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Editorial on the Research Topic

Antimicrobial Peptides: Molecular Design, Structure-Function Relationship, and

Biosynthesis Optimization

The long-term use of antibiotics has accelerated the emergence of antibiotic-resistant bacteria
(ARB). Annual global death due to antibiotic resistance is over 700,000 in 2014, it is predicted
that a continued rise in resistance would lead to annual death rate of 10 million by 2050
(O’Neill, 2014; WHO, 2014). Antimicrobial peptides (AMPs) are a class of small molecules
produced by numerous living organisms as part of their host innate immune response to infection
(Loose et al., 2006; Torres and de la Fuente-Nunez, 2019; Cesaro et al., 2022). AMPs evolution
in insects and other species have demonstrated the ability of these molecules to eliminate
invading pathogens and thus have generated a great excitement at the prospect of developing
AMPs as alternatives to antibiotics (ATAs) for years (Czaplewski et al., 2016; Magana et al.,
2020).

The field of AMP research started in the 1980s owing to the discoveries of insect cecropins
by Hans Boman, human α-defensins by Robert Lehrer, and magainins by Michael Zasloff (Wang
et al., 2016). Over 3,300 kinds of AMPs have now been found in a wide range of biological
sources, ranging from microbes, plants, to animals (Torres et al., 2022). These peptides may
possess optimal properties for further drug development, including their ability to permeabilize
and disrupt the bacterial membrane, capability of regulating the immune system and also
broad-spectrum antibiofilm activity, and reduced propensity to select for bacterial resistance
(de la Fuente-Núñez et al., 2012, 2016; Yang et al., 2019; Wang et al., 2022). These advantages
of AMPs over conventional antibiotics have attracted attention despite that their use have
primarily been limited to topical infections due to their relative narrow druggability and lack
of special unique protocols to assess pharmacodynamics (Liu et al., 2021a; Ma et al., 2021;
Dos Santos-Silva et al.). The highlights of 21 papers in this topic will be briefly presented and
reviewed as follows.
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DISCOVERING NEW NATURAL AMPs

Natural product and their special functional structures or
domains have traditionally played a significant role in drug
discovery and development (Newman and Cragg, 2012). Plant
AMPs are rich in diversity and have been reported to have
antimicrobial activity against infections caused by pathogens
(Dos Santos-Silva et al.). Lee et al. isolated a novel peptide PN5
from pine needles of Pinus densiflora. Sieb. et Zucc, exhibiting a
strong antimicrobial activity against foodborne bacteria, and no
detectable cytotoxicity. In fact, animals, plants, and microbiota
harbor a large number of bacteria that they compete for
nutrients and space and exchange biomolecules (Tobias et al.,
2017). In vivo competition and interspecies exchange involve the
synthesis and continuous evolution of many previously unknown
AMPs. Ngashangva et al. isolated a new AMP from a bacterial
endophyte derived from the medicinal plant Millettia achycarpa
Benth and analyzed its biosynthetic gene cluster by collective
analysis of both genomic and proteomic data. In addition,
Brevibacillin 2V, a novel lipo-tridecapeptide with a strong
antimicrobial activity against antibiotic-resistant Staphylococcus
aureus ATCC15975 (MRSA) was reported to show much lower
hemolytic activity and cytotoxicity toward eukaryotic cells
than previously reported non-ribosomally produced peptides
from the lipo-tridecapeptide family, making it a promising
candidate for new peptide antibiotic development (Zhao et al.).
However, AMPs’ toxicity, instability, low yield obtained by
recombinant expression, and high cost of chemical synthesis
have hindered their application and translation into the clinic.
Recent advances in data mining, artificial intelligence (Porto
et al., 2018b; de la Fuente-Nunez, 2019; Torres et al., 2022),
synthetic biology, chemical biology, and interdisciplinary tools
are greatly pushing the pace of new discoveries and solutions to
overcome these drawbacks.

MOLECULAR DESIGN OF AMPs

Advances in methodological design are necessary to discover
and advance new AMPs. De novo design involving the latest
theoretical knowledge is being applied to determine and
screen quickly an economically feasible strategy for short
candidate AMPs sequences with basic antibacterial ability
and high selectivity (Wang et al.). In recent years, with the
development of big data and artificial intelligence, database
screening and mining technology have become an exciting tool
for drug discovery. Based on the AMP data pool APD, new
target peptides with specific potent properties were designed
and candidates with the most likely target activity based
on key parameters were efficiently identified (Mishra and
Wang, 2012; Magana et al., 2020). Using this method, Bobde
et al. screened eight novel AMPs, termed PHNX peptides,
against Gram-negative bacteria. Advances in the development
of computational tools have greatly facilitated the discovery of
novel peptide-based drugs. For example, a generative model
(Porto et al., 2018a) was used to yield synthetic peptides with
anti-infective efficacy in mouse models (Porto et al., 2018b;
Torres et al., 2021). Recently, an algorithmic approach was

used to explore the human body as a source of peptide
antibiotics (Torres et al., 2022). In this issue, Dean et al.
built an improved automated semi-supervised approach termed
PepVAE for generating promising new sequences using a
variational autoencoder.

MOLECULAR MODIFICATION OF AMPs

Recently, the design and modification of AMPs have been
extensively used for drug development purposes. Molecular
modification is no longer limited to site substitution of select
residues (Han et al.; Zhao et al.). An increasing number
of additional tools have been developed such as chemical
modification, cyclization, insertion of large hydrophobic
side-chains (Liu et al., 2021a), chimera (Yu et al.) and
polymerization, as well as their combination or cross (Hao
et al., 2017; Li et al., 2018a,b; Wang et al., 2020). The
conformational and physicochemical properties of AMPs
play important roles in determining antibacterial activity,
toxicity and bioavailability. The distribution of positive charge
and hydrophobic amino acid within the helical wheel seems
to be the key factors determining the antibacterial activity
of AMPs, and their selectivity can be effectively improved
by adjusting amphiphilicity (Luo et al.). Steigenberger et al.
designed a membrane-permeabilizing lipopeptide with different
chain-length and found its antimicrobial specificity depending
on membrane difference of the target bacteria. These results
reveal the importance and weight of taking into account bacterial
membrane composition when designing AMPs.

NANOTECHNOLOGY APPLIED TO AMPs

Most AMPs, if administered systemically into the body,
may cause side effects or be degraded through multiple
proteolytic cleavage. A gradual decrease, distribution, and
slow accumulation of AMPs level released in vivo may lead
to the induction of bacterial resistance at sub-inhibitory
concentrations (Tan et al., 2021). To overcome these potential
issues, nanotechnology has entered the realm of AMP
application, and nanocarriers can be used as delivery systems
in order to enhance therapeutic effects and minimize above
undesirable side-effects (Magana et al., 2020). Nanocarriers
can help improve the pharmacokinetic/pharmacodynamic
profiles of AMPs, extending shelf life and half-life, stability
and bioavailability. With the development of nanotechnology,
a variety of peptide-based antibacterial nanomaterials have
been produced as metal nanoparticles or carbon nanotubes
conjugated AMPs, polymeric material nanosystem containing
AMPs, and self-assembled AMPs (Yang et al.). More and
better exciting new results in this field are expected in the
near future.

RECOMBINANT EXPRESSION OF AMPs

Considering the high cost of new drug development
and feasible competition with existing antibiotics, mass
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FIGURE 1 | An iron triangle of health protection from AMPs, antibiotics and vaccines for maintaining a reasonable equilibrium among pathogens, antimicrobials and

drug resistances is important and essential for one health management at safety level (Hao et al., 2017; Wang et al., 2018, 2022; Liu et al., 2021a; Zheng et al., 2021).

production of AMPs at low cost is necessary and essential
for deployment of these agents in the population. AMPs
are produced at very low levels in living organisms, and
their extraction is difficult, inefficient, expensive, and
time consuming. Recombinant expression of peptides in
DNA holds promise to enable large-scale production of
AMPs at an affordable cost. Wang’ team (Zhang et al.,
2011, 2014; Cao et al., 2015; Li et al., 2017, 2020; Yang
et al., 2019; Liu et al., 2020, 2021b; Shen et al.) and
others (Cao et al., 2018) have been working in this area
for decades, obtaining exciting peptide yields higher
than 1 g (target peptide)/L(ferment supernatant) secreted
from yeast cells (Zasloff, 2016; Sampaio de Oliveira et al.,
2020).

SYNERGISM AND COMBINATION OF
AMPs ADMINISTRATION

AMPs have been shown to potentiate the activity of conventional
antibiotics to target pathogens (Reffuveille et al., 2014; de
la Fuente-Núñez et al., 2015). Synergism can enhance
the antimicrobial activity of peptides (Zhang et al., 2014;
Zhao et al., 2019; Ma et al., 2021) while reducing the
amount of drug dosage needed to kill bacteria both by the
peptide and antibiotic, markedly reducing the risk of ARB
development. The specific molecular mechanisms underlying
the synergistic effects between AMPs and other antibiotics

are still unclear, although it has been hypothesized that the
ability of peptides to penetrate into bacterial cells is a key
contributor (Reffuveille et al., 2014). Wu et al. attempted to
uncover more details into this by examining the effects of bulky
non-natural amino acid end tagging strategy of short AMPs
on their combination with conventional antibiotics against
resistant bacteria.

