Ltd., Shanghai, China). The purity
of the peptides (>95%) was assessed by reversed phase high-per-
formance liquid chromatography (RP-HPLC). Mass spectrometry
was used to analyze the molecular mass of the synthesized pep-
tides. The peptide sequences are as follows: GHaR6R (FLQRIR-
GALGRLF); GHaR7R (FLQRIIRALGRLF); GHaR8R
(FLQRIIGRLGRLF); GHaR9W (FLQRIIGAWGRLF).

Antimicrobial assay
The minimum inhibitory concentration (MIC) and minimum bac-
tericidal concentration (MBC) of the GHa-derived peptides were
determined by two-fold broth microdilution method [15]. Briefly,
the MRSA (1 x 10° CFU/mL) treated with or without the peptides
(0.1-100 pM) were incubated in a 96-well micro-plate (Corning Co,
Corning, USA) for 24 h at 37°C. The optical density (OD) of the
culture was measured at 600 nm with a microplate reader (Multis-
kan Spectrum; BioTek, Winooski, USA). MIC is defined as the
lowest concentration of the peptides that inhibits the growth of
bacteria completely.

For the MBC determination, 10 L of bacterial suspension from MIC

measuring plate with the peptide concentration equal to and higher
than MIC concentrations were pipetted and spread on TSB agars
(TSA). MBC is defined as the concentration at which there is no bac-
terial growth after the TSA petri dishes are incubated at 37°C for 24 h.

Growth curve assay

Growth kinetics analysis was carried out to assess the influence of
the peptides on the growth of MRSA within 24 h as previously re-
ported [16]. In brief, MRSA (1 x10° CFU/mL) treated with or
without the peptides (0.4-3.1 pM) were incubated in a 96-well plate
for 24 h at 37°C. OD was determined at 600 nm with a microplate
reader (BioTek) every hour for 24 h.

MRSA killing assay

MRSA Killing assay was performed as described previously with
slight modifications [17]. MRSA (1 x 10° CFU/mL) was treated with
the peptides at the final concentrations of 1/2 x, 1 x,2x,4 x MIC
in TSB in Eppendorf tubes, and incubated at 37°C. The suspensions
were taken out after 0, 15, 30, 60, 90, 120 and 180 min of incubation
and serially diluted, then 50 pL of the diluted suspensions were
spread on TSA. Bacterial colonies were counted after incubation at
37°C for 24 h. Untreated MRSA served as a negative control.

Stability assay

The stability of the GHa-derived peptides was investigated under
different temperature and salt conditions as previously reported
[18,19]. The peptide solutions (2 mM) were pretreated at different
temperatures (40, 70 and 100°C) for 30 min individually. Medium
was prepared containing different salt concentrations (150 mM
NaCl, 4.5 mM KCl, 1 mM MgCl,, and 2.5 mM CaCl,). Then the MIC
of peptides against MRSA was determined according to the MIC
method as described above.

Membrane permeability assay

Fluorescence spectroscopy was used to assess the effect of the GHa-
derived peptides on cell membrane permeability of MRSA as re-
ported previously with proper modifications [20]. Briefly, 100 pL of
serially two-fold diluted peptides (the concentrations ranging from
3.1 to 25 uM) were mixed with 92 nL. of MRSA suspension (2 x
108 CFU/mL), and 8 pL of propidium iodide solution (PI, the final
concentration of 20 uM) in each well on a black 96-well plate.
Phosphate buffer saline (PBS) was used as a negative control. The
plate was read with a microplate reader (Spark; Tecan, Mdnnedorf,
Switzerland) at an excitation wavelength of 560 nm and an emis-
sion wavelength of the 620 nm. The plate was shaken at 100 rpm
every 5 min for 2 h at 37°C. Meanwhile, the growth of MRSA was
monitored at 600 nm.

