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The rapid increase of Methicillin-resistant Staphylococcus aureus (MRSA) infections and the cross-
resistance of MRSA to other antibiotics create an urgent demand for new therapeutic agents. Antimi-
crobial peptides (AMPs) are one of the most promising options for next-generation antibiotics. In this
study, novel peptides were designed based on antimicrobial peptide fragments derived from Aristicluthys
nobilia interferon-I to promote anti-MRSA activity and decrease adverse effects. Design strategies
included substitutions of charged or hydrophobic amino acid residues for noncharged polar residues to
promote amphipathicity. Two designed peptides, P5 (YIRKIRRFFKKLKKILKK-NH2) and P9 (SYER-
KINRHFKTLKKNLKKK-NH2), showed potent antimicrobial activities against both sensitive Staphylococcus
aureus clinical isolates and MRSA strains without significant hemolysis or cytotoxicity to human he-
mocytes and renal epithelial cells. Scanning Electronic Microscopy (SEM) and qRT-PCR were employed to
investigate the effects of P5 and P9 on S. aureus biofilm formation, morphology, and virulence-related
gene expression. P5 and P9 significantly inhibited the biofilm and destroyed the cell membrane integ-
rity, in addition to down-regulating several virulence factor genes and biofilm formation-related genes
including spa, hld, and sdrC. P5 and P9 could be promising candidate antibacterial agents for the treat-
ment of MRSA infections.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

With the abuse of antibiotics, a rising emergence of drug-
resistant bacteria is occurring worldwide, threatening the efficacy
and availability of antibiotics [1,2]. Methicillin-resistant Staphylo-
coccus aureus (MRSA), one of the most common infection-resistant
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pathogens at present, can extend from skin infections to blood
infections, posing a life-threatening risk to the patient or the
injured. MRSA was first isolated in the UK in 1961 and has since
become prevalent around the world [3]. In the 1980s, with the
widespread use of third-generation cephalosporins in the clinic,
the number of isolated MRSAs increased gradually. To this day, the
detection rate of MRSA remains high. Due to parallel gene transfer,
gene mutations and antibiotic screening, MRSA have acquired a
variety of genes such asmecA, spa, hld, sdrC, and hld associated with
antibiotic resistance [4]. Most MRSAs are also found to be resistant
to non-b-lactam antibiotics, such as lincosamides, macrolides,
aminoglycosides, quinolones and even multiple antibiotic combi-
nations [5]. Unfortunately, with increased infections caused by
MRSA, the effect of antibiotic treatment has become less optimistic
[6]. Hence, there is an urgent need for new types of antibiotics,
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especially for treating drug-resistant S. aureus pathogens.
Antimicrobial peptides (AMPs) are also called host defence

peptides. They are generated by the host organism as a result of the
innate immune defence found in all classes of life [7,8]. Due to the
increasing number of antibiotic resistance problems, there is
currently a lot of interest in new treatments, including AMPs.
Because of their modes of action, lack of bacterial resistance, and
lack of adverse effects in humans, AMPs are now considered
dependable alternative treatments in the development of novel
antibacterial therapies. So far, several AMPs has been approved for
marketing, such as Daptomycin, Bacitracin, Polimyxin B, Colistin,
Tyrothricin and Gramicidin, and at least 20 AMPs are in the process
of application or clinical research [9e11]. AMPs are usually short
cationic peptides with 10e50 amino acid residues with a common
physicochemical characteristic of abundant hydrophobic and
positively charged amino acids to form an amphipathic structure.
The amphipathic structure of AMPs triggers their adsorption at the
bacterial membrane surface, which consists of negatively charged
lipids, allowing their translocation across the cytoplasmic mem-
brane. This translocation may trigger either membrane per-
meabilization, interfering with membrane-associated enzymes
involved in bacterial cell wall synthesis, or attack on intracellular
targets, eventually causing cell death [12e14]. Although AMPs’
unique mechanism of action renders it a new generation of anti-
bacterial drugs to replace traditional antibiotics, potential cyto-
toxicity and hemolysis hinder its further research and development
[9,15]. Recently, several AMPs were designed based on natural
peptides such as LL-37, Cathelicidin BF and Magainin 2 which
showed high bacteria selectivity and clinical potential [16e18].
Therefore, designing novel antimicrobial peptides is one approach
to improving the biological activity of AMPs and overcoming
existing deficiencies.

Interferons (IFNs) are essential cytokines possessing multi-
function in innate and adaptive immunity widely distributed
amongst vertebrates [19]. IFNs are divided into three types, namely
IFN-I (mainly IFN-a/b), IFN-II (IFN-g), and IFN-III (IFN-l), based on
their differences in gene structure and cellular function [20]. As
clearly reported, IFN-I promoted the release of nitric oxide and pro-
inflammatory cytokines through dendritic cells and macrophages,
further enhancing the host's antimicrobial activity to defeat viral
and microbial infections [21]. In last decade, IFN-I and IFN-II have
been reported in some teleosts including zebrafish, pufferfish,
Atlantic salmon, and bighead carp Aristicluthys nobilia [22e25], and
IFN-I was demonstrated to be vital during bacterial infections [26],
suggesting it is a significant host defense molecule. Interestingly, it
was recently found that IFN-I was capable of directly exerting
antimicrobial activity [27], whereas, the potential peptide frag-
ments possessing activity in IFN-I were not fully revealed.
Table 1
Physicochemical properties of the designed peptides.