CONCLUSION

AMPs constitute the first line of innate defense against
infection. These molecules are attractive drug candidates due
to their multifactorial mechanism of action, low propensity
to select for bacterial resistance, among other things (Hao
et al., 2017; Wang et al., 2018, 2022; Liu et al., 2021a; Zheng
et al., 2021). A reasonable equilibrium between antimicrobials
and infectious pathogens is critical in order to control high
resistance and high variation among pathogens, and can
potentially be achieved by the appropriate use of AMPs,
antibiotic and vaccines, as the iron triangle theory summarized
in Figure 1. Future work should focus on determining the
sequence requirements underlying for special unique PK/PD
profiles of peptides, along with formulation, and ADME-Toxicity
studies (Andes et al., 2009; Xiong et al., 2011; Magana et al.,
2020) in order to translate AMPs into the clinic as soon
as possible.
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Edwardsiella tarda is a facultative intracellular pathogen in humans and animals. There
is no effective way except vaccine candidates to eradicate intracellular E. tarda.
In this study, four derivatives of marine peptide-N6NH2 were designed by an
introduction of unnatural residues or substitution of natural ones, and their intracellular
activities against E. tarda were evaluated in macrophages and in mice, respectively.
The minimum inhibitory concentration (MIC) value of N6NH2 and GUON6NH2
against E. tarda was 8 µg/mL. GUON6NH2 showed higher stability to trypsin,
lower toxicity (<1%) and longer post-antibiotic effect (PAE) than N6NH2 and other
derivatives. Antibacterial mechanism results showed that GUON6NH2 could bind
to LPS and destroyed outer/inner cell membranes of E. tarda, superior to N6NH2
and norfloxacin. Both N6NH2 and GUON6NH2 were internalized into macrophages
mainly via lipid rafts, micropinocytosis, and microtubule polymerization, respectively,
and distributed in the cytoplasm. The intracellular inhibition rate of GUON6NH2
against E. tarda was 97.05–100%, higher than that in case of N6NH2 (96.82–
100%). In the E. tarda-induced peritonitis mouse model, after treatment with of
1 µmol/kg N6NH2 and GUON6NH2, intracellular bacterial numbers were reduced
by 1.54- and 1.97-Log10 CFU, respectively, higher than norfloxacin (0.35-Log10

CFU). These results suggest that GUON6NH2 may be an excellent candidate
for novel antimicrobial agents to treat infectious diseases caused by intracellular
E. tarda.
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INTRODUCTION

Edwardsiella tarda is a Gram-negative bacterium that can
infect a wide range of hosts, including humans and animals
(Mohanty and Sahoo, 2007). As a human pathogen, E. tarda can
cause gastroenteritis and parenteral diseases such as peritonitis,
meningitis, and myonecrosis (Wang et al., 2005). Additionally,
E. tarda is known to affect large amounts of freshwater and
seawater fish, leading to serious economic losses (Matsuyama
et al., 2005). Noticeably, E. tarda is a facultative intracellular
bacterial pathogen with the ability to invade host phagocytes
and non-phagocytes, which can survive and proliferate in
macrophages, resulting in the persistence and recurrence of
bacterial infections (Wuermeling, 1991; Ling et al., 2000;
Srinivasa Rao et al., 2001; Okuda et al., 2006; Ishibe et al.,
2008; Leung et al., 2012; Wang et al., 2013). Antibiotics are the
primary drugs to prevent bacterial infection and are of great
significance to human and animal health. However, antibiotics
such as oxacillin, levofoxacin, garenoxacin, moxifoxacin, and
oritavancin have poor bactericidal activity against intracellular
bacteria due to their slow penetration rate and low concentration
within eukaryotic cells. Therefore, traditional antibiotics must
be used at a high enough extracellular concentration to achieve
significant activity, which in turn may increase the problems
of bacterial resistance and other side effects. Until now, there
is no effective method except vaccine candidates to eradicate
intracellular E. tarda in hosts (Xu and Zhang, 2014).

Based on the advantages of broad-spectrum activity, rapid
killing rate and low drug resistance, antimicrobial peptides
(AMPs) open a new way for the development of antimicrobial
agents (Czaplewski et al., 2016). It has been demonstrated
that some AMPs such as cathelicidin (Sonawane et al., 2011),
GSK1322322 (Dubois et al., 2015), plectasin derivatives-
MP1102/NZ2114/H2 (Brinch et al., 2010; Wang X. et al.,
2018, 2019), and temporins (Crepin et al., 2020) exhibit
potent intracellular activity against Mycobacterium tuberculosis,
Legionella pneumophila, methicillin-susceptible/-resistant
Staphylococcus aureus, and Legionella pneumophila, respectively.
A marine peptide-NZ17074 (N1) is a variant of arenicin-3
(Tyr5→Asn, Tyr17→His) isolated from marine lugworm
Arenicola marina and has strong intracellular antibacterial
activity against Gram-negative bacteria (including Escherichia
coli, Salmonella, Pseudomonas aeruginosa, etc.) and fungi (Yang
et al., 2017). However, N1 has some toxicity to eukaryotic cells.
To further improve the antibacterial activity of N1, C-terminal
amidated N6 (N6NH2) exhibits low cytotoxicity and potent
intracellular antibacterial activity against Salmonella than N1
(Li et al., 2018). However, N6NH2 is very susceptible to trypsin,
which will limit its clinical application in the future.

In this study, four derived peptides of N6NH2 were designed
by using natural residues (Val and Pro), unnatural residue
(ornithine, Orn) and D-amino acids to improve the stability of
N6NH2 toward protease and the antibacterial activity (Jia et al.,
2017), while keeping the structural features (β-sheet) known
to be important for the antimicrobial activity of peptides. The
antibacterial activity, stability and toxicity of N6NH2 and its
derivatives were evaluated in vitro, as well as their mode of action.

The uptake and mechanism of N6NH2 and its derivatives were
further elucidated and their intracellular activity against E. tarda
was evaluated in RAW 264.7 macrophages and mice, respectively.

MATERIALS AND METHODS

Design and Physicochemical Property of
Peptides
The derivatives of N6NH2 were designed based on the
replacement of L-type amino acids, Gly, and Arg by D-type ones,
Pro, and Val or the addition of N,N,N’,N’-tetramethylguanidine
and L-ornithine (Orn) at the N-terminus (Table 1). The
physicochemical properties of the peptides were analyzed by
HeliQuest1 and PepCalc.com2, respectively. GUON6NH2 was
synthesized by WuXi AppTec (Wuhan, China) and other
peptides were synthesized by Mimotopes (Wuxi, China). The
purity of peptides was over 90%.

Circular Dichroism (CD) of N6NH2 and Its
Derivatives
The secondary structure of peptides was investigated in ddH2O,
trifluoroethanol (TFE), and sodium dodecyl sulfate (SDS)
solutions by CD spectroscopy (Pavia et al., 2012). Peptides
were dissolved in ddH2O, 20 mM SDS solutions or 50% TFE.
The CD spectra of the peptides were measured on a MOS-450
spectropolarimeter (Bio-Logic, Grenoble, France) using a 1.0 mm
path-length cuvette. The spectra of peptides were recorded from
180 to 260 nm at 25◦C at a scanning speed of 100 nm/min with
a step resolution of 2.0 nm and an integration time of 2 s. Data
were analyzed using CDNN software.

Antimicrobial Activity and Time-Killing
Curve of N6NH2 and Its Derivatives
The antimicrobial activity of peptides was determined by the
microbroth dilution method (Zhang et al., 2014). The bacterial
strains were incubated in Mueller-Hinton (MH) medium at 28◦C
or 37◦C overnight. Bacteria (1 × 105 CFU/mL) were added into
96-well plates, followed by the addition of serial dilutions of
peptides (from 0.0625 to 128 µg/mL). The plates were incubated
at 37◦C for 18–24 h. The minimal inhibitory concentration
(MIC) value was determined as the lowest peptide concentration
at which no bacterial growth was observed.

Time-killing curve of peptides was performed according to
the previous method (Flamm et al., 2019). E. tarda was cultured
to logarithmic phase, diluted in Mueller Hinton broth (MHB)
(1 × 105 CFU/mL) containing 1×, 2×, or 4× MIC of peptides,
and cultured at 28◦C (200 rpm). PBS was added as a control.
Bacterial samples (100 µL) were removed at different time
intervals (0, 0.5, 1, 1.5, 2, 4, 6, 8, 10, 12, 22, and 24 h) and were
counted on MH solid plates. The time-killing curves of peptides
were plotted. Bacterial cells treated with 2× MIC norfloxacin
and without treatment were used as the positive and blank
controls, respectively.

1http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py
2https://pepcalc.com/

Frontiers in Microbiology | www.frontiersin.org 2 March 2021 | Volume 12 | Article 63742712

https://pepcalc.com/
http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py
https://pepcalc.com/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-637427 March 3, 2021 Time: 17:22 # 3

Han et al. Peptides Have Potent Antimicrobial Activity

TABLE 1 | Peptide design and their key physicochemical parameters.

Name Sequencea Theoretical MW (Da) Measured MW (Da)b Net charge (+) pI Hc µHreld

N6NH2 GFAWNVCVYRNGVRVCHRRAN-NH2 2476.85 2476.8 5 11.64 0.375 0.2

DN6NH2 GFAWNVCVYRNGVRVCHRRAN-NH2 2476.85 2474.88 5 11.64 0.375 0.2

N6PNH2 GFAWNVCVYRNGVRVCHRPAN-NH2 2417.78 2415.81 4 10.91 0.457 0.25

V112N6NH2 VFAWNVCVYRNVVRVCHRRAN-NH2 2561.94 2559.04 5 11.64 0.491 0.286

GUON6NH2 Gu-OGFAWNVCVYRNGVRVCHRRAN-NH2 2631.08 2630.1 5 8.5 NP NP

NP, no predication. aGu denotes N,N,N’,N’-tetramethylguanidine, and O denotes L-ornithine. bMolecular weight (MW) was measured by mass spectroscopy (MS).
cHydrophobicity (H) values means the total hydrophobicity (sum of all residue hydrophobicity indices) divided by the number of residues, and they were calculated from
http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py. dThe relative hydrophobic moment (µHrel) of a peptide is its hydrophobic moment relative to that of a perfectly
amphipathic peptide. This gives a better idea of the amphipathicity using different scales. A value of 0.5 thus indicates that the peptide has about 50% of the maximum
possible amphipathicity were calculated from http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py.

Cytotoxicity, Hemolysis, and Stability of
N6NH2 and Its Derivatives
The cytotoxicity of N6NH2 and its derivatives to RAW 264.7
cells was determined by MTT (Wang J. et al., 2018). Briefly,
macrophage cells (5 × 103 cells/well) were added into 96-
well microtiter plates and incubated at 37◦C for 24 h (5%
CO2). A series of peptide solutions were then added into
plates and incubated for 24 h. The cells without treatment
were used as controls. The 3-(4,5-dim ethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide 3-(4,5)-dimethylthiahiazo (-z-y1)-
3,5-di-phenytetrazoliumromide (MTT) solution was added and
incubated for 4 h. Finally, dimethyl sulfoxide (DMSO) was added
into the plates and the absorbance was measured at 570 nm
with a spectrophotometer. The cell survival was calculated
using the following formula: Survival (%) = (Abs control – Abs
treated sample)/Abs control × 100.

The hemolysis of peptides was evaluated by determining
the amount of hemoglobin that was released from fresh
mouse erythrocytes (Flamm et al., 2019). The blood cells
were washed three times with 10 mM PBS (pH 7.4) and
centrifuged for 10 min (1,500 rpm). Erythrocyte solution (8%,
v/v) was mixed with peptide solutions (1:1) and incubated for
1 h at 37◦C. The mixture was then centrifuged for 5 min
(1,500 rpm), and the absorbance of supernatants was measured
at 540 nm. Values of 0 and 100% hemolysis were determined
in PBS and 0.1% triton X-100, respectively. The hemolysis of
peptides was calculated using the following formula: Hemolysis
(%) = [(Abstreated sample – Absnegative control)/(Abs positive control –
Absnegative control)]× 100.