The morphological observation by using scanning
electron microscopy

Scanning electron microscopy (SEM) was applied to investigate the
effect of the GHa-derived peptides on morphology of MRSA as
previously described [21]. MRSA (1 x 10° CFU/mL) in exponential-
phase was incubated with the peptides (the final concentration of
12.5 uM) for 60 min at 37°C. Untreated MRSA was used as a ne-
gative control. The bacteria were collected, washed with PBS, fixed
with 2.5% glutaraldehyde for 4 h at room temperature, followed by
dehydration with graded series of ethanol (30%, 50%, 70% and
90%). MRSA was collected and resuspended in 100% anhydrous
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ethanol and freeze-dried overnight. The samples were coated with
gold and observed under a scanning electron microscope (Verios G4
UC; Thermo Scientific, Waltham, USA).

Biofilm inhibition assay

Antibiofilm activity of the GHa-derived peptides was assessed by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay [22,23]. MRSA (1x10° CFU/mL) and the peptides
(1.6-6.2 pM) were added to 96-well plates and incubated for 24 h at
37°C. TSB containing 1% glucose was used as a negative control.
The plate was washed with PBS to remove the planktonic bacteria.
The biofilms were stained with 100 pL MTT (250 pg/mL in PBS) for
3 h at 37°C. Subsequently, the stained biofilms were dissolved in
150 pL dimethyl sulfoxide (DMSO). OD was measured at 570 nm
with a microplate reader (BioTek).

Biofilm eradication assay

Two hundred microliters of MRSA (1 x 10° CFU/mL) were added to
each well of 96-well plates and incubated for 24 h at 37°C to es-
tablish mature biofilms. The supernatants were discarded and the
wells were washed with PBS. Two hundred microliters of the seri-
ally diluted peptides (6.2-25 uM) were subsequently added to each
well and incubated for 24 h at 37°C. Effect of the GHa-derived
peptides on mature biofilms were quantified by using MTT method
as described above.

Biofilm visualization by confocal laser scanning
microscopy

The eradicative effect of the GHa-derived peptides on the matured
biofilms of the MRSA was assessed by confocal laser scanning mi-
croscopy (CLSM), after the biofilms were stained with SYTO and
propidium iodide (PI) [24]. Briefly, the established mature biofilms
were exposed to the peptides at a final concentration of 25 pM for
24 h at 37°C, then washed with PBS, and subsequently stained with
300 pL premixed SYTO (10 uM) and PI (10 pM) for 15 min in the
dark. The biofilms were monitored with a confocal laser scanning
microscope (LEICA, Heidelberg, Germany).

Microbial adhesion to hydrocarbon assay

Microbial adhesion to hydrocarbon (MATH) assay was carried out
to assess the effect of the GHa-derived peptides on the cell surface
hydrophobicity (CSH) of the MRSA [25]. MRSA (1 x 10° CFU/mL)
and the peptides (0.4-1.6 pM) were incubated for 24 h at 37°C.
After incubation, the bacterial cells were washed twice and re-
suspended in PBS. The bacterial suspension was measured at
600 nm with a microplate reader (BioTek). The rest of the suspen-
sion was added to an equal volume of toluene and vortexed vigor-
ously for 2 min. The suspension was incubated undisturbed at 4°C
for 24 h, then the aqueous phase was collected and measured at
600 nm. The CSH was estimated as a hydrophobicity index (HI) and
calculated by the formula: HI (%) = [1 - (OD g4 after vortex / ODgg,
before vortex)] x 100%.

Autoaggregation assay

The MRSA (1 x 10° CFU/mL) was cultured in an Eppendorf tube in
the presence or absence of the peptides (0.4-1.6 uM) for 24 h at
37°C. The cell pellets were washed three times with PBS and re-
suspended. The bacterial suspensions were incubated undisturbed
for 24 h. One hundred microliters of supernatant were collected
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every 3 h up to 24 h, and the absorbance was measured at 600 nm.
The bacterial autoaggregation was observed under a microscope
and images were captured [26].