Peptide Sequence L pI T. Mw

H5 YEIKINRHFKTLKKNLKK-NH2 18 10.39 2301.8
P1 YIRKINRHFKTLKKNLKK-NH2 18 11.30 2328.8
P2 YIRKIRRFFKTLNKNLKK-NH2 18 11.76 2366.9
P3 YIRKIRRFFKKLNKNLKK-NH2 18 11.77 2394.0
P4 YFRTIRRFFKKLFKTLKK-NH2 18 11.76 2421.0
P5 YIRKIRRFFKKLKKILKK-NH2 18 11.78 2407.1
P6 YIRKIRRFFKKRFKFRKK-NH2 18 12.19 2546.2
P7 WVRKVRRWWKKVKKVVKK-NH2 18 12.32 2438.0
P8 SYEIKINRHFKTLKKNLKKK-NH2 20 10.47 2517.0
P9 SYERKINRHFKTLKKNLKKK-NH2 20 10.79 2560.0
P10 WYERLINRKFKWLKGRLSKK-NH2 20 11.79 2794.5
P11 LYKRYILRKFKFLKKKLKKK-NH2 20 10.93 2670.4
P12 VWKRWVVRKWKWVKKKVKKK-NH2 20 12.07 2724.4
Previously, we identified an AMP fragment from A. nobilia IFN-I
which was the fifth helical motif of IFN-I named as H5, which
showed moderate antimicrobial activity against several pathogens
including S. aureus ATCC 25923, Streptococcus mutans ATCC UA159,
and Candida albicans ATCC 5314. In this study, we designed a series
of peptides (P1eP12) based on H5 to improve antibacterial activity.
After screening antimicrobial activity, cytotoxicity and hemolytic
activity, P5 and P9 exhibited excellent activity toward S. aureus,
especially MRSA. As such, we envision that these peptides could
yield potent antibiotics with minimal hemolysis and no apparent
cytotoxicity to human hemocytes and renal epithelial cells, and
thereby more promise of future development for practical use in
therapeutics.
2. Results

2.1. Physicochemical characterization of peptides

Twelve peptides were designed to enhance amphipathicity of
AMP H5, which could help the peptides penetrate the bacterial cell
membrane and eventually lead to bactericidal action. H5-derived
peptides with amino acid substitutions were synthesized using
solid phase peptide synthesis (SPPS). Electrospray ionization mass
spectrometry (ESI-MS) and high-performance liquid chromatog-
raphy (HPLC) analysis were used to verify the fidelity of the syn-
thesized peptides as presented in Table 1 and Supplementary
Fig. S2. The observed molecular weight of the synthesized peptides
showed no noticeable difference from the theoretical molecular
weight, indicating successful synthesis of the peptides. Table 1 and
Fig. 1 summarize the physicochemical characterization of peptides.
All the peptides (ranging from 18 to 20 amino acid residues)
possessed highly positive-net charges. H5 exhibited a þ6-net
charge which was the lowest positive charge among the designed
peptides; furthermore, P6, P11, and P12 displayed aþ11-net charge.
Except for the greater hydrophilic character of P8 and P9, the ratios
of polar residues to nonpolar residues of the remaining peptides
were about 60%. Correspondingly, P8 and P9 showed lower hy-
drophobicities, 0.016 and �0.125, respectively, and P4 had the
highest hydrophobicity of 0.326. However, the highest hydrophobic
instance among the peptides was P5. Fig. 1 shows the predicted
helical wheel diagrams of the peptides. All the peptides could form
helixes, and further possessed an amphipathic structure forming a
hydrophilic and hydrophobic side.

Note: Lys (K) and Arg (R) were assigned with þ1 charge. Asp (D)
and Glu (E) were assigned with �1 charge. L: length (aa); pI: iso-
electric point; T. Mw: theoretical molecular weight; O. Mw:
observed molecular weight; NC: net charge; H: hydrophobicity;
HM: hydrophobic moment; PR: polar residues; NPR: nonpolar
O. Mw NC H HM PR/n% NPR/n%

1 2300.8 þ6 0.075 0.499 12/66.67 6/33.33
8 2327.9 þ8 0.054 0.715 12/66.67 6/33.33
3 2365.9 þ8 0.146 0.768 11/61.11 7/38.89
0 2393.0 þ9 0.076 0.802 11/61.11 7/38.89
2 2420.6 þ8 0.326 0.822 10/55.56 8/44.44
0 2406.8 þ10 0.188 0.830 10/55.56 8/44.44
0 2545.2 þ11 0.041 0.566 11/61.11 7/38.89
8 2438.0 þ10 0.161 0.822 10/55.56 8/44.44
6 2517.2 þ7 0.016 0.413 14/70.00 6/30.00
9 2560.0 þ8 �0.125 0.545 15/75.00 5/25.00
6 2794.8 þ7 0.254 0.533 12/60.00 8/40.00
6 2670.4 þ11 0.158 0.371 11/55.00 9/45.00
7 2724.0 þ11 0.208 0.407 11/55.00 9/45.00



Fig. 1. Designed peptides with antimicrobial activities possess an amphipathic helix structure. The hydrophobic residues are yellow, positively charged hydrophilic residues are
blue, and negatively changed hydrophilic residues are red. The noncharged polar residues are purple. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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residues; The changed amino acids in each peptide compared with
H5 were underlined.

2.2. Secondary structures of peptides

The secondary structures of peptides in aqueous and mimic
hydrophobic membrane environments were determined using CD
spectroscopy as shown in Fig. 2. All the peptides failed to form an a-
helical conformation in 10mM PBS except P2. In membrane-
mimetic environments, the CD spectra of the peptides involving
leucine and isoleucine, such as P5, showed two negative peaks at
about 222 and 208 nm and demonstrated typical helical structure
predisposition, while phenylalanine-rich peptides like P4 exhibited
a unique a-helical conformation signal feature (Fig. 2). The close
interactions between bi/multi-tryptophan, P7, P10, and P12,
tryptophan-involving peptides, demonstrated a greater tendency
to form a b-turn rather than an a-helical conformation in
membrane-mimetic environments.