To determine effects of temperature on antibacterial activity,
the peptides were incubated for 1 h at 4, 20, 40, 60, 80,
and 100◦C in PBS. The pH stability of N6NH2 and its
derivatives was determined after 3 h incubation in 100 mM
glycine-HCl buffer (pH 2.0), sodium acetate buffer (pH 4.0),
sodium phosphate buffer (pH 6.0), Tris-HCl buffer (pH 8.0),
or glycine-NaOH buffer (pH 10.0). In addition, the peptides
were incubated for 4 h at 37◦C in pepsin (3,000 U/mg,
pH 2.0) and trypsin (250 U/mg, pH 8.0) (10:1, w/w)
solutions, respectively. The antibacterial activity of peptides was
estimated against E. tarda cells by an inhibition zone method
(Zhang et al., 2014).

All tests were conducted in triplicate.

Synergism of N6NH2 and Its Derivatives
With Antibiotics
Combination of N6NH2, GUON6NH2 and antibiotics were
tested by using the checkerboard titration method as described
previously (Ejim et al., 2011; Zhang et al., 2014). MIC values of
six kinds of traditional used antibiotics (ciprofloxacin, ofloxacin,
enrofloxacin, norfloxacin, chloramphenicol, and kanamycin)
to E. tarda were determined as the MIC assay described
above. Different concentrations of antibiotics and antimicrobial
peptides were added to each row and column of the 96-well cell
culture plates to make the final concentration of 1/16–8 × MIC.
After adding 180 µL of test bacteria solution to give a total
volume in each well of 200 µL, the plates were incubated at
28◦C for 18–24 h to observe the bacterial growth during the
combination of drugs. Briefly, E. tarda (80 µL, 5× 105 CFU/mL)
was incubated with 10 µL of single peptides or antibiotics or
their combination in 96-well plates. PBS was used as a negative
control. After incubation at 37◦C overnight, the OD600 nm value
of bacterial cultures was measured with a microplate plate reader.
The fractional inhibitory concentration index (FICI) is calculated
as follows: FICI = FICA + FICB, where FICA and FICB are the
MICs of drug A in the combination divided by the MICs of drug
A alone and the MICs of drug B in the combination divided by the
MICs of drug B alone, respectively. FICI ≤ 0.5, 0.5 < FICI ≤ 1.0,
1.0 < FICI ≤ 4.0, and FICI > 4.0 were defined as a synergy,
addition, indifference, and antagonism, respectively. The results
were performed from at least three independent experiments.

Post-antibiotic Effect (PAE) of Peptides
and Antibiotic
E. tarda cells were incubated with peptides (1×, 2×, or 4×MIC)
for 2 h, diluted, and cultured at 28◦C and 200 rpm. An aliquot
of samples (50 µL) were taken for CFU counts at different time
intervals until bacterial cultures became turbid. Bacteria treated
with the N6NH2, GUON6NH2 or vancomycin were used as
the positive control; bacteria without treatment were used as
the blank control. The PAE was calculated using the following
formula: PAE = T–C, where T is the time for the CFU counts to
increase by 10-fold above the count observed immediately after
drug removal, and C is the corresponding time for the untreated
control (Oh et al., 2019).
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The Ability of N6NH2 and Its Derivatives
to Bind to LPS
The BODIPY’-TR-cadaverine (BC) probe was used to determine
the ability of peptides to bind to LPS (Wang et al., 2020).
0.5 µM LPS was incubated with 5 µM BC in 50 µM Tris
buffer (pH 7.4) for 4 h at 37◦C. Subsequently, the peptides
were added into the mixture and the final concentrations of
peptides ranged from 0.049 to 50 µM. Ampicillin was used as
the negative control. Changes in fluorescence were measured
by a fluorescence spectrophotometry at room temperature
(excitation/emission, 580/620 nm).

Membrane Permeabilization Ability of
N6NH2 and Its Derivatives Against
E. tarda
The outer membrane permeabilization ability of the peptides was
determined using the fluorescent dye 1-N-Phenylnapthylamine
(NPN) assay (Teng et al., 2014). Mid-log phase E. tarda cells were
collected by centrifugation and washed twice and then suspended
in HEPES buffer (pH 7.4) to an OD600nm of 0.4. Cell suspensions
and NPN solutions (10 µM) were added into 96-well black plates,
followed by the addition of peptide solutions (1×, 2×, and 4×
MIC, respectively). Fluorescence intensity was recorded with a
microplate reader (excitation/emission, 328/438 nm). The cells
treated PBS and without treatment were used as negative and
blank controls, respectively.

Mid-log phase E. tarda cells (1 × 108 CFU/mL) were
incubated with or without 1× MIC peptides solutions at 37◦C
for 5, 15, and 30 min, respectively. After washing twice with PBS,
bacterial cells were then incubated with 50 µg/mL propidium
iodide (PI) for 15 min and analyzed using a FACS Calibur Flow
Cytometer (BD, United States) (Stearns-Kurosawa et al., 2011).

Scanning Electron Microscopy (SEM)
Observations
To further characterize the bactericidal effects of the peptides,
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to visualize morphological changes
(Yang et al., 2019). E. tarda was cultured to logarithmic growth
stage (108 CFU/mL) and diluted with 0.01 M PBS (pH 7.4) to
OD600 nm = 1. E. tarda cells were treated with 4× MIC peptides
at 37◦C for 2 h and the untreated cells were used as the control.
Briefly, after centrifugation, the bacterial cells were washed three
times with 0.1 M PBS (pH 7.2) and fixed overnight at 4◦C with
2.5% glutaraldehyde. After washing again, the cells were fixed
with 1% osmium tetroxide (OsO4) for 2 h and dehydrated in
a graded ethanol series (50%–70%–85%–95% × 2–100%, × 2)
for 15 min, respectively. The samples were then dried by CO2,
sputtered with gold-palladium, and observed on a QUANTA200
SEM (FEI, Philips, Netherlands).

Transmission Electron Microscopy (TEM)
Observations
E. tarda cells were treated peptides before fixation as described
above. The bacteria were washed with 0.01 M PBS (pH 7.4) for

five times, 7 min each time, and fixed with 1% osmium acid buffer
(4◦C) for 1 h. After dehydration with a graded acetone series
(30%–50%–70%–85%–95%–100% × 3), the cells were immersed
in mixtures of acetone and resin (3:1, 1:1 and 1:3, respectively)
for 40 min and in a pure epoxy resin overnight. The samples
were then embedded in embedding medium and polymerized
at 45◦C for 3 h and at 65◦C for 24 h, respectively. The sections
were prepared using an ultramicrotome, stained with 1% uranyl
acetate, and visualized by a JEM1400 (JEDL, Tokyo, Japan).

For immuno-TEM, E. tarda cells in the exponential phase (108

CFU/mL) were treated with 2× MIC N6NH2 or GUON6NH2
at 37◦C for 2 h or untreated as control. The cells were fixed
with 4% formaldehyde at room temperature for 1 h and at
4◦C overnight and then immersed in 1% formaldehyde. The
samples were dehydrated in a graded ethanol series (30–100%,
4◦C, 5 min), infiltrated with LR Gold resin (25–100%, 4◦C,
1 h), and polymerized by at 52◦C for 48 h. 70 nm sections
were cut using Leica EM UC7 and collected on nickel grids
with Formvar/carbon film. The sections were blocked at 2%
BSA (Jackson ImmunoResearch) and incubated with murine
anti-biotin antibodies at 1:40 dilution at room temperature
for 1 h. After washing with PBS (containing 0.1% cold fish
gelatin), the sections were incubated with 12 nm gold-labeled
anti-mouse secondary antibody (Jackson ImmunoResearch) at
room temperature for 1 h, washed with PBS, and fixed by
1% glutaraldehyde. After washing with ddH2O, the samples
were stained with 2% uranyl acetate at room temperature
for 30 min and imaged using a TEM H-7650 at 80 kV
(Möbius et al., 1999).

Fluorescence Microscopy
The site of action of the peptides on E. tarda was preliminarily
determined by super resolution fluorescence microscopy using
FITC-labeled peptides and PI, as previously described (Wang
J. et al., 2019). E. tarda was cultured to logarithmic growth
stage (108 CFU/mL), centrifuged at 5,000 rpm for 5 min and
diluted with 0.01 M PBS (pH 7.4) to OD600 nm = 1. In brief,
E. tarda was treated with FITC-labeled peptides (1× or 4×
MIC) at 37◦C for 30 min. Then, the bacterial cells were washed
three times with PBS, incubated with PI (10 µg/mL) at 4◦C
for 15 min, and washed again; 5 µL of bacterial suspension
was coated on a slide and sealed with a cover slide. The
samples were observed using a DeltaVision OMX SR system (GE
Healthcare, United States) at excitation wavelengths of 488 and
535 nm for PI and FITC, respectively. Cells without peptides
served as controls.

Intracellular Replication With E. tarda
RAW 264.7 cells were infected with E. tarda and extracellular
E. tarda was killed by adding gentamicin (1000 µg/ml) to the
plate, followed by incubation at 37◦C for 30 min. The cells were
washed three times with PBS, and cultured in DMEM for 0, 6, 12,
18, and 24 h, respectively. At each time point, 500 µL 0.1% triton
X-100 was added to the plate, and the samples were collected and
diluted; the bacteria were counted as previously described (Wang
et al., 2017). The experiment was performed in triplicate.
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Uptake and Mechanism of N6NH2 and
GUON6NH2 in RAW 264.7 Macrophages
RAW 264.7 macrophages (1.5× 104 cells) were cultured for 24 h
and incubated with FITC-labeled N6NH2 and GUON6NH2 (5×
and 25×MIC) for 18 h at 37◦C. After incubation, the cells were
then washed with PBS and stained with wheat germ agglutinin
(WGA)-conjugated Alexa Fluor 555 (5 µg/mL, Invitrogen) and
Hoechst 33342 (5 µg/mL, Invitrogen) for membrane and nuclear
staining, respectively, for 10 min before confocal microscopy
(Duchardt et al., 2009; Kamaruzzaman et al., 2016).