Polysaccharide intercellular adhesion analysis
Polysaccharide intercellular adhesion (PIA) biosynthesis of the
MRSA with or without the GHa-derived peptides was measured by
phenol-sulfuric acid method [27]. The MRSA (1 x 10° CFU/mL) was
treated with the peptides (0.4-1.6 pM) for 24 h at 37°C. The sus-
pension was centrifuged at 10,000 g for 15 min at 4°C. The bacterial
pellets were washed with 4 mL of 0.1 M NaOH and centrifuged, and
the supernatant was collected. This procedure was repeated twice,
and the supernatant was combined with the previously prepared
supernatant. Three times volume of chilled anhydrous ethanol was
added and incubated overnight at 4°C to precipitate PIA. PIA was
collected and freeze-dried, then dissolved in 0.1 M NaOH. Finally,
5% phenol, PIA solution and concentrated sulfuric acid were mixed
at a molar ratio of 1:1:5, and incubated in the dark for 15 min. The
absorbance of the mixture was measured at 570 nm with a micro-
plate reader (BioTek).

Real-time quantitative reverse transcription PCR

Real-time quantitative reverse transcription PCR (RT-qPCR) was
carried out as previously reported with slight modifications [28].
Briefly, MRSA (1 x 10° CFU/mL) was cultured in the absence or
presence of the GHa-derived peptides (the final concentration of
1.6 M), and incubated at 37°C for 24 h. After incubation, total RNA
was extracted using Trizol reagent (Sangon Biotech, Shanghai,
China). The RNA was reversely transcribed into cDNA using Max-
ima Reverse Transcriptase (Thermo Scientific). Expression analysis
was performed by using LightCycler480 II PCR (Roche, Rotkreuz,
Switzerland). 16S TRNA was used as the reference gene. Candidate
gene expressions were calculated using the 2722Ct method. The
primers used in this study were listed in Supplementary Table S1.

Hemolysis assay

The hemolytic toxicity of the peptides was tested based on pre-
viously described method [29]. Briefly, 4% fresh human red blood
cells (hRBCs) were washed with PBS and centrifuged at 1000 g for
5 min until the supernatant was clear. The same volume of 4%
hRBCs suspension and two-fold serially diluted peptides (the final
concentration of 3.1-200 uM) were incubated for 1 h at 37°C. After
incubation, the mixture was centrifuged at 1000 g for 5 min. The
supernatant was collected and transferred to a new 96-well plate.
The hemolytic toxicity of the peptides was measured by monitoring
the absorbance at 540 nm, which reflect the release of hemoglobin.
Triton X-100 (0.1%) and PBS were used as a positive control (100%
hemolysis) and a negative control (zero hemolysis) respectively. In
order to detect the selectivity of the peptides, the hemolytic toxicity
of the GHa-derived peptides was assayed on hRBCs in the presence
of MRSA (1 x 106 CFU/mL).

Cytotoxicity assay

The cytotoxicity of the peptides in human cells was determined by
Cell Counting Kit-8 (CCK-8) assay [30,31]. Human hepatocytes HL-
7702 [L-02] were grown in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS; Gibco, Carlsbad, USA) and 1% penicillin and
streptomycin (P/S). hFOB1.19, MCF-7 and SKOV3 were obtained
from National Collection of Authenticated Cell Cultures (Shanghai,
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China), and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS and 1% P/S. Briefly, 100 pL
of the cells were seeded into each well of 96-well plates (5 x 10*
cells/mL) and incubated at 37°C for 24 h under 5% CO,. After in-
cubation, the medium was replaced by fresh medium (without FBS
and 1% P/S) containing the peptides (the final concentrations
ranging from 3.1 to 200 pM), and incubated for 24 h. Then, 10 pL of
CCK-8 solution (Beyotime Institute of Biotechnology, Beijing, Chi-
na) was added to each well and incubated for 2-4 h. Absorbance at
450 nm was measured with a microplate reader. Before the assay,
we confirmed that the effect of the culture medium on the anti-
bacterial activity of the peptides was negligible.

Statistical analysis

Statistical analysis was conducted by Student’s t-test and one-way
analysis of variance with GraphPad Prism 6.02 (Software GraphPad,
San Diego, USA). P<0.05 indicates a statistically significant differ-
ence. All the experiments were performed in triplicate independently.