2.3. P5 and P9 inhibited the growth of MRSA

The antimicrobial activities of the peptides against S. aureus
ATCC 25923, clinical MRSA strain 18466, Streptococcus mutans ATCC
UA159, S. sanguis ATCC 10556, and Candida albicans ATCC 5314 was
examined (Table 2). Among these peptides, P5 exhibited the
highest antimicrobial activity against fungal pathogen C. albicans,
gram-positive bacteria S. aureus, and S. mutanswith theMIC of 32, 8
and 64 mg/mL, respectively. Notably, P5 exhibited good selectivity
with a MIC as low as 8 mg/mL towards MRSAwith (3 mM), compared
to 64 mg/mL for the beneficial bacterium S. sanguis as it can inhibit
the growth of S. mutans to prevent dental caries [28]. With a MIC of
16 mg/mL, P9 showed good inhibition of MRSA as well, but was two-
fold weaker than P5, yet exhibited a similar selective effect towards
S. sanguis. Our optimized native peptides, P5 and P9 were at least
eight and four times more inhibitory towards S. aureus, respec-
tively, compared to H5. Furthermore, P2, P4, P6, P9, and P11 also
showed moderate broad-spectrum antimicrobial activity. P6
showed good inhibitory activity to all microorganisms in the
experiment. The MIC of P6 towards C. albicans, S. aureus, S. mutans,
MRSA and S. sangui were 32, 64, 16, 32, and 64 mg/mL, respectively,
which demonstrates lower selectivity against pathogens and
beneficial bacteria compared to P5 and P9.

The anti-S. aureus/MRSA activity of P5 and P9 against sixteen
clinically isolated antibiotic-resistant S. aureus strains was tested,
and the result showed MRSA was highly resistant to oxacillin and
methicillin with the MIC over 1200 mg/mL (Fig. 3 and Supplemen-
tary Table S1). P5 exhibited broad-spectrum activity against these
S. aureus strains, especially antibiotic-resistant strains, with MICs
from 8 to 16 mg/mL, while Methicillin-Sensitive S. aureus (MSSA)
ranged from 16 to 32 mg/mL (Fig. 3), indicating better inhibition of
antibiotic-resistant strains. P9 showed similar activity against these
S. aureus strains with MICs of 16e32 mg/mL. However, methicillin
and oxacillin, clinical drugs administered for S. aureus infection,
only inhibit four MSSA strains, ATCC 25923, 29213, 8325.4, and
6538, while showed no inhibitory activities against all of the MRSA
strain (Supplementary Table S1).

2.4. P5 and P9 inhibited S. aureus without detectable resistance

We then measured whether the non-resistant S. aureus strains
can acquire resistance to these two peptides (P5 and P9). Methi-
cillin and oxacillin were served as the control. Serial passage of the
two non-resistant S. aureus strains in the presence of sub-MIC
levels of P5 and P9 over a period of 15 days failed to produce
resistant mutants (Fig. 4) as P5 and P9 still inhibited the growth of
S. aureus at same MIC level. However, the MICs of methicillin and
oxacillin increased 8e16 times and 8 times, respectively (Fig. 4).
The MICs of methicillin and oxacillin started to be elevated just
after 2e5 days even though they did not possess the known
resistant gene mecA (Fig. S1), indicating the fast resistance acqui-
sition of drug sensitive S. aureus strains to methicillin and oxacillin
(Fig. 4).



Fig. 2. Secondary structures of the designed peptides determined by circular dichroism spectroscopy.

Table 2
Antibacterial activity of the designed peptides.

Sample MIC (mg/mL)

C. albicans ATCC 5314 S. aureus ATCC 25923 MRSA
18466

S. mutans ATCC UA159 S. sangui ATCC 10556

H5 <64 <64 <64 <64 <64
P1 <64 <64 <64 <64 <64
P2 <64 <64 <64 32 <64
P3 <64 <64 <64 <64 <64
P4 64 64 64 <64 <64
P5 32 8 8 64 <64
P6 32 64 32 16 64
P7 <64 <64 <64 <64 <64
P8 <64 <64 <64 <64 <64
P9 64 32 16 <64 <64
P10 <64 <64 <64 <64 <64
P11 <64 <64 64 <64 <64
P12 64 <64 <64 <64 <64
Vancomycin e 1 1 2 1
Econazole 4 e e e e
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2.5. P5/P9 inhibited the biofilm formation and damaged the cell
membrane of S. aureus

To investigate whether P5 and P9 can inhibit S. aureus biofilm
formation, we subsequently randomly selected four strains,
including two MSSA strains ATCC 29213 and 25923 and two MRSA
strains 19498 and 18466. The SEM results showed that both P5 and
P9 inhibited MSSA and MRSA biofilm formation (Fig. 5). There was
an apparent decrease in the number of bacterial cells after P5 and
P9 treatment, respectively. Notably, P9 significantly inhibited



Fig. 3. Antibacterial activities of P5/9 against various Methicillin-sensitive S. aureus (MSSA) and Methicillin-resistant S. aureus (MRSA).

Fig. 4. Relative MIC ratio of each passages in contrast to the initial MIC revealed
acquisition of drug resistance induced by methicillin, oxacillin, P5 and P9 against two
S. aureus strains. (a) S. aureus 25923,(b) S. aureus 29213. MIC determinations were
repeatedly performed from Passages 0 to 15 (Passages 0e15).