To quantify peptide uptake, RAW 264.7 macrophages were
grown in 12-well plates (2.5 × 105 cells/mL, 750 µL/well) for
24 h. Then, the cells were treated with FITC-N6NH2 and FITC-
GUON6NH2 (1, 5, 10, 25, and 50× MIC) for 18 h and washed
with PBS. To avoid the influence of membrane-bound FITC-
labeled peptides, the cells were incubated with 0.04% trypan blue
in PBS for 15 min and the fluorescence intensity was analyzed
using a FACS Calibur Flow Cytometer (BD, United States)
(Duchardt et al., 2009).

To determine the effects of endocytosis inhibitors on peptide
uptake, RAW 264.7 macrophages were pretreated with 3 mM
amiloride, 5 mM methyl-β-cyclodextrin (MβCD), 20 µM
nocodazole, and 6 µg/mL chlorpromazine for 1 h at 37◦C.
The cells were then treated with FITC-N6NH2 and FITC-
GUON6NH2 at 37◦C for 4 h. The cells treated with the FITC-
labeled peptides were used as a positive control. Finally, the cells
were mixed with 0.04% trypan blue and florescence within cells
were measured using flow cytometry (Gomarasca et al., 2017).

In vitro Efficacy of N6NH2 and
GUON6NH2 Against E. tarda in RAW
264.7 Cells
For intracellular activity, RAW 264.7 macrophages (2.5 × 105

cells/mL) were cultured for 24 h in DMEM with 10% FBS
(without antibiotics) (Edwards and Massey, 2011). Meanwhile,
mid-log phase E. tarda were collected by centrifugation, diluted
to a concentration of 2.5 × 108 CFU/mL in DMEM with
10% FBS (without antibiotic), and incubated with RAW 264.7
macrophages for 0.5 h. Gentamicin (1,000 µg/mL) was then
added into the cells and incubated for 30 min to remove
extracellular bacteria. After washing twice with PBS, RAW
264.7 macrophages were treated with different concentrations
of N6NH2 and GUON6NH2 (1, 5, 10, 25, and 50× MIC) for
18 h, washed again, and lysed with Hanks buffered saline solution
(0.1% bovine serum albumin and 0.1% Triton-X). The numbers
of intracellular bacteria were counted at 0 and 18 h, respectively.

In vivo Efficacy of N6NH2 and
GUON6NH2 in a Mouse Peritonitis Model
To establish a peritonitis mouse model, six-week-old female
ICR mice (five mice/group) were intraperitoneally injected
with E. tarda (1 × 109 CFU/mL, 0.5 mL). The infected
mice were followed by the intraperitoneal injection of N6NH2,
GUON6NH2 or norfloxacin (1 µmol/kg of body weight, 0.2 mL)
at 1 h postinfection, respectively. Mice injected with only bacteria

or PBS were used as negative or blank controls. The survival of
mice was recorded daily for 5 days.

The mice were intraperitoneally infected with E. tarda
(1 × 109 CFU/mL, 0.5 mL) and then injected with N6NH2
and GUON6NH2 (1 µmol/kg) or PBS (the blank control) in
the same way at 1 h after infection. The mice were then killed
at 24 h after treatment, and peritoneal fluids were obtained by
washing with 5 mL of ice-cold PBS. The total number of E. tarda
in the fluids was determined before any further procedures.
For intracellular bacteria quantification, the other fraction was
centrifuged for 5 min at 4◦C (1,000 rpm). The cells were collected,
treated with 1,000 µg/mL gentamicin for 30 min at 37◦C to
kill extracellular bacteria, and washed with ice-cold PBS twice
to remove extracellular gentamicin. Subsequently, the cells were
lysed and the bacteria were counted as described above for the
in vitro experiment (Kim et al., 2011).

RESULTS

Design and Characterization of N6NH2
and Its Derivatives
DN6NH2 was generated by replacement of L-type amino acids of
N6NH2 (except Gly) with D-type ones; N6PNH2 was obtained
by substitution of Arg in position 19 with Pro; Gly substitution
with Val in position 1 and 12 led to V112N6NH2; GUON6NH2
was generated by addition of N,N,N’,N’-tetramethylguanidine
and L-Orn to N-terminus of N6NH2. As shown in Table 1,
physicochemical properties (MW, isoelectric point (pI), charge,
hydrophilicity) of DN6NH2 were almost equal to those of its
parent peptide-N6NH2. The net charge of N6PNH2 (+4) was
less than that of N6NH2 and other derivatives (+5), but its
hydrophobicity increased from 0.375 to 0.457; V112N6NH2 had
higher hydrophobicity than N6NH2 and other derivatives.

Structures of N6NH2 and Its Derivatives
Analyzed by CD
The anionic surfactant SDS and TFE are often used to mimic the
cell membrane environment. To analyze the structural features
of N6NH2 and its derivatives, the CD spectra of peptides were
measured in ddH2O, 20 mM SDS and 50% TFE, respectively.
As shown in Supplementary Figure 1 and Supplementary
Table 1, the secondary structure of N6NH2, N6PNH2, and
V112N6NH2 in ddH2O was characterized by random coils
(34.57–42.76%), antiparallel strands (15.17–30.36%) or β-turns
(22.21–42.76%), with a negative minimum at 200 nm. However,
GUON6NH2 showed a significant decrease in the proportion of
anti-parallel strands (1.04%). DN6NH2 mainly contained anti-
parallel chains and random coils, with a positive maximum
at 200 nm. In SDS solution, N6NH2 had higher antiparallel
chain (63.52%) than N6PNH2 (17.78%) and V112N6NH2
(14.77%); DN6NH2 changed from antiparallel strands to β-turns
(38%) and random coils (52.22%). The secondary structures of
N6PNH2, V112N6NH2 and GUON6NH2 in 50% TFE were
characterized predominantly by β-turns, random coils, anti-
parallel chains or β-turns, with a negative dichroic band at
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approximately 205 nm, and a positive maximum at 180 nm
(strong) and 230 nm (weak).

Antimicrobial Activity and Time-Killing
Curve of N6NH2 and Its Derivatives
As shown in Table 2, N6NH2 and its derivatives had stronger
antibacterial activity against Gram-negative bacteria such as
Escherichia coli, Salmonella and E. tarda than Gram-positive
bacteria. N6NH2, DN6NH2 and GUON6NH2 exhibited the
strongest antimicrobial activity against Gram-negative and
Gram-positive bacteria with MIC values ranging from 2 to
32 µg/mL. The MIC values of N6PNH2 and V112N6NH2
against E. coli, Salmonella and E. tarda were 4–8, 2–32, and 8–
32 µg/mL, respectively. The MIC value of N6NH2, DN6NH2
and GUON6NH2 against E. tarda was 8 µg/mL, indicating their
similar antibacterial activity.

The geometric mean (GM) of MICs of peptides against
Gram-negative and Gram-positive bacteria was calculated, and
the result was shown in Table 3. Among these peptides,
the GM MIC value of GUON6NH2 was 4.8 µg/mL, which
was almost equal to N6NH2 (4.4 µg/mL), indicating their
similarly potent antimicrobial activity. However, N6PNH2 with
the largest GM MIC value of 13.4–115.2 µg/mL displayed
the lowest activity, which may be related to less net charges.
Moreover, N6PNH2 showed the worst cell selectivity at a
therapeutic index (TI) of 2.22–19.1. For Gram-negative bacteria,
the TI value of GUON6NH2 (53.33) was very close to
N6NH2 (58.18), while for positive bacteria, the TI value of
GUON6NH2 (12.8) was slightly higher than that of N6NH2
(12.31), indicating their huge therapeutic potential. For Gram-
positive bacteria, DN6NH2 had the highest TI value and the best
therapeutic potential.

The bactericidal kinetics showed that similar to N6NH2, 2×
or 4× MIC of V112N6NH2 and GUON6NH2 completely killed
E. tarda within 6 h, which were more rapid than norfloxacin,
N6PNH2, and DN6NH2 (Supplementary Figure 2). In the
norfloxacin treatment group, the bacterial count at 2× MIC
tended to decrease after 2 h and the bacteria re-grew at 12 h.

Cytotoxicity, Hemolysis, and Stability of
N6NH2 and Its Derivatives
The cytotoxicity of peptides in murine peritoneal RAW 264.7
macrophage cells was determined by MTT assay. As shown
in Figure 1A, the cell survival of N6PNH2, V112N6NH2 and
GUON6NH2 at a concentration range of 64–128 µg/mL was
higher than that of N6NH2 and DN6NH2, indicating their lower
cytotoxicity than N6NH2 and DN6NH2. As shown in Figure 1B,
at a concentration of 256 µg/mL, the hemolysis of DN6NH2,
N6PNH2, V112N6NH2, and GUON6NH2 was 1.46, 0.56, 4.58,
and 0.93%, respectively, higher than that of their parent peptide-
N6NH2 (0.19%), indicating that these derivatives have very low
or no hemolytic activity against murine erythrocytes.

High stability of drugs in complex environments is a
prerequisite for the clinical application of AMP. Therefore,
we evaluated the stability of the peptide to temperature,
pH, and protease (Figures 1C–E). After exposure to different

temperatures (20–100◦C) for 1 h and pH values (pH 2–
10) for 4 h, all peptides retained their inherent antibacterial
activity against E. tarda, superior to norfloxacin. Additionally,
similar to N6NH2, the derived peptides were highly resistant
to pepsin, but sensitive to trypsin (Figure 1E). V112N6NH2
was completely intolerant to trypsin. GUON6NH2 was more
resistant to trypsin than N6NH2, inferior to DN6NH2,
and the enzyme stability of other peptides was lower than
that of norfloxacin.

Based on the above results, both N6NH2 and GUON6NH2
were used to evaluate in vitro and in vivo efficacy due to their
potent activity, low toxicity, and high stability.

Synergism and PAE of N6NH2 and
GUON6NH2
The antibacterial activity of N6NH2 was synergistic with
ciprofloxacin (FICI values of 0.3125), ofloxacin (FICI values of
0.3125), enrofloxacin (FICI values of 0.3125), norfloxacin (FICI
values of 0.125), chloramphenicol (FICI values of 0.25), and
kanamycin (FICI values of 0.25), respectively (Figure 2A and
Supplementary Table 2). GUON6NH2 exhibited antagonism
effects with ciprofloxacin and kanamycin (FICI values > 4),
but additive effects with ofloxacin and enrofloxacin (FICI
value of 0.625 and 0.5625, respectively); GUON6NH2 showed
a synergistic effect with norfloxacin and chloramphenicol
(FICI values of 0.125 and 0.5, respectively) (Figure 2B and
Supplementary Table 2).