Results

The anti-MRSA activity of GHa-derived peptides

The antibacterial activity of the GHa-derived peptides against MRSA
and clinical isolates was determined in vitro. As shown in Table 1,
compared with conventional antibiotics azithromycin, kanamycin,
and daptomycin, the GHa-derived peptides showed impressive anti-
MRSA efficacy. Vancomycin still exhibited the outstanding anti-
bacterial activity on most tested MRSA stains, but the MIC of
GHaR7R against MRSA-5 was less than that of vancomycin. The
predicted structures of the GHa-derived peptides are shown in
Supplementary Figure S1.

Bacterial growth inhibition and killing kinetics of the
GHa-derived peptides

To evaluate the effect of the peptides on the growth of the MRSA at
sub-MIC concentrations, we performed growth kinetics analysis
(Supplementary Figure S2A-D). At 3.1 utM, GHaR7R and GHaR8R
completely inhibited the growth of MRSA, while GHaR6R and
GHaR9W retarded the growth for 1-2 h. At the concentration of
1.6 pM, GHaR7R was able to suppress the growth of the MRSA up to
7 h, and GHaR8R inhibited the growth for 1-2 h. After exposure to
the peptides at concentrations of 0.4-0.8 uM, the growth of bacteria
was similar to that of the negative control group.

The bacteria-killing kinetics was determined to further assess
bactericidal efficiency of the peptides against MRSA (Supplemen-
tary Figure S2E-H). All the GHa-derived peptides exerted bacter-
icidal actions on MRSA in concentration-dependent and time-
dependent manners. GHaR8R showed strong bactericidal potential
that completely killed MRSA within 120 min and 180 min at con-
centrations of 4 x MIC and 2 x MIC, respectively. After exposure to
GHaR7R and GHaR9W for 180 min, no live MRSA was observed at
the concentrations of 4 x MIC. The decline in the number of bac-
teria (6 log reduction) after treatment with 4 x MIC GHaR6R was
achieved compared with the untreated control. All peptides also had
bactericidal potency against MRSA at sub-MIC.

The stability of the GHa-derived peptides against
temperature and salts

The antimicrobial activity of the peptides was measured under harsh
conditions, including extreme temperature and salt conditions. After
being pretreated at different temperature and salt conditions, all of
the peptides showed excellent stability with the MIC unchanged in
comparison with the negative control (Supplementary Table S2).

The GHa-derived peptides increase membrane
permeability of MRSA

Membrane damage was assessed by propidium iodide (PI) uptake
assay. PI is a nuclear dye that can penetrate damaged cell mem-
branes only, and fluorescence was detected when it binds to DNA.
Compared with the untreated bacteria, GHaR6R (1.6-12.5 uM)
caused a slight increase in the fluorescence intensity, which was
independent of GHaR6R concentration (Supplementary Figure S3A).
At 12.5 uM, the fluorescence intensity was increased dramatically,
reaching maximum values at 5, 5 and 20 min after treatment with
GHaR7R, GHaR8R and GHaR9W, respectively (Supplementary Fig-
ure S3B-D). GHaR7R also showed stronger membrane permeability
at the concentration of 6.2 pM. At lower concentrations, the fluor-
escence intensity was increased slowly during the treatment with all
peptides (Supplementary Figure S3A-D). At the same time, the
growth of MRSA was also monitored, and there was no proliferation
of MRSA within 2 h (Supplementary Figure S3E-H).

The GHa-derived peptides targets the membrane of
MRSA

Scanning electron microscopy (SEM) was used to observe the mor-

Table 1. MIC and MBC of the GHa-derived peptides against the tested MIRSA strains

MIC/MBC (uM)