Fig. 5. SEM observation of biofilm formation of S. aureus ATCC 29213(a), ATCC
25923(b), MRSA 19498(c), MRSA 18466(d) affected by P5/P9. S. aureus with the vehicle
group, P5 treated group and P9 MIC treated group.
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biofilm formation particularly in the MRSA 18466 strain, as only a
small number of bacterial cells remained, even better than that of
MSSA.

There was a decrease in the number of bacteria as well as a
significant change in the morphology of some cells. In the blank
group, no morphological abnormalities had been found neither in
MSSA 29213, 25923 strains nor MRSA 19498 and 18466 strains.
After treatment with either P5 or P9, the MSSA and MRSA strains
presented a decreased cell volume, cell membrane damage, and
extravasation of cytoplasmic content (Fig. 6). The observed invag-
ination (Fig. 6b,d), shrinking (Fig. 6a,b,c,d) and perforation (Fig. 6a)
in the cell membrane indicated that P5/P9 destroyed the cell
membrane integrity, further resulting in extravasation of cyto-
plasmic content and enlargement of the extracellular matrix
(Fig. 6c). P9 showed better membrane disruption activity and
decreased bacterial cell counts, particularly against the MRSA
18466 strain (Fig. 6d).
2.6. P5 and P9 reduced the virulent genes’ expression of S. aureus

We evaluated the effects of P5 and P9 on MSSA and MRSA by
measuring the expression of several biofilms or virulence-related
genes, including mecA, spa, hld, sdrC. Among these genes, mecA
was the only one that existed in MRSA, in line with its resistance to
methicillin (Supplementary Fig. S1 and Table S1). The genes spa and
hld, separately encoding Staphylococcus protein A and d-lysin
related to bacterial virulence [29,30], were significantly down-
regulated in MRSA 19498 and 18466 while no detection in the
MSSA group under the action of P5 or P9 (Fig. 7a and b). The gene
sdrC, encoding adhesin and related to biofilm formation which can



Fig. 6. SEM observation of biofilm formation of S. aureus ATCC 29213(a), ATCC
25923(b), MRSA 19498(c), MRSA 18466(d) with the control group and group treated
with P5 or P9. Decrease of the bacteria and lysis of the cell membrane were observed
after treatment; pointed out by the arrow.
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promote bacteria proliferation on the skin and mucosa of the host
[31], was also down-regulated in MRSA 19498 and 18466 treated
with both these two peptides (Fig. 7c). The down-regulation of
virulent genes indicates that P5 and P5 not only inhibit growth and
MRSA biofilm formation but also reduce infectious virulence.
Fig. 7. Expression levels of the spa, hld, and sdrC genes determined by qRT-PCR in
MSSA ATCC 29213 and 25923, MRSA clinical isolates 19498 and 18466 cultured in the
presence or absence of MIC concentrations of P5/9. The densitometric results of the
transcripts were quantified using 16s rRNA expression and analyzed by one-way
ANOVA.
2.7. Hemolytic activity, stability and cytotoxicity

Hemolysis is a significant adverse effect of AMPs which hinders
their application considerably. Hemolytic activity of all the AMPs
are shown in Table 3. It was desirable that the Hmaxof all AMPswas
less than 35%. P8was the optimal peptidewhich showed the lowest
hemolytic activitywith a Hmax of 6.78%. Representing poor peptide
performance, P12 had the most robust hemolytic activity with a
Hmax of 31.03% and induced 10% hemolysis at a concentration of
57.24 mg/mL. P7 and P10 also showed relatively powerful hemolytic
activities, with a Hmax of 25.54% and 17.33%, respectively. However,
both P5 and P9 showed high antimicrobial activity as well as low
hemolytic effect (Supplementary Fig. S3), which induced less than
15% hemolytic effect even at the concentration of 640 mg/mL.

Note: HC10 and HC50 are the concentrations of peptide causing
10% and 50% hemolysis on murine erythrocytes, respectively. Hmax
is the percentage (%) hemolysis at the highest peptide concentra-
tion tested (640 mg/mL).

To comprehensive evaluate the stability of the peptides P5 and
P9, we determined their stability in blood plasma, bacterial su-
pernatant and trypsin treatment, respectively. As demonstrated in
Supplementary Fig. S4 and Fig. S5, P5 and P9 showedmore stable in
blood plasma and MRSA bacterial supernatant compared with
trypsin treatment. One quarter concentration of P5 or P9 was found
in blood plasma for 12 h incubation, and P5 or P9 were not found
from 24 h blood plasma incubation (Figs. S4a and c). Inspiringly,
these two peptides performed highly stability in MRSA bacterial
supernatant. There was a small amount of P5 or P9 obtained even
after 24 h treatment with supernatants from MRSA (Figs. S4b and
d). Among them, almost half of P5 concentration was not cleaved
by bacterial supernatant for 12 h incubation, and nearly one-fifth of
P5 concentration was detected in MRSA supernatant incubation for
24 h. Furthermore, the potential cytotoxicity of hydrolyzed
metabolite peptides from P5 or P9 was assessed. As shown in
Supplementary Fig. S6, the metabolites had no apparent cytotox-
icity towards human embryonic kidney HEK293Tcells. As is known,
trypsin is one of the major proteolytic enzymes in the gastroin-
testinal tract [32,33], while trypsin degradation has less effect on
AMP topical administration. Hence, P5 and P9 showed great po-
tential via topical administration.

Numerous studies have shown that AMPs inhibit cell prolifera-
tion and trigger membrane disruption, thereby facilitating cell
death [9]. Hence, the cytotoxicity assay against human embryonic



Table 3
Hemolytic activity of designed peptides.