The efficacy of antibiotics is an important indicator of the
frequency of medication (Zhanel and Craig, 1994). The PAE of
N6NH2 at 1×, 2×, and 4× MIC was 1.75, 1.67, and 1.5 h,
respectively; the PAE of GUON6NH2 was 1.54, 1.51, and 3.97 h,
respectively, while the PAE of norfloxacin was 2.65, 3.48, and
3.12 h, respectively. At the same dose of 4× MIC, the PAE of
GUON6NH2 to E. tarda was 2.65 and 1.27 times longer than that
of N6NH2 and norfloxacin, respectively (Figure 2C).

N6NH2 and Its Derivatives Bound to LPS
To reveal the mechanism of action of N6NH2 and its
derivatives, the BC substitution method was used to evaluate
the ability of the peptides to bind to LPS. As shown in
Figure 3A, both ampicillin and norfloxacin did not replace
BC probe to bind to LPS; the peptides showed a strong
binding affinity for LPS in a concentration-dependent
manner. The binding capacity in order was as follows:
V112N6NH2 > GUON6NH2 > N6NH2 > DN6NH2 > N6PNH2.

Mechanism of N6NH2 and Its Derivatives
Against E. tarda
The NPN fluorescent dye was used to measure the permeability
of the peptide to the outer membrane. N6NH2 and its
derivatives quickly penetrated the outer membrane of E. tarda
within 1 min (Figures 3B–D). All peptides induced an
increase in NPN florescence in E. tarda cells in a time-
and concentration-dependent manner. GUON6NH2 exhibited
a stronger ability to penetrate the outer membrane of E. tarda
than other peptides.
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TABLE 2 | MIC values of N6NH2 and its analogs.

Species and Strains MIC (µg/mL)

N6NH2 N6PNH2 DN6NH2 V112N6NH2 GUON6NH2

Gram-negative bacteria

Escherichia coli CVCC195a 4 8 8 8 4

E. coli CVCC1515a 2 4 4 4 2

E. coli CVCC25922a 4 8 8 8 4

E. coli CVCCO157a 4 8 4 8 4

Salmonella typhimurium CVCC533a 4 32 16 16 8

S. typhimurium ATCC14028c 4 16 8 16 4

Streptococcus enteritidis CVCC3377a 2 2 2 2 2

Salmonella pullorum CVCC1802a 4 8 8 8 4

S. pullorum CVCC1789a 8 16 16 16 8

Edwardsiella tarda 8 32 8 32 8

Gram-positive bacteria

Staphylococcus aureus ATCC43300c 16 >64 4 32 16

S. aureus ATCC546c 16 >64 16 16 16

S. aureus ATCC25923c 32 >64 8 32 32

Staphylococcus hyicus 437-2 32 >64 8 32 32

S. hyicus 15095 8 64 4 16 4

aChina Veterinary Culture Collection Center (CVCC); bChina Center of Industrial Culture Collection (CICC); cAmerican Type Culture Collection (ATCC). Data were
representative of three independent experiments.

TABLE 3 | The MHC, GM, and TI values of N6NH2 and its derivatives.

Peptide MHCa (µg/mL) GMb (µg/mL) TIc

Gram-negative
bacteria

Gram-positive
bacteria

ALL Gram-negative bacteria Gram-positive bacteria ALL

N6NH2 >128 4.4 20.8 9.87 58.18 12.31 25.94

DN6NH2 >128 8.2 8 8.13 31.22 32 31.49

N6PNH2 >128 13.4 115.2 47.33 19.1 2.22 5.41

V112N6NH2 >128 11.8 25.6 16.4 21.69 10 15.61

GUON6NH2 >128 4.8 20 9.87 53.33 12.8 25.94

aMHC is the minimum hemolytic concentration that caused 10% hemolysis of hRBCs. Data are representative of three independent experiments. When no detectable
hemolytic activity was observed at 128 µg/mL, a value of 256 µg/mL was used to calculate the therapeutic index (TI).
bThe geometric means (GM) of the peptide MICs against bacteria was calculated. When no detectable antimicrobial activity was observed at 64 µg/mL; a value of
128 µg/mL was used to calculate the GM.
cTI is calculated as MHC/GM. Larger values indicate greater cell selectivity.

The fluorescent dye PI is blocked outside the intact cell
membrane, but can penetrate the damaged cell membrane
and insert nucleic acid (Wang et al., 2020). The fluorescence
intensity of PI indicates the integrity of the cell membrane.
As shown in Supplementary Figure 3, in the absence of
peptides, 99% of cells showed no PI staining, indicating
the intact cell membranes. After treatment with peptides
for 5–30 min, the penetration rates of N6NH2, N6PNH2,
and GUON6NH2 were 0.99–1.71, 0.42–2.20, and 0.78–2.84%,
respectively, indicating that they weakly disrupt the inner
membrane of E. tarda. Comparably, after treatment with
DN6NH2 and V112N6NH2 for 5–30 min, the penetration rates
were 1.3–16.1 and 0.85–30.1%, respectively, higher than those
of other peptides. This result indicated that DN6NH2 and
V112N6NH2 more potently penetrate the inner membrane of
E. tarda than other peptides.

Morphological Changes Observed by
Electron Microscopy After Treatment
With N6NH2 and Its Derivatives
The cells were treated with 4× MIC peptides or norfloxacin
for 2 h, and the morphological changes in the cells were
observed by SEM. As shown in Figure 4A, the untreated cells
showed intact smooth surfaces. However, after treatment with
N6NH2, V112N6NH2, and GUON6NH2, some protrusions
were observed on the cell surfaces. In the DN6NH2- and
norfloxacin-treated groups, there was no significant change in the
bacterial cell structures.

The effects of peptides on the ultrastructures of E. tarda
cells were observed using TEM. As shown in Figure 4B, in the
untreated group, the cells exhibited normal cell morphology,
intact cell membrane and uniform cytoplasmic electron density.
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FIGURE 1 | Hemolysis, cytotoxicity, and stability of N6NH2 and its derivatives. (A) Cytotoxicity of the peptides against RAW 264.7 cells. N6PNH2, V112N6NH2, and
GUON6NH2 showed lower cytotoxicity than N6NH2 and DN6NH2. (B) Hemolytic activity of the peptides against murine erythrocytes. Derivatives of N6NH2 have
very low or no hemolytic activity. (C–E) The effects of temperature (C), pH (D), and proteases (E) on the antibacterial activity of the peptides in vitro against E. tarda.
The results are given as the mean ± SEM (n = 3). All peptides showed high stability toward temperature and pH. GUON6NH2 was more resistant to trypsin than
N6NH2 and V112N6NH2, inferior to DN6NH2.

After exposure to 4× MIC peptides for 2 h, it appeared to
deformed cell morphology, leakage of cellular contents, and
heterogeneous cytoplasmic electron density in E. tarda. However,
in the norfloxacin-treated group, there was no significant change
in bacterial cells.

Fluorescence microscopy was also used to analyze the effect
of N6NH2 and GUON6NH2 on bacterial cells. As shown in
Supplementary Figure 4, the green fluorescence completely
covered the bacterial cells after treatment with FITC-peptides.
Meanwhile, it was found that the green fluorescence was highly
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FIGURE 2 | In vitro efficacy of N6NH2 and GUON6NH2. (A,B) Combination of peptide N6NH2 (A) and GUON6NH2 (B) with antibiotics against E. tarda,
ciprofloxacin (Cip), ofloxacin (Ofl), enrofloxacin (Enr), norfloxacin (Nor), chloramphenicol (Chl), and kanamycin (Kan), respectively. (C) PAEs of N6NH2, GUON6NH2,
and norfloxacin against E. tarda. The results are given as the mean ± SEM (n = 3).

overlapped with red fluorescence-PI, indicating that N6NH2 and
GUON6NH2 can enter E. tarda cells.

Immuno-TEM was used to further determine the effects of
biotin-labeled peptides on the ultrastructures of E. tarda. As
shown in Supplementary Figure 5, both biotin-labeled N6NH2
and GUON6NH2 were uniformly distributed in the cytoplasm of
E. tarda, but overall cell morphology and the cell membrane of
E. tarda had no significant change.

The Intracellular Proliferation Curve of
E. tarda
After infection with E. tarda for 30 min, the extracellular bacteria
were killed by gentamicin and macrophages were cultured to
different time points to detect the number of intracellular
bacteria. The results showed that after infection with E. tarda for
6–24 h, the number of intracellular bacteria increased from 2.52
Log10 CFU to 7.36 Log10 CFU (Figure 5A) in a time-dependent
manner, suggesting that E. tarda can survive and proliferate in
the RAW 264.7 cells.

Uptake and Mechanism of N6NH2 and
GUON6NH2 in RAW 264.7 Macrophages
The prerequisite for the elimination of intracellular E. tarda by
antibacterial agents is that the drug effectively enters the host cells
(Kuriakose et al., 2013; Lei et al., 2013). RAW 264.7 cells were
treated with peptides and analyzed by flow cytometry (Floren
et al., 2011). The results showed that after treatment with 1–10×

MIC N6NH2 or GUON6NH2, the percentages of florescent cells
were 27.6–79.8 and 16.1–86.5%, respectively (Figures 5B,C).
Percentages of florescent cells slightly decreased after treatment
with higher concentrations of peptides (except 50× MIC
N6NH2). Moreover, both N6NH2 and GUON6NH2 entered
macrophages in a concentration-dependent manner. These data
implied that the uptake of GUON6NH2 by macrophages is
significantly greater than that of N6NH2.

To further determine uptake and subcellular distribution
of peptides, RAW 264.7 cells were treated with peptides and
observed using confocal microscopy. As shown in Figure 6, both
FITC-labeled N6NH2 and GUON6NH2 could enter RAW 264.7
cells. With the increase in the concentration of the peptides
(ranging from 40 to 200 µg/mL), the florescent intensity of
FITC-labeled N6NH2 and GUON6NH2 was extremely enhanced
in cells. In addition, the fluorescence intensity of GUON6NH2
was considerably higher than that of N6NH2, indicating
higher uptake of GUON6NH2. Both peptides were uniformly
distributed in the cytoplasm in granular form. Comparably, no
green fluorescence was observed in the cells treated with FITC-
labeled norfloxacin, indicating that FITC-labeled norfloxacin was
not able to enter the cells.