MRSA MRSA-1 MRSA-2 MRSA-3 MRSA-4 MRSA-5

Peptides

GHaR6R 6.2/12.5 12.5/25 12.5/25 6.2/12.5 12.5/12.5 12.5/25

GHaR7R 3.1/6.2 6.2/12.5 3.1/6.2 6.2/6.2 3.1/3.1 6.2/12.5

GHaR8R 3.1/3.1 6.2/12.5 3.1/6.2 6.2/12.5 3.1/6.2 12.5/12.5

GHaR9W 6.2/12.5 12.5/25 12.5/12.5 6.2/12.5 6.2/6.2 12.5/12.5
Antibiotics

Azithromycin >100/>100 >100/>100 >100/>100 3.1/6.2 6.2/6.2 3.1/6.2

Kanamycin >100/>100 50/100 >100/>100 3.1/3.1 >100/>100 3.1/3.1

Vancomycin 0.4/1.6 0.8/1.6 0.8/1.6 0.8/1.6 0.8/1.6 12.5/12.5

Daptomycin 25/50 25/25 3.1/3.1 25/25 12.5/12.5 6.2/6.2

MRSA-1-5: Methicillin-resistant Staphylococcus aureus (clinically isolated, No.1-5).
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phology of MRSA (Figure 1). The untreated MRSA was intact, smooth
and round, but the bacterial cells treated with the GHa-derived
peptides were changed apparently. The MRSA cells were damaged
severely after treatment with GHaR7R and GHaR8R at 12.5 pM. Some
of the bacteria were destroyed completely, and cell debris attached
together, leading to the leakage of intracellular contents and loss of
the intact structure. GHaR6R and GHaR9W showed mild effects on
the morphological changes, while the MRSA cells were distorted and
wrinkled after exposure to them. In all peptide-treated groups, the
membranes of most bacterial cells were fused to each other, con-
tributing the unclear boundary between the bacteria cells.

The GHa-derived peptides have antibiofilm activity
All of the tested peptides displayed the antibiofilm activity against
MRSA in a concentration-dependent manner (Figure 2). The four
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peptides could inhibit the formation of biofilm by more than 50% at
6.2 pM (Figure 2A-D), especially GHaR7R with an inhibitory rate of
83.64% (Figure 2B), comparable to that 6.2 uM of vancomycin
(Supplementary Figure S4A). At the low concentration of 1.6 uM,
the peptides still inhibited the biomass of MRSA biofilms by 20%-
40% (Figure 2A-D). In comparison with other three peptides and
vancomycin, GHaR7R also exerted higher efficiency to remove the
mature biofilms (Figure 2F). GHaR8R, GHaR9W, and vancomycin
had similar ability to eradicate mature biofilms at various con-
centrations (Figure 2G-H, Supplementary Figure S4B). After treat-
ment with 25 pM the peptides, more than 50% of mature biofilms
were eradicated (Figure 2E-H).

The biofilm eradication activity of the derived peptides
The eradication activity of the peptides against the mature biofilms

Figure 1. Morphological changes of MRSA exposed to GHa-derived peptides were examined by SEM MRSA treated with PBS served as the

negative control. SEM magnification, x 20,000. Scale bar=2 pm.
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Figure 2. The antibiofilm formation activities of GHa-derived peptides
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(A-D) The inhibition of biofilm formation and (E-H) the eradication of
mature biofilms were analyzed. The biofilms were stained by MTT and the absorbance was monitored at 570 nm. Untreated-biofilms was used as
the control. *P<0.05, **P<0.01. The dashed lines represent 10% and 50% of the biofilm biomass, respectively.
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of MRSA were observed by CLSM. Green fluorescence represents
living bacteria (SYTO staining), while red fluorescence indicates
dead bacteria (PI staining). As shown in Figure 3, the highly orga-
nized and aggregated live biofilm was observed in the negative
control. Compared with the control, most of the mature biofilms
were eradicated after exposure to the peptides. Only small and thin
biofilm clusters were scatted, and some of them were killed.
GHaR7R exerted an outstanding efficacy to eradicate more than
80% of the mature biofilms. GHaR6R, GHaR8R and GHaR9W
showed similar ability to eradicate the mature biofilm.

The GHa-derived peptides decreases cell surface
hydrophobicity of MRSA

MATH assay showed that the GHa-derived peptides decreased the
hydrophobicity index of MRSA bacteria in a concentration-depen-
dent manner. GHaR7R, GHaR8R and GHaR9W were found to re-
duce more than 50% of the hydrophobicity index at 1.6 M
(Supplementary Figure S5).

The GHa-derived peptides reduces autoaggregation of
MRSA

Autoaggregation is an important property for intercellular and sur-
face adherence of MRSA [26]. After 24 h of culture, most of the
MRSA bacteria autoaggregated in the negative control. While a
significant reduction in MRSA autoaggregation was observed after
treatment with the peptides, even at the low concentration of
0.4 pM (Figure 4A-D). Autoaggregation was also detectable after
incubating tubes for 24 h in static condition (Figure 4E-H).