Peptide Hemolytic activity (mg/
mL)± SD

Percent hemolysis ±SD
Hmax (100%)

HC10 HC50

H5 >640 >640 7.94± 2.1
P1 >640 >640 8.07± 2.5
P2 >640 >640 7.17± 3.4
P3 >640 >640 9.86± 4.2
P4 640 >640 10.30± 2.5
P5 640 >640 10.27± 2.2
P6 >640 >640 8.21± 1.2
P7 80.04± 7.2 >640 25.54± 6.2
P8 >640 >640 6.78± 2.4
P9 >640 >640 7.06± 3.7
P10 178.82± 12.6 >640 17.33± 6.8
P11 >640 >640 9.34± 3.8
P12 57.24± 5.2 >640 31.03± 9.3
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kidney HEK293T cells was conducted using dose-response studies.
As depicted in Fig. 8, the cell viabilities were approximately
70e80%, and no significant cytotoxicity against HEK293T cells was
observed after treatment by most of the peptides at various con-
centrations from 5 to 640 mg/mL. Unfortunately, P7 and P12 elimi-
nated approximately half of the living cells at a concentration of
640 mg/mL with cell viabilities of only 65.74% and 58.94%,
respectively.
3. Discussion

Antimicrobial peptides (AMPs) are of increasing interest as po-
tential potent antibiotics with simple structures. In the present
study, a series of peptides with optimized properties were designed
based on an antimicrobial peptide fragment H5 derived from IFN-I,
among which P5 and P9 had the best antimicrobial activities,
especially to MRSA. The vital rationale of AMPs shown in helical
structures is amphiphilic, although the structure and sequence of
AMPs are diverse [15]. It has been found that the amphipathic or-
dered structure, particularly the formation of a-helices, is associ-
ated with peptide-induced membrane disruption [34]; P5 and P9
happened to be perfect amphipathicity structures (Fig. 1). The
amphiphilic structural properties as dispersed or complete segre-
gation of hydrophobic and polar residues of AMPs are regarded to
induce their folding to form the ideal three-dimensional confor-
mation and exerting antimicrobial activity [35]. Several peptides
like P6, P10, P11, and P12 showed imperfect amphipathicity and
weak antimicrobial activity compared to P5 and P9 (Table 1). Be-
sides the amphipathicity, hydrophobic amino acid residues like
Fig. 8. Cytotoxicity of the designed p
leucine, isoleucine, phenylalanine, and tryptophan were attributed
to the enhanced antimicrobial activity of AMPs [36,37]. With the
same amphipathicity structures as P5 and P9, the antimicrobial
activities of P4 and P7 were lower than them because of the
different amino acids located at their hydrophobic surfaces. The
perfect hydrophobic surface forming with leucine and isoleucine
but not phenylalanine and tryptophan was indicated to be benefi-
cial to the antibacterial activity of H5. Our results suggest that not
only the amphipathic structure of AMPs is important to antimi-
crobial activity, the types of hydrophobic amino acids in hydro-
phobic surfaces is also highly critical for bacterial killing.

The emergence and spread of bacterial resistance to antibiotic
have become a serious challenge to global health [1e3]. We found
that the sensitive S. aureus strains can easily acquire methicillin and
oxacillin resistance (Fig. 4), even they did not harbour mecA gene
(Fig. S1), indicating that sensitive S. aureus can easily develop new
resistant mechanism against these clinical drugs. However, we
were unable to obtain resistant mutants of S. aureus against P5 and
P9 after serial passages over 15 days (Fig. 4), indicating the potential
application of these two peptides against both resistant and sen-
sitive strains.

Bacterial biofilms are formed by bacteria irreversibly binding to
a surface and forming a matrix that is made up of extra-polymer
substances. The formation of biofilm can facilitate the survival of
bacteria by enhancing resistance to antibiotics and host immune
defences [38e40]. They are hard to eradicate due to their more
complex structure compared to planktonic bacterial cells. Inter-
estingly, P5 and P9 were capable of deforming not only the biofilm
but the cytoplasmic membrane of MSSA and MRSA strains as well,
respectively. Treatment with MIC concentrations of P5/P9 resulted
in a decrease in the number of MSSA and MRSA biofilm-forming
microorganisms and inhibition of aggregation (Fig. 5). P5 and P9
both induced ruptured membranes and leakage of cellular com-
ponents following treatment (Fig. 6).

Like many other AMPs, P5 and P9 might associate with the
biofilm by means of binding to negatively charged constituents on
the outer acidic surfaces, such as peptidoglycans and lipopolysac-
charides, followed by membrane destabilization [41e43]. Further-
more, the biofilm disruption induced by P5/P9might trigger biofilm
or virulence-related genes, facilitating the bacteria cell death. Here
we tested the expression levels of well-known virulence genes, spa,
hld, and the vital regulatory gene sdrC, which is associated with
adhesin encoding and biofilm formation for proliferation on the
skin and mucosa of the host. Significant inhibition of spa and hld in
MRSA occurred in the presence of either P5 or P9. (Fig. 7a and b).
Interestingly, these two virulence genes were only expressed in
MRSA strains, and no expression was detected in MRSA strains,
indicating a heightened virulence of MRSA strains. Another biofilm-
eptides against HEK 293T cells.
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related gene sdrC was also down-regulated in MRSA (Fig. 7c). P5
and P9 in our study represent dual-functional AMPs by not only
inhibiting the growth and biofilm formation through the disruption
of the bacterial cell membrane and permeabilization on the bio-
films but also reducing the infectious virulence by inhibiting the
expression virulence factors, especially in MRSA strains.