To explore whether N6NH2 and GUON6NH2 can enter
cells through endocytosis, several endocytosis inhibitors,
such as amiloride (macropinocytosis inhibitor), nocodazole
(inhibiting tubulin polymerization into microtubules),
chlorpromazine (inhibiting clathrin-mediated endocytosis),
and MβCD (inhibiting caveolin-mediated endocytosis) were
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FIGURE 3 | Interaction of N6NH2 and its derivatives with LPS and outer membrane of E. tarda. (A) Interaction of peptides with LPS (ability of LPS to displace a
peptide-bound BC probe). All peptides showed a strong binding affinity for LPS. (B–D) Interaction of peptides with outer membrane of E. tarda. Bacterial cells were
treated with 1× (B), 2× (C), and 4× MIC (D), respectively, and observed with a microplate reader. GUON6NH2 exhibited a stronger ability to penetrate bacterial
outer membrane than other peptides.

used to treat RAW 264.7 cells. As shown in Figure 7A, the
fluorescence intensity of the cells treated with MβCD and
N6NH2 decreased by 21%, while amiloride and nocodazole
reduced the cell entry rate of GUON6NH2 by 12.35 and 22.55%,
respectively, suggesting that N6NH2 may be transported into
cells through lipid rafts, while GUON6NH2 enters cells through
macropinocytosis and microtubule polymerization.

N6NH2 and GUON6NH2 Had Potent
Intracellular Antibacterial Activity in RAW
264.7 Macrophages
The ability of N6NH2 and GUON6NH2 to eliminate intracellular
E. tarda was evaluated in RAW 264.7 cells. As shown in
Figure 7B, both N6NH2 and GUON6NH2 significantly reduced
the proportion of internalized E. tarda cells and the inhibition
rates of intracellular bacteria were over 99% in the peptide-treated
groups. The killing efficacy of 1× MIC GUON6NH2 against
E. tarda was over 97.07%, which was slightly higher than that of
N6NH2 (96.82%). 5–50× MIC N6NH2 and GUON6NH2 killed
all intracellular bacteria. This result suggested that GUON6NH2
has more potent bacteriostatic effects than N6NH2 against
intracellular E. tarda.

N6NH2 and GUON6NH2 Had a High
Therapeutic Efficacy in Mice
To further elucidate in vivo antibacterial activity of peptides,
the efficacy of N6NH2 and GUON6NH2 was determined in
a mouse peritonitis model. The results showed the untreated

mice began to die at 48 h after inoculation, and 80% were dead
within 120 h. After treatment with 1 µmoL/kg N6NH2, the
survival rate of mice was 80%, which was higher than that with
1 µmoL/kg GUON6NH2 (60%) and 1 µmoL/kg norfloxacin
(40%) (Figure 7C). Moreover, for intracellular bacteria, the
bacterial numbers in the blank control group were approximately
106 CFU/mL; after treatment with 1 µmol/kg of N6NH2
and GUON6NH2, the numbers of intracellular bacteria were
reduced by 1.54- and 1.97-Log10 CFU, respectively, higher than
norfloxacin (0.35-Log10 CFU) (Figure 7D). Comparably, after
treatment with N6NH2, GUON6NH2 and norfloxacin, the total
numbers of bacteria decreased by 1. 45-, 1. 53-, and 0.49-
Log10 CFU, respectively. These data indicated that the efficacy
of GUON6NH2 against E. tarda in mice is superior to that of
N6NH2 and norfloxacin.

DISCUSSION

Edwardsiella tarda can invade, survive, and proliferate in
host cells (such as macrophages), leading to a high infection
recurrence (Brett Finlay and Falkow, 1997). Traditional
antibiotics cannot completely eradicate E. tarda due to poor
internalization. A few vaccines of E. tarda are waiting to be
translated into commercialized ones. Our previous study showed
that the marine peptide-N6NH2 had a potent antibacterial
activity against intracellular Salmonella, but it showed low
stability to trypsin. In this study, to improve stability and
activity, the novel derivatives of N6NH2 were generated by
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FIGURE 4 | Effects of N6NH2 and its derivatives on the cell morphology and ultra-structures of E. tarda. Bacteria in mid-logarithmic growth phases were treated with
peptides or antibiotic at 4× MIC for 2 h. (A) SEM images of E. tarda cells treated with peptides or norfloxacin. N6NH2, V112N6NH2, and GUON6NH2 induced some
protrusions on the cell surfaces, but DN6NH2 and norfloxacin hardly changed the bacterial cell structures. (B) TEM images of E. tarda cells treated with peptides or
norfloxacin. Deformed cell morphology, leakage of contents and heterogeneous cytoplasmic electron density were observed in bacterial cells with peptides; there
was no changes in norfloxacin-treated cells.

FIGURE 5 | Proliferation of E. tarda and internalization of N6NH2 and GUON6NH2 in RAW 264.7 cells. (A) Proliferation of E. tarda. RAW 264.7 cells were infected
with E. tarda for 0.5 h, incubated with gentamicin, and lysed with 1% triton-X-100. The bacteria were counted at 0, 6, 12, 18, and 24 h, respectively. The results are
given as the mean ± SEM (n = 3). (B,C) FACS analysis of cellular internalization of FITC-labeled peptides in RAW 264.7 cells. The cells were incubated for 18 h with
1–50 × MIC FITC-N6NH2 (B) and FITC-GUON6NH2 (C) for 18 h at 37◦C prior to washing and quantification of peptide uptake. The uptake of GUON6NH2 by
macrophages is significantly greater than that of N6NH2.

modification with natural/unnatural residues, their properties
and intracellular activity against E. tarda were investigated in
RAW 264.7 cells and in mice infected with E. tarda.

The stability of AMPs can limit clinical applications;
particularly, pH and protease stability of peptides are important

factors in oral administration of peptide drugs (Eckert,
2011; Zhang et al., 2011). In this study, N6NH2 and its
derivatives retained their inherent antibacterial activity in
a wide temperature (20–100◦C) and pH (pH 2–10) range
(Figures 1C,D). Moreover, DN6NH2 and GUON6NH2 were
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FIGURE 6 | Cellular distribution of N6NH2 and GUON6NH2 in RAW 264.7 cells. Cells were incubated with 40 or 2.5 (5× MIC) and 200 or 12.5 µg/mL (25× MIC)
FITC-labeled peptides or antibiotic at 37◦C for 18 h before washing and analysis by confocal microscopy. Cell membrane and nucleus were stained with
WGA-conjugated Alexa Fluor 555 (red) and Hoechst 33342 (blue), respectively. FITC-N6NH2 and GUON6NH2 inside cells displayed green fluorescence and were
uniformly distributed in the cytoplasm. GUON6NH2 showed higher uptake than N6NH2, but FITC-labeled norfloxacin was not able to enter the cells.

more potent resistant to trypsin than N6NH2, N6PNH2, and
V112N6NH2, respectively (Figure 1E). GUON6NH2 displayed
lower cytotoxicity and hemolysis (<1%) than other peptides
(<5%) (Figures 1A,B). The time-killing curves showed that
GUON6NH2 had a faster killing rate and stronger selectivity for
E. tarda than norfloxacin and other derivatives (Supplementary

Figure 2). Meanwhile, similar to N6NH2, GUON6NH2 (with
the MICs of 2–8 µg/mL) exhibited more potent activity
against Gram-negative bacteria than other derivatives (2–
32 µg/mL) (Table 2); it may be related to an addition
of N,N,N’,N’-tetramethylguanidine and Orn at N-terminus of
peptides, which can increase the positive charge and improve
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FIGURE 7 | Uptake mechanism and intracellular activity of FITC-N6NH2 and FITC-GUON6NH2 in RAW 264.7 cells and in mice. (A) Effect of different endocytosis
inhibitors and low temperature on the uptake of FITC-labeled peptides in RAW 264.7 cells. Cells were preincubated with different endocytosis inhibitors (including
amiloride, nocodazole, chlorpromazine, and MβCD, respectively) for 1 h before incubation with 10× MIC FITC-labeled peptides for 4 h. External fluorescence was
quenched with 0.4% Trypan blue, and the fluorescence intensity was then measured by flow cytometry. CK is the negative control. N6NH2 was transported into cells
through lipid rafts, but GUON6NH2 entered cells through macropinocytosis and microtubule polymerization. (B) Intracellular activity of N6NH2 and GUON6NH2
against E. tarda in RAW 264.7 cells. The ordinate showed bacterial reduction per mL of broth in RAW 264.7 cells after 18 h of incubation with peptides compared to
the original inoculum. GUON6NH2 had higher intracellular activity against E. tarda than N6NH2 in RAW 264.7 cells. (C) Survival of mice. The survival rate of mice of
1 µmoL/kg N6NH2 was 80%, which was a little highter than that with 1 µmoL/kg GUON6NH2 (60%). Peptides have a higher survival rate than antibiotic.
(D) Intracellular activity of N6NH2 and GUON6NH2 against E. tarda in the mouse peritonitis model. GUON6NH2 had higher efficacy against E. tarda than N6NH2
and norfloxacin in mice. (*) indicates the significance between control and treatment groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

antibacterial activity (Czihal et al., 2012). Comparably, the
bacterial growth in the norfloxacin-treated group showed a
slow reduction and the regrowth of E. tarda was observed
at 10 h, which may be associated with the development of
drug resistance.

The combination of AMPs with antibiotics is an effective
strategy to combat resistant pathogens (Uckun and Qazi, 2019;
Zharkova et al., 2019). Our results showed that the mean PAE
for GUON6NH2 was 3.97 h, which was more than 2.65 times
longer than that of N6NH2 (1.5 h), indicating a better bactericidal
effect of GUON6NH2 against E. tarda, superior to norfloxacin
(Figures 2A,B). Moreover, GUON6NH2 showed a synergistic
effect with norfloxacin and chloramphenicol (Figure 2C). The
results suggested that GUON6NH2 has great potential for

biomedical applications due to its potent activity, high stability,
and low toxicity.

It is generally accepted that some AMPs exhibit antimicrobial
activity through cell membrane permeability (Yeaman and
Yount, 2003). The peptides first aggregate on the bacterial
surface, pass through the cell wall barrier, and then interact
with the cell plasma membrane. When the local peptide
concentration reaches the threshold that can produce an effect,
the peptide changes in conformation and then inserts into
the cell membrane, causing membrane potential disturbance;
the membrane integrity is destroyed, or pores/ion channels
are formed, which eventually leads to cytoplasmic leakage
and bacterial cell death (Teixeira et al., 2012). In our study,
GUON6NH2 could bind to LPS and penetrate the outer and
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inner cell membranes of E. tarda, superior to N6NH2 (Figure 3
and Supplementary Figure 3). SEM and TEM results showed
that N6NH2 and its derivatives did not destroy the cell integrity,
but caused the leakage of the contents and killed bacteria
(Figure 4), which is consistent with the intracellular localization
of N6NH2 and GUON6NH2 in E. tarda (Supplementary
Figure 5). It indicated that N6NH2 and GUON6NH2 can target
and disrupt the membrane, and they can enter the bacterial
cells and kill bacteria, which is similar to other AMPs including
buforin II (Conner and Schmid, 2003) and pyrrhocoricin
(Brett Finlay and Cossart, 1997).