Effect of the GHa-derived peptides on PIA biosynthesis
and gene expression of MRSA

PIA constitutes the exopolysaccharide for many staphylococcal
strains, contributing to bacterial aggregation and adhesion on the
surface [32]. As shown in Figure 5A, the inhibition rates of the
peptides for PIA ranged from 3.2% to 33.5% at 0.4-1.6 uM. The
inhibitory effect of GHaR7R on PIA biosynthesis of MRSA was

Control

higher than those of GHaR6R, GHaR8R and GHaR9W. As shown
in Figure 5B, the expressions of three genes (sarA, ebps, fnbA)
were upregulated upon GHaR6R treatment, with sarA being the
most upregulated one, while the expressions of four ica genes
(icaA, icaD, icaB, and icaC) were downregulated. GHaR7R en-
hanced the expressions of icaA and icaB, whereas the expressions
of icaD, sarA, ebps and fnbA remained unaltered. On the con-
trary, the expression of icaC was downregulated. GHaR8R had no
impact on the expressions of sarA, ebps and fnbA, while the ex-
pression of four ica genes (icaA, icaD, icaB, and icaC) were
downregulated. The expressions of the three genes (sarA, ebps,
and fnbA) almost unchanged after exposure to GHaR9W,
whereas the expressions of icaA, icaD, icaB, and icaC were
downregulated.

Hemolytic toxicity of the GHa-derived peptides
Hemolysis of the GHa-derived peptides was evaluated in human
erythrocytes (hRBCs) with or without MRSA (Supplementary Figure
S6). Hemolytic toxicity of GHaR7R and GHaR9W were decreased in
the presence of MRSA, indicating that the peptides bound to MRSA
preferentially. GHaR6R did not show any hemolytic toxicity even at
200 utM. GHaR8R and GHaR9W showed slight hemolytic effect.
Comparatively, GHaR7R disrupted hRBCs with 50% hemolysis rate
at 25 pM. The cell selectivity index (CSI) of the peptides were listed
in Supplementary Table S3.

Cytotoxicity of the GHa-derived peptides to human cells
The cytotoxicity of the peptides against normal (HL-7702 and
hFOB1.19) and tumor (MCF-7 and SKOV3) cells were assessed
(Figure 6). GHaR6R and GHaR9W showed slight cytotoxicity to all
tested cells with the 50% inhibiting concentration (IC;,) ranging
from 68.8 to >200uM (Supplementary Table S4). GHaR7R ex-
hibited high cytotoxicity, and reduced the viability of all the cells by
50% at 25 pM. On tumor cells MCF-7 and SKOV3, GHaR8R showed
the same toxicity as GHaR7R, but on normal cells HL-7702 and
hFOB1.19, its cytotoxicity was less than that of GHaR7R.

GHaR9W

Figure 3. Eradicating potential of GHa-derived peptides to the mature biofilm of MRSA The mature biofilms were treated with 25 pM of the
peptides. Untreated-biofilms were used as the negative control. The Z axis in 3D images indicates the thickness of the biofilm.
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Discussion

Temporins are antimicrobial peptides containing 13 amino acids
initially found in amphibians. Temporin peptides have a board
spectrum bioactivity against bacteria, fungi, viruses, protozoa and
cancer cells [33]. Most members of the temporin have a common
motif FLP- at the N-terminal and leucine at the second position of
the C-terminal. The basic amino acids, arginine and lysine are fre-
quently found in temporins, but rarely for histidine. The positively
charged amino acids contribute temporins to positive charges be-
tween 0 to +3 [22]. Temporin peptides share a common a-helical
conformation in hydrophobic environment [12,34]. Temporin-GHa
(GHa) was cloned from Hylarana guentheri, with histidine as the
basic amino acid [13]. Our previous studies showed that temporin
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peptides with histidine showed weaker antimicrobial activity than
those with arginine and lysine [22]. In order to improve the anti-
bacterial efficacy of GHa, GHaR6R, GHaR7R, GHaR8R and GHaR9W
were designed [14].