The key to the therapeutic application of AMPs is that it not only
selectively and effectively destroys bacteria and other pathogens
but causes minimal damage to human cell membranes [44]. The
designed peptides showed no apparent cytotoxicity and low he-
molytic effect except P7 and P12 (Table 3 & Fig. 8). Even the
metabolite peptides of P5 or P9 produced by trypsin digestion
showed no obvious cytotoxicity (Supplementary Fig. S5). Possess-
ing an a-helical structure and adequate net positive charges, P5 and
P9 showed higher selectivity when considering the antibacterial
activity and cytotoxicity likely in part due to its great symmetric
amphipathic property [45]. It has reported that the peptides with
tryptophan residues which located adjacent to the cationic sector
induced a powerful permeabilizing activity and showed high
cytotoxicity [46].

P5 and P9 showed stability against blood plasma and bacterial
supernatants but vulnerable to trypsin digestion (Supplementary
Fig. S4 and Fig. S5). It indicated that P5 and P9 might exhibit anti-
bacterial effect via topical administration in case it degrades in
gastrointestinal tract. Furthermore, the trypsinmetabolites of P5 and
P9 showed no apparent cytotoxicity towards human normal kidney
cells (Supplementary Fig. S6). Hence, P5 and P9 showed great po-
tential to be used via topical administration. In conclusion, based on
the antibacterial peptide H5,we designed two amphipathic peptides
P5 and P9 with potent activity against various MRSA (MICs 8 mg/mL,
16 mg/mL, respectively) with a suspected membrane-disrupting
mode of action. P5 and P9 were demonstrated to be bactericidal
and non-toxic towards human hemocytes and renal epithelial cells
and had the capability to influence the gene expressions of virulence
factors. Therefore, P5 and P9 showed potential as promising anti-
bacterial agents against MRSA. Moreover, these findings provided a
reference for peptide rational design and optimization.

4. Experimental section

4.1. Materials and strain culture conditions

Sixteen Methicillin-resistance S. aureus (MRSA) clinical isolates
were collected from the Beijing Chaoyang Hospital, then conducted
the drug sensitivity of both oxacillin and methicillin
(Supplementary Table S1). Four methicillin-sensitive S. aureus
reference strains were also employed, including S. aureus ATCC
25923, S. aureus ATCC 29213, S. aureus ATCC 8325.4 and S. aureus
ATCC 6538. Other fungus and bacteria served as antimicrobial
controls, including C. albicans ATCC 5314, S. mutans ATCC UA159
and S. sanguis ATCC 10556. S. aureus strains were aerobically
cultured in tryptic soy broth (TSB) at 37 �C for 18e24 h with
vigorous shaking. Growth inhibition tests were performed ac-
cording to CLSI guidelines in Mueller-Hinton broth (MHB).
S. mutans and S. sanguis, which were cultured and tested in the
Brain Heart Infusion Medium (BHI), were incubated aerobically at
37 �C with 5% CO2 without shaking. C. albicans was grown in Yeast
Extract Peptone Dextrose Medium (YPD) or RPMI 1640 Medium to
perform anti-fungal susceptibility testing. All strains were stored
at �80 �C until used.

4.2. Peptide design and synthesis

The peptide fragment possessing antimicrobial activity in IFN-I
was the fifth helix motif designated as H5. Twelve peptides
(P1~P12) were designed based on the antimicrobial fragment of
interferon-I of bighead carp, H5. Design strategies included sub-
stitutions of charged or hydrophobic amino acid residues for non-
charged polar residues to promote amphipathicity. Glu2 and Ile3 of
H5 (YEIKINRHFKTLKKNLKK) was substituted with Ile2 and Arg3 to
generate P1 (YIRKINRHFKTLKKNLKK), Glu2, Ile3, Asn6, and His8 of
P1 were substituted by Ile2, Arg3, Arg6 and Phe8 to generate P2
(YIRKIRRFFKTLNKNLKK), Glu2, Ile3, Asn6, His8 and Thr11 of H5
were substituted with Ile2, Arg3, Arg6, Phe8 and Lys11 to generate
P3 (YIRKIRRFFKKLNKNLKK), Glu2, Ile3, Lys4, Asn6, His8, Thr11,
Lys13 and Asn15 of H5 were substituted with Ile2, Arg3, Thr4, Arg6,
Phe8, Lys11, Phe13 and Thr15, to generate P4 (YFR-
TIRRFFKKLFKTLKK), Asn15 of P3 was substituted with Ile15 to
generate P5 (YIRKIRRFFKKLKKILKK), Thr11, Leu12, Lys13, Asn15 and
Leu16 of P3 was substituted with Lys11, Arg12, Phe13, Phe15 and
Arg16 to generate P6 (YIRKIRRFFKKRFKFRKK), Tyr1, Glu2, Ile3, Ile5,
Asn6, His8, Phe9, Thr11, Leu12, Asn15 and Leu16 of H5 were
substituted with Trp1, Val2, Arg3, Val5, Arg6, Trp8, Trp9, Lys11,
Val12, Val15 and Val16 to generate P7
(WVRKVRRWWKKVKKVVKK), a Ser1 and a Lys20 were inserted
before Tyr1 after Lys18 of H5 to generate P8 (SYEI-
KINRHFKTLKKNLKKK), Ile4 of P8 was substituted by Arg4 to
generate P9 (SYERKINRHFKTLKKNLKKK), Ser1, Lyr5, His9, Thr12,
Lyr15, Asp16, and Lyr18 of P9 were substituted with Trp1, Leu5,
Arg9, Trp12, Gly15, Lyr16, and Ser18 to generate P10 (WYER-
LINRKFKWLKGRLSKK), Ser1, Glu3, Lys5, Asn7, His9, Thr12 and
Asn16 of P9 were substituted by Leu1, Lys3, Tyr5, Leu7, Lys9, Phe12
and Lys16 to generate P11 (LYKRYILRKFKFLKKKLKKK), Leu1, Tyr2,
Tyr5, Ile6, Leu7, Phe10, Phe12, Leu13 and Leu17 of P11 were
substituted by Val1, Trp2, Trp5, Val6, Val7, Trp10, Trp12, Val13 and
Val17 to generate P12 (VWKRWVVRKWKWVKKKVKKK). C-termini
of all the peptides were amidated (-NH2).