Macrophages play a key role in host defense against
bacterial infection, and intracellular pathogens prefer to live
in macrophages to proliferate and escape the innate immunity
(Qin et al., 2014, 2017). Brucella is demonstrated to survive and
replicate within membrane-bound vacuoles in phagolysomes
(Leung et al., 2012). Likewise, Salmonella can replicate in
membrane-bound compartments, Salmonella-containing
vacuoles (SCVs), within mammalian cells (McGourty et al.,
2012). It has been demonstrated that the mouse RAW 264.7
macrophages may be considered as a cell model for study
interactions between E. tarda and macrophages (Qin et al.,
2017). In this study, E. tarda a multiplicity of infection (MOI)
of 1000:1 survived and replicated in macrophages with an
increase of 7.36 Log10 CFU within 24 h (Figure 5A), which
is inconsistent with previous reports in which the MOIs
of 10:1 and 100:1 led to internalization and infection of
E. tarda after a 2 h-inoculation period and E. tarda could
replicate within vacuolar-like compartment in RAW 264.7
macrophages; this may be related to different infection time
(Qin et al., 2017).

The premise of anti-bacterial drugs in cells to work is
that the drug can reach its target and interact with bacteria
(Carryn et al., 2003). In this study, N6NH2 and GUON6NH2
entered RAW 264.7 cells in a dose-dependent manner and
were distributed in the cytoplasm (Figure 6). GUON6NH2
showed higher uptake efficacy than N6NH2 (Figures 5B,C),
which may be related to different internalization pathways,
including phagocytosis, macropinocytosis, clathrin-/caveolin-
mediated endocytosis, etc. (Brett Finlay and Cossart, 1997;
Conner and Schmid, 2003). The potential mechanism of
cellular internalization of peptides is usually evaluated by
using different endocytosis inhibitors (such as amilolide,
norcodazole and chlorpromazine), which play a key role in
selectively blocking specific endocytosis pathways (Lundin
et al., 2008). In this study, N6NH2 was internalized in the
cells through lipid rafts, while GUON6NH2 entered the
cells by giant pinocytosis and cytoskeletal movement with
microtubules involved (Figure 7A). Noticeably, GUON6NH2
exhibited higher intracellular bactericidal effect than N6NH2
in macrophages (Figure 7B) and in mice infected with
E. tarda (Figure 7C), which was similar to peptide Api88 with
N,N,N’,N’-tetramethylguanidine and Orn at N-terminus;
the guanification of N-terminus and the amidation of
C-terminus of peptide can result in increased positive
charges, which can improve the antibacterial activity of
peptides and stability in host cells (Zharkova et al., 2019).
Moreover, there is growing evidence that the use of Orn

as a charged moiety in peptides is preferable as the use
of unnatural amino acids, which provides stability against
proteases (Pieters, 2001; Laverty et al., 2011; Czihal et al., 2012;
Schmidt et al., 2017).

In conclusion, four derivatives of N6NH2 were generated by
an introduction of unnatural residues or substitution of natural
ones. Among them, GUON6NH2 showed the best properties
(including high stability and low toxicity) and antibacterial
activity against E. tarda. GUON6NH2 had a stronger ability
to bind to LPS and penetrate the outer/inner cell membranes
of E. tarda than N6NH2. The two peptides could enter
macrophages in a dose-dependent manner through endocytosis
and distributed in the cytoplasm. GUON6NH2 had a stronger
intracellular bactericidal effect against E. tarda than N6NH2
in vitro and in mice, respectively. Altogether, these findings
suggested that GUON6NH2 may have great potential as a
novel antimicrobial agent against infectious diseases caused by
intracellular E. tarda.
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Lysostaphin is an effective antimicrobial agent to Staphylococcus, especially for
the methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resistant
Staphylococcus aureus (MDRSA). In this study, the seven lysostaphin derived mutants
(rLys) were designed to overcome the barrier of glycosylation during expression in Pichia
pastoris. Among them, 127A and 127A232Q had highest antimicrobial activity (MIC
values 0.07–0.3 µM) to S. aureus than others and the commercial lysostaphins (1–15.8
times). There was no glycosylation during the expression in 5-L fermenter level, with the
high yield of 1315 mg/L (127A) and 1141 mg/L (127A232Q), respectively. Meanwhile,
127A and 127A232Q effectively killed 99.9% of S. aureus at low concentration (1×MIC)
within 30 min, without the regrowth of pathogen. They also showed low toxicity,
high pH and temperature stability. The results of in vivo therapeutic effect of 127A
and 127A232Q against high virulent S. aureus CVCC546 showed that 127A and
127A232Q increased the survival rate of infected mice up to 100% at the dose of
10 mg/kg than the untreated group, reduced the bacterial translocation by 5-7 log
CFU (over 99%) in organs compared to the untreated group and alleviated multiple-
organ injuries (liver, kidney and spleen). These data indicated that the non-glycosylated
lysostaphin 127A and 127A232Q may be a promising therapeutic agent against MDR
staphylococcal infections.

Keywords: lysostaphins, non-glycosylation, P. pastoris expression, sepsis mouse model, pharmacodynamics

INTRODUCTION

Due to the chronic overuse of antibiotics, many resistant Staphylococcus aureus (S. aureus)
emerged in recent years, such as methicillin-resistant S. aureus (MRSA), vancomycin-resistant
S. aureus (VRSA), and multiple-drug-resistant S. aureus (MDRSA), this S. aureus become a
formidable pathogen which can cause terrible infections in humans and livestock. Meanwhile,
between 2 and 53 million persons are estimated to carry MRSA worldwide (Gleeson et al., 2015).
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In the United States, the fees for the 6-month treatment regimen
against MRSA infection amount to nearly $36,000 in 2013
(Laxminarayan et al., 2013). It has been estimated there would be
about 10 million deaths every year and $100 trillion lost to the
global economy by 2050 (Review on Antimicrobial Resistance,
20171). Therefore, the new anti-S. aureus agents with potent
activity and low resistance are urgent needed.

Lysostaphin is a zinc metalloprotease from Staphylococcus
staphylolyticus (Schindler and Schuhardt, 1964), and it has
the activity of glycylglycine endopeptidase to lyses other
Staphylococcus species such as S. aureus. The minimum
inhibitory concentrations (MICs) of lysostaphin to various
strains of S. aureus were ranged from 0.001–8.0 µg/mL (Climo
et al., 1998; von Eiff et al., 2003; Yang et al., 2007). As early
as in 1974, a 500 mg single dose of lysostaphin could showed
eutherapeutic efficacy in a myelocytic leukemia patient suffering
from multidrug-resistant staphylococcal pneumonia, multiple
metastatic staphylococcal abscesses, and cellulitis (Zygmunt and
Tavormina, 1972; Stark et al., 1974). Lysostaphin is very effective
in protecting mouse models of systemic S. aureus infection
from both methicillin-sensitive S. aureus (MSSA) and MRSA
(Kokai-Kun et al., 2003). In the murine model of catheter-
associated S. aureus biofilms, systemic lysostaphin administration
was shown to clear established biofilms during a 4-day treatment,
and a single prophylactic dose prevented subsequent biofilm
formation on indwelling cath (Kokai-Kun et al., 2009).

The gene of lysostaphin was cloned in 1987 (Recsei et al.,
1987; Kokai-Kun, 2012). The preproenzyme of lysostaphin is
composed of 493 amino acids. The first 36 amino acids at the
N-terminal are signal peptides region. When protein trafficking,
they are located in the endoplasmic reticulum and then removed.
This full protein sequence with 457 amino acids consisted of a
propeptide of 211 amino acids from which 195 amino acids are
assembled in 15 tandem repeats of 13 amino acids length, and
a hydrophobic mature lysostaphin 246 amino acids (27 KDa)
(Bastos et al., 2010). The crystal structure of mature lysostaphin
has been resolved (Sabala et al., 2014), and it mainly includes
three parts: 132 amino acids of catalytic domain (CAT), 102
amino acids of cell-wall-targeting domain (CWT) and 13 amino
acids of linker between them.

The mechanism of lysostaphin to bacteria is to destroy the cell
wall of Staphylococcus (Johnson et al., 2018; Gonzalez-Delgado
et al., 2020). Pentaglycine crossbridges of peptidoglycan (PG) is
the component of Staphylococcus aureus cell wall and an explicit
target of Lys (Vollmer et al., 2008). When Lys combined with
PG, the CAT domain destroys the bond between the second and
third Glycine, and the structure of the cell wall of S. aureus is
damaged, achieving a sterilization effect (Tossavainen et al., 2018;
Grishin et al., 2019).

The clinical application of lysostaphin depends on the
availability of large amounts of highly purified protein from a
safe and nonpathogenic source. Firstly, lysostaphin was extracted
from the culture of its natural host S. simulans (Chandra et al.,
2018). Due to the technical difficulty, and the safety dispute,
it cannot be used in actual production (Kokai-Kun, 2012). At

1http://amr-review.org

present, most of the lysostaphin is obtained from the recombined
expression, among which prokaryotic expression systems include
E. coli (Sharma et al., 2006; Duman et al., 2019), and Lactococcus
lactis (Mierau et al., 2005), with the yield of 50–300 mg/L,
meanwhile, they had the disadvantages of higher cost and
complex purification process. The eukaryotic expression systems
include Pichia pastoris (Zhao et al., 2014), animal mammary
epithelial cells (Fan et al., 2002), and etc. With the yield of 200–
1000 mg/L. In the eukaryotic expression system, the expression
of lysostaphin has encountered the barrier of glycosylation
(Chen and Harcum, 2006). It has been shown that the activity
of these glycosylated lysostaphins is lower than that of the
non-glycosylated enzymes, and the other band is not easy to
separate during purification. The glycosylation sites mutant could
disrupt the N-terminal glycosylation of lysostaphin in P. pastoris.
However, the yield of the derived lysostaphin was 500 mg/L
(Zhao et al., 2014), which still have gaps to the demand of
large-scale industrial production. In this study, the glycosylation
site of lysostaphin was modified to obtain the non-glycosylated
lysostaphin mutants. The 127A and 127A232Q had highest
activity and yields. And the in vivo and in vitro activities were
characterized. Additionally, the efficacy of 127A and 127A232Q
were determined in a peritonitis mouse model of lethal infection
with MDR S. aureus.