MRSA infection is one of the significant life-threatening diseases
to human. Here, we investigated the antibacterial activity of
GHaRG6R, GHaR7R, GHaR8R and GHaR9W against MRSA. GHaR7R
and GHaR8R have similar high antibacterial activity, whereas the
MICs of GHaR6R and GHaR9W are comparable. The structure
predictions showed that all the four GHa-derived peptides have an
a-helix structure. Both GHaR7R and GHaR8R have 3 arginines to
form a hydrophilic surface, with the hydrophobic amino acids
constituting a hydrophobic surface. Compared with these two
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peptides, GHaR6R also contains the same number of positively
charged amino acids, but one of the arginine separates from the
hydrophilic surface and is close to the hydrophobic surface, leading
to the reduction of its antimicrobial activity. GHaR9W has the same
hydrophobic surface with GHaR7R and GHaR8R. These three pep-
tides have similar bactericidal efficiency according to the bacteria-
killing kinetics. The results confirmed that reducing the non-polar
surface of the a-helical amphipathic peptide might decrease the
antibacterial efficacy of AMPs. It is consistent with the previous
research that the hydrophobic motif is essential for antimicrobial
activity of Pepl9-4LF ([35]. Generally, the increase in hydro-
phobicity of the hydrophobic surface of a-helical AMPs would en-
hance their antibacterial activities [36].

Studies have shown that most cationic AMPs can bind to negative
charges of bacterial cytoplasmic membrane and insert into the

membrane to form channels which interfere with the membrane
potential, causing leakage of bacterial contents and cell death
[37,38]. It is worth noting that the antimicrobial activity of cationic
AMPs can be affected by divalent cations (Mg?* and Ca?*) and
monovalent cations (Na* and K*) [39]. Therefore, we determined
the activity of the GHa-derived peptides against MRSA in physio-
logical salt environments. The tested cations showed no effect on
the antimicrobial activity. GHaR7R, GHaR8R, and GHaR9W could
quickly increase the permeability of bacterial membranes, while
GHaR6R showed mild effect. The cells treated with GHaR7R and
GHaR8R were damaged seriously, with the cell membrane inter-
rupted and irregularly wrinkled, and leakage of intracellular con-
tents. Comparatively, GHaR6R and GHaR9W had slight effect on
bacterial morphology, reflected by their lower MIC values. The re-
sults indicated that the four GHa-derived peptides may target bac-
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terial cytoplasmic membranes. Arginine-rich peptides prefer to ex-
ert direct penetration effect on the cell membranes [40], which ex-
plains why the GHa-derived peptides exhibit stronger antimicrobial
potential than the parent peptide containing histidines. Optimizing
AMPs by designing GHa-derived variant peptides has been one of
the important ways to develop novel bioactive peptides [41]. Many
of these peptides exhibit multiple functions, such as antibiofilm and
immunomodulatory activity, accompanied by their antimicrobial
functions [42,43]. AMPs with antibiofilm formation activity at
concentrations of lower than their minimum inhibitory concentra-
tions (MICs) are considered to be antibiofilm peptides [44]. It has
been reported that inhibition of biofilm formation of antibiofilm
peptides is related to their effective bactericidal activity against the
planktonic bacteria [45,46]. As the temporin-derived peptides
showed higher antibacterial effect than the mother peptides, the
antibiofilm formation activity assays were performed.