All the designed peptides were synthesized using solid phase
peptide synthesis (SPPS) with CS336X automatic peptide synthe-
sizer (CSBio. Ltd., US). When the synthesis was finished, the Fmoc
group at the N-terminal was deprotected first, afterward; the side
chain protection group was deprotected, and the peptide cleaved
off from the Resin. The peptides were purified via reversed-phase
high-performance liquid chromatography (RP-HPLC) and further
analyzed by RP-HPLC and mass spectrometry to confirm their pu-
rity as greater than 95% (Supplementary Fig. S2).

4.3. Physicochemical characterization and secondary structure
analysis

The physicochemical parameters of the designed peptides were
analyzed using the ExPASy Bioinformatics Resource Portal (http://
www.expasy.org/tools/), and the helix structure of the designed
peptides was calculated by HeliQuest (http://heliquest.ipmc.cnrs.fr/
). The secondary structure of designed peptides in different mi-
crobial membrane conditions was determined. Solutions of 10mM
PBS and 50% trifluoroethanol (TFE) mimicked aqueous and hydro-
phobic environments, respectively [17]. Triplicate spectra were
recorded using a circular dichroism (CD) spectrometer (Chirascan,
Applied Photophysics Ltd, UK) with a scanning wavelength range
from 195 to 250 nm and a speed of 10 nm/min. The final sample
concentration was 150 mM.

4.4. Determination of the antibacterial spectrum and minimum
inhibitory concentration

Antibacterial activities of the peptide were determined against
S. aureus ATCC 25923, S. aureus ATCC 29213, S. aureus ATCC 8325.4,
S. aureus ATCC 6538, S. mutans ATCC UA159 and S. sanguis ATCC
10556. Clinically isolated S. aureus 18466, 18475, 18567, 18858,
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http://www.expasy.org/tools/
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18878, 18908, 19041, 19047, 19498, 19167, 19900, 19916, 19423,
19102,19952,19494was provided by Beijing Chaoyang Hospital and
followed by drug sensitivity tests of oxacillin andmethicillin. MIC of
the peptides, oxacillin, methicillin and vancomycin susceptibility
measurements were conducted in flat bottom, 96-well microtiter
plates (Greiner, Germany), in accordance with a broth micro-
dilution protocol modified from the Clinical and Laboratory Stan-
dards Institute M07-A9 methods (National Committee for Clinical
Laboratory Standards 2012). The S. aureus were inoculated and
grown to mid-log phase in fresh tryptic soy broth (TSB) at 37 �C,
while S. mutans and S. sanguis cultivated in Brain Heart Infusion
Medium (BHI) at 37 �Cwith 5% CO2. Bacterial inoculum suspensions
were adjusted the diluted to a final concentration of
0.5e2.5� 105 CFU/mL in Mueller-Hinton broth (MHB). Peptides,
oxacillin and methicillin were 2-fold serially diluted to make
different concentrations from 0.5 to 64 mg/mL. Vancomycin was
prepared in the same method with concentrations ranged from
0.125 to 16 mg/ml 100 ml of inoculum suspensions were then added
to each well of the sterile 96-well plate with different concentra-
tions of peptides, and the plate was incubated for 24 h at 37 �C.
Broth with vancomycin or without bacteria was performed as the
positive control or the negative control. MIC was considered as the
lowest concentration of compounds that prevented visible
turbidity by visual inspection. All experiments were done in
triplicate.

The antifungal activities were performed in RPMI-1640 medium
by broth microdilution assay according to the Clinical and Labora-
tory Standards Institute (CLSI) M27. The C. albicans ATCC 5314 were
cultured in Yeast Extract Peptone Dextrose Medium (YPD) at 35 �C
overnight. Then suspensions were adjusted at a final concentration
of approximately 0.5e2.5� 104 CFU/mL in RPMI-1640 medium.
Peptides or econazole were 2-fold serially diluted to make different
concentrations from 0.5 to 64 mg/mL or 0.125e8 mg/mL, respec-
tively. A total of 100 ml cell suspension was added to a sterile flat
bottom, 96-well microtiter plates with ranges concentrations of
compound described above. Pure broth alone or with econazole
was used as the negative control or the positive control, respec-
tively. The plate was incubated at 35 �C for 24 h. MIC was consid-
ered the lowest concentration at which no fungal growth was
visually observed under experimental conditions. Experiments
were performed in triplicate with three biological replicates.

4.5. Drug resistance assays against antibacterial agents

To further determinewhether S. aureus could develop resistance
against antibiotics and AMPs, MIC measurements following
repeated serial passages were performed as a previous method
[47]. The MIC of methicillin, oxacillin, P5 and P9 against S. aureus
ATCC 25923, S. aureus ATCC 29213 were measured as previous
described in Section 4.4. A total 100 ml of the S. aureus suspensions
in the sub-MIC well, in which agents and AMP concentrations were
half-MIC and visible bacteria growth could be found, was taken and
inoculated into 5mL of fresh tryptic soy broth (TSB) at 37 �C. The
overnight bacterial suspensions were diluted to approximately
0.5e2.5� 105 CFU/mL in Mueller-Hinton broth (MHB) for the next
MIC test. All of the MIC tests were repeatedly performed for 15
passages. The relative ratio of the MIC of each passage in contrast to
the initial MIC was calculated. Repeated exposures to methicillin,
oxacillin, P5 or P9, the increasing in relative ratio of the MIC would
indicate the acquisition of drug resistance by S. aureus. The tests
were performed in triplicate with three biological replicates.