MATERIALS AND METHODS

Strains, Plasmids and Reagents
The Escherichia coli DH5α, P. pastoris X-33, and pPICZαA
vectors used in cloning and expression were purchased from
Invitrogen. The restriction enzymes were purchased from
Tiangan Biotech (China, Beijing). The test strains, including
S. aureus ATCC 43300, S. aureus ATCC 25923 were purchased
from the American Type Culture Collection (ATCC) (Beijing,
China), S. aureus CICC 10436, S. aureus CICC 10473, S. aureus
CICC 21601, S. epidermidis CICC 23962, S. epidermidis CICC
10294 were purchased from China Center of Industrial Culture
Collection (CICC) (Beijing, China), S. aureus CVCC 546
were purchased from China Veterinary Culture Collection
Center(CVCC) (Beijing, China), S. epidermidis CGMCC 1.4206
was purchased from China General Microbiological Culture
Collection Center (CGMCC) (Beijing, China), S. hyicus NCTC
10350 was purchased from National Collection of Type
Cultures (NCTC). The bovine clinical MDR S. aureus E48
strain was donated by Prof. Zhao Xin (Northwest A&F
University) and numbered as FRI-GEL160701.The S. aureus ky,
S. hyicus 437-2, S. sciuri 26, S. sciuri 31 were obtained from
clinical trials and numbered as FRI-GEL180901, ACCC61734
(Agricultural Culture Collection of China), FRI-GEL180902,
FRI-GEL180903, respectively.

The enzymes used in DNA restriction and DNA linkage
were purchased from New England Biolabs (NEB, Beijing,
China). The plasmid and DNA extraction kits were purchased
from TIANGEN Biotech (Beijing, China). The commercial
Lysostaphin was purchased from Sigma-Aldrich (Shanghai,
China). Other reagents were analytical grade.
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FIGURE 1 | Analysis of glycosylation site of Lys sequence. (A) Probability of
glycosylation at two potential sites (B) Result of Glycosylation site prediction.

Design of Non-glycosylated Lysostaphin
Genes
N-linked glycosylation sequons were identified by NetNGlyc 1.0
Server2 (Figure 1). In order to disrupt the aberrant glycosylation
of the wild-type protein sequence, seven optimized recombinant
Lysostaphin (rLys) sequences were designed including 125Q (Asn
to Gln at position 125), 232Q (Asn to Gln at position 232),
125Q232Q (Asn to Gln at positions of both 125 and 232), 126P
(Ser to Pro at position 126), 126P 232Q (Ser to Pro at position
126 and Asn to Gln at position 232), 127A (Thr to Ala at position
127), 127A232Q (Thr to Ala at position 127 and Asn to Gln at
position 232) and a wild-type lysostaphin (Lys) sequence. Codon
optimized gene sequences of rLys and Lys were designed using
the Reverse Translate Tool3 based on the preferential codon usage
of P. pastoris4 (Supplementary Figure 1).

Construction of Recombinant Plasmid
pPICZαA-rLys/Lys and Transformation to
P. pastoris X-33
Every DNA sequence composed of an XhoI restriction site,
a P. pastoris Kex2 protease cleavage site, the rLys or Lys
gene, two stop codons, and an XbaI restriction site. These
specific genes were cloned into the plasmid of PUC19
in Escherichia coli DH5α. The rLys/Lys primers (rLys-F,
5′-CCGCTCGAGAAGAGAGCTGCTACTCATGAA-3′; rLys-R,
5′-GATTATTACTTAATAGTATCTCGACCCCAC-3′) and the
genes were synthesized by Sangon Biotech (Shanghai, China).
The plasmids containing the target genes were extracted and
used as a PCR template for the amplification of the rLys gene.
The amplified DNA fragments and plasmid pPICZαA were
digested with XhoI and XbaI simultaneously. Connected the
digested DNA and plasmid to construct a Pichia expression

2http://www.cbs.dtu.dk/services/NetNGlyc/
3http://bioinformatics.org//sms2/rev_trans.html
4http://www.kazusa.or.jp/codon/

vector pPICZαA-rLys/Lys and transformed into E. coli DH5α.
Positive sequences were identified and confirmed by PCR
and DNA sequencing (Zhang et al., 2011).

The linearized pPICZαA-rLys vectors were transformed into
P. pastoris X-33 by electroporation. The positive transformants
were selected on YPDS plates with 100 µg/mL of Zeocin
(Zhang et al., 2015).

Expression of rLys/Lys in the 48-Well
Plates, Shaking Flask, and Fermenter
Level
In each mutant, 45 positive recombinants were selected and
inoculated on 48-well plates in BMGY medium and cultured
at 29◦C, 250 rpm for 24 h, then methanol (100%) was added
every 24 h to a final concentration at 0.5% (v/v). The supernatant
was collected. Inhibition zone assay was used to select the
recombinants with the highest activity. Expression at 1L shake
flasks: The positive transformants were inoculated in 10 ml of
YPD medium, containing 100 µg/mL of Zeocin and shaken
until an optical density (OD)600 nm of 4.0–6.0 at 29◦C and
250 rpm was obtained. The cells were harvested by centrifugation
at 4000 rpm and 4◦C for 5 min and resuspended to an OD600 nm
of 1.0 in BMGY medium to induce the expression of the
Lys/rLys at 29◦C and 250 rpm. Methanol (100%) was added to
a final concentration of 0.5%. The samples were centrifuged at
10,000 × g for a 120-h induction period, and every 24 h during
that period, cells were removed from the centrifuge for 10 min
and supernatant was subjected to Tricine-sodium dodecyl sulfate
(SDS)–PAGE (Zhang et al., 2015).

Expression at 5 L bioreactors: A single colony from a positive
transformant was incubated in 10 mL of YPD medium containing
100 µg/mL of Zeocin overnight at 29◦C. A 2 ml cell suspension
was inoculated into 200 mL YPD medium and shaken at 29◦C
for 16 h. Once the seed culture reached an OD600nm of 6.0
(late logarithmic growth phase), it was transferred into a 5-
liter fermentor (BIOSTATB plus, Sartorius Stedim Biotech) and
incubated as previously described. During the induction, the
dissolved oxygen, temperature and pH were maintained at 40%,
29◦C and 5.5, respectively. The total secreted protein levels in
the fermentation broth were determined by the Bradford protein
assay (Tiangen, Beijing, China) (Zhang et al., 2015).

Purification of rLys/Lys
The fermentation supernatant was collected by centrifugation
(5000 rmp, 30 min), filtered with micro-filtration membranes
(0.45 µm), and dialyzed with 10 KDa cutoff dialysis tubing. The
product was applied to a SP F.F. column. The protein samples
were eluted by increasing the NaCl concentration in a stepwise
manner. Firstly, the 100 mM NaCl, pH 7.5 was used to elute,
then the concentration of NaCl was increased to 290 mM, and
the eluent of corresponding elution peak was collected, dialyzed
and freeze-dried (Zhang et al., 2015).

Deglycosylation Experimental
The purified protein 127A, 127A232Q and Lys (100 µg) was
dissolved into 40 µL H2O. A 5 µL of Deglycosylation Mix Buffer
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2 was added into the protein liquid, and incubated at 75◦C for
10 min, and then added 5 µL Protein Deglycosylation Mix II after
cooling down, and mixed gently. The mixture was incubated at
25◦C for 30 min, and then at 37◦C for 1 h. Finally, SDS–PAGE
was used to verify deglycosylation.

Minimal Inhibitory Concentration (MIC)
Assay
The MIC values of purified rLys/Lys were determined by the
microtiter broth dilution method. Ten Staphylococcus standard
strains and 5 clinical strains were used in this study. A clone of
the strains was grown in 10 mL of Mueller-Hinton Broth (MHB)
medium at 37◦C, 250 rpm overnight. The overnight culture was
transferred into a MHB medium to the final concentration at
1% (v/v), shaken at 37◦C, 250 rpm, until OD600 nm reached
0.5, and diluted to 1 × 105 CFU/mL with fresh MHB medium.
Then purified rLys/Lys were two-fold serial dilutions from 1280
to 0.625 µg/mL with gradient concentration. A 90 µL of the
bacteria suspension and 10 µL of serial concentration rLys/Lys
were added in every well of 96-well plates. The 96-well plates were
incubated at 37◦C for 18–24 h. The MIC was defined as the lowest
concentration of ones at which there was 99.9% bacteria were
killed. All assays were performed in triplicate (Cao et al., 2015).

TIME-KILL ASSAY

Staphylococcus aureus ATCC 43300 strains were grown in MHB
medium overnight at 37◦C, 250 rpm. Fresh MHB medium
was inoculated with 1% (v/v) of overnight culture and grown
to mid-log phase (OD600nm = 0.5). The bacterial culture was
diluted to 1 × 105 CFU/mL with fresh MHB medium. The
purified rLys/Lys was added in the bacterial culture diluted
and the final concentrations were to 1×, 2×, or 4× MIC,
respectively. The 100 µL of mixture was added in 12 wells of
24-well plates and cultured at 37◦C, 250 rpm. The sample was
taken out from each well at 0, 0.5, 1, 1.5, 2.5, 3.5, 5, 6.5, 8,
10, 12, and 24 h to determine the in vitro pharmacodynamics.
Ampicillin was also tested with the same concentration gradient
as control, and the fresh MHB was the negative control. All
experiments were performed in triplicate, and the statistical
analyses of the experimental data were done with Graphpad 7.0
(Yang et al., 2019).

Synergism Assays of 127A, 127A232Q,
Lys With Traditional Antibiotics
The chequerboard method was used for the measurement
of interaction between the rLys/Lys and four kinds of
antimicrobial agents with different mechanism including
ampicillin, kanamycin, nisin, and ciprofloxacin. S. aureus ATCC
43300 was used in this assay. The rLys/Lys and antibiotics
in a twofold dilution series were added into each well of the
96-well cell culture plates in a checkerboard fashion. The final
concentrations of both rLys/Lys and antibiotics ranged from
1/16 to 8 × MIC to give a total volume in each well of 90
µL. Other conditions were the same as in MIC assay. The
fractional inhibitory concentration index (FICI) was used to

evaluate the effect of synergism of each combination. FIC of
rLys/Lys = MIC of rLys/Lys in combination with antibiotic/MIC
of rLys/Lys alone; FIC of antibiotics = MIC of antibiotic in
combination with (rLys/Lys)/MIC of antibiotic alone; FICI = FIC
of rLys/Lys+antibiotic. The result of interaction between two
antimicrobial drugs was determined based on FICI: FICI ≤ 0.5
refers to synergy, 0.5 < FICI≤