Many MRSA strains are prone to form biofilms and produce a
variety of virulence factors, such as PIA and eDNA, which are cri-
tical elements in the pathogenesis of acute and chronic infections
[47]. All of the GHa-derived peptides inhibited biofilm formation at
the concentrations of sub-MIC and eradicated mature biofilms of
MRSA, especially GHaR7R and GHaR8R. In addition, GHaR7R had
stronger effect on the eradication of mature biofilms than vanco-
mycin. Vancomycin can kill planktonic bacteria and the bacteria on
the surface of biofilm, but it is difficult to penetrate into biofilm to
kill the protected bacteria [48]. The GHa-derived peptides, espe-
cially GHaR7R can penetrate into the MRSA biofilm, and exerts
bactericidal activity, causing the death of bacteria in deep biofilm.
Although vancomycin shows excellent inhibitory efficacy on bio-
film formation, it has high toxicity [49], therefore the GHa-derived
peptides have great potential in the treatment of MRSA infections.
The regulation pathways of biofilm formation are very complex,
which are strictly controlled by multiple regulatory systems, such as
accessory gene regulator (Agr), ica operon, SarA, SaeRS two-com-
ponent and quorum sensing (QS) [50,51]. PIA is the important ex-
tracellular matrix to provide the biofilm attaching architecture,
contributing MRSA cells to embedding in PIA fiber meshes [52].
Moreover, the hydrophobicity of cell surface and auto-aggregation
enhances the adhesion of bacteria to hydrophobic surfaces [53].
The GHa-derived peptides reduce the surface hydrophobicity and
auto-aggregation, leading to decreased biofilm formation of MRSA.
PIA biosynthesis of MRSA also is diminished after the bacteria are
exposed to the GHa-derived peptides. PIA is synthesized mainly by
the enzymes encoded by the icaADBC genes [54]. GHaRGOR,
GHaR8R and GHaR9W downregulate the expressions of icaADBC
genes. It has been reported that co-expression of icaA and icaD
renders the optimal PIA synthesis in staphylococci [55]. GHaR7R
attenuates the expression of icaC, whereas the expressions of icaA
and icaB are upregulated and the expression of icaD remains con-
stant. We deduced that GHaR7R may interrupt the co-expression of
icaA and icaD, leading to the low synthesis of PIA. The sar locus
encodes a DNA-binding protein staphylococcal accessory regulator
A (SarA), which is a known master controller for biofilm formation
[56]. The expressions of sarA and sarA-controlled adhesion proteins
Fibronectin-binding protein-A (fnbA) are enhanced upon GHaR6R
treatment. GHaR7R, GHaR8R and GHaR9W have no negative effect
on the expressions of sarA and fnbA. In previous studies, a similar
expression pattern was observed, in which magnolol induced the
expression of sarAin S. aureus. Elastin-binding proteins gene (ebps)
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product is an integral membrane protein of S. aureus that binds to
elastin. And this interaction makes bacteria colonization and pa-
thogenesis much easier in wound-infected tissues [57]. The ex-
pression of ebps remians unchanged upon treatment with GHaR7R,
GHaR8R and GHaR9W. The GHa-derived peptides show multi-
factorial impact on the expressions of the biofilm-related genes, but
the main contributor to the antibiofilm formation activity is the
downregulation of icaADBC genes.

Cytotoxicity is one of the critical factors to evaluate the applic-
ability of drug candidates in clinic. Thus, we assessed the toxicity of
the GHa-derived peptides on human erythrocyte, normal cells and
tumor cells. Compared with the other three peptides, GHaR6R did
not display any hemolytic toxicity even at the concentrations of up
to 200 uM. In the presence of human erythrocytes, the reduced
hemolytic toxicities of GHaR7R, GHaR8R and GHaR9W demon-
strated that the GHa-derived peptides preferred to act on MRSA.
GHaR6R and GHaR9W showed less cytotoxicity on the tested cells
than GHaR7R and GHaR8R. Interestingly, GHaR8R inhibited the
growth of MCF-7 and SKOV3 cells by 60%-80% at 25 pM, but had
slight cytotoxicity on normal cells. The high selectivity to tumor
cells of GHaR8R makes it a potential anticancer drug candidate.
According to the antimicrobial and toxicity studies, we confirmed
that with less hydrophobic surface in AMPs, their cytotoxicity was
reduced, but their antibacterial activity was also decreased. It is
difficult to completely overcome toxicity of AMPs and retain a
strong antimicrobial activity at the same time. Hence, we need to
seek a balance point between high efficacy and low toxicity in the
design of AMPs.

In summary, temporin peptides are outstanding templates for the
development of novel antibacterial and antibiofilm reagents. The
temporin-GHa-derived peptides may be promising candidates
against MRSA infections.
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Supplementary data is available at Acta Biochimica et Biophysica
Sinica online.
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