4.6. Hemolytic assays

Murine bloodwas treatedwith citric acid to prevent clotting and
then centrifuged at 3000�g for 5min to obtain the erythrocytes.
After washed thrice with 0.9% saline solution, the erythrocytes re-
suspended to 10mM PBS (pH 7.4) were further treated with serial
dilutions of the designed peptides using a 96-well plate for 1-h. A
10mM PBS (pH 7.4) solution and 1% Triton X-100 treatment were
used for 0 and 100% hemolysis, respectively. Hemolysis was
expressed as the hemoglobin content obtained from the absor-
bance of the supernatant at 570 nm after centrifugation [48]. HC10
and HC50 are the concentrations of peptide causing 10% and 50%
hemolysis on murine erythrocytes, respectively. Hmax is the per-
centage (%) hemolysis at the highest peptide concentration tested
(640 mg/mL). This experiment was performed thrice.

4.7. Cell viability assays

The cell density of human HEK293T embryonic kidney cells was
adjusted (1� 105 cells/mL) and incubated using Dulbecco's modi-
fied Eagle's medium (DMEM) including streptomycin (100 mg/mL),
penicillin (100 U/mL), and 10% fetal calf serum at 37 �C with 5% CO2
environment. The designed peptides and the metabolite peptides
of P5 or P9 that treated with trypsin for 4 h with various concen-
trations ranging from 5 to 640 mg/mL were added in the 96-well
plates and incubated for 48 h at 37 �C. Cell viability was examined
by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assays [48]. The resulting solutionwas determined
at OD570 with a microplate reader (Synergy 2, Biotech, VT, USA).
This assay was conducted in triplicate.

4.8. Examination the effect of bacterial biofilm formation and
bacterial membrane damage by SEM

Overnight cultures of S. aureus and MRSA were diluted to
approx. 108 CFU/mL for biofilm formation in Tryptic Soy Broth
Medium (TSB). 1mL of the suspension was added to the 12-well
plate with the presence or absence of MIC concentrations of P5/9.
After setting a sterile slice in each well, the plate was cultured for
24 h at 37 �C. The specimen was immersed in 2.5% glutaraldehyde
in PBS for 4-h to overnight in a 4 �C refrigerator. Following a three-
time rinse with PBS, the specimenwas dehydrated using successive
5e15min treatments, with 30%, 50%, 70%, 80%, 85%, 90%, 95%, and
100% ethanol. The specimen was rinsed with 100% hexamethyldi-
silazane and set on a piece of filter paper in a partially covered glass
Petri and let dry overnight, then imaged on SEM at a range of
magnifications.

4.9. Quantification of gene expression with qRT-PCR

S. aureus and MRSA isolates grown overnight were adjusted to
108 CFU/mL, then incubated in MHB with or without MIC concen-
trations of P5/9 for 1-h. RNAs were extracted from 5mL cultures.
Bacterial cultures were harvested by centrifugation at 12,000�g for
2min at 4 �C. Pellets were rinsed with 1mL TRIzol and lysed with
0.5mL of zirconia-silica beads (diameter, 0.1mm) in a high-speed
homogenizer. RNA was isolated with DNA/RNA Extraction Re-
agent (Chloroform:Isoamylol¼ 24:1, Solarbio), High-Salt Solution
for Precipitation (Plant, Takara), isopropanol, and 70% ethyl alcohol,
which eventually dissolved in diethyl pyrocarbonate (DEPC) water.

cDNAs synthesized by PrimeScript™ RT reagent Kit with gDNA
Eraser (Perfect Real Time, Takara) after genomic DNA in the solution
containing RNA was degraded, according to the manufacturer's
instructions. Quantitative reverse transcription-PCR (qRT-PCR) was
carried out using the LightCycler 480 II System (Forrenstrasse
2,6343 Rotkreuz, Switzerland) and TB Green™ Premix Ex Taq™ II
(Tli RNaseH Plus, Takara) according to the manufacturer's in-
structions. The expression level of 16S rRNA was used to normalize
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that of other genes, which is widely used as an internal control. All
experiments were repeated at least three times, and the primer
sequences used in this study are publically available
(Supplementary Table S2).

4.10. Stability of P5 and P9

The peptides, P5 or P9 with concentration of 20 mM were sub-
jected to incubation in murine blood plasma or in the supernatant
of MRSA growth at 37 �C. At the appropriate time points (0 h, 12 h
and 24 h), the mixtures were analyzed via HPLC.

The trypsin hydrolysis was carried out in PBS solution using a
1:20 (w/w) enzyme to substrate ratio. P5 or P9 with 20 mM peptide
concentration was mixed with enzyme solution and further incu-
bated at 37 �C with agitation. At the appropriate time points (0 h,
0.5 h, 1 h, 2 h and 4 h), the mixtures were analyzed via HPLC.

Analysis of peptides and degradation products was performed
using reversed-phase chromatography. The stationary phase was a
4.6 mm � 250 mm Excel AQ C-18 column from ACE (Aberdeen,
Scotland). Themobile phasewas composed of a gradient of distilled
water (þ0.1% trifluoroacetic acid) and acetonitrile (þ0.1% tri-
fluoroacetic acid) from 5% to 100% for 35 min with a flow rate of
1 mL/min, and detected at 220 nm.

4.11. Statistical analysis

Statistical analysis was performed by GraphPad Prism 6.0
(GraphPad Software, CA, USA). The experimental data are pre-
sented as the mean± standard deviation (SD) unless otherwise
indicated.
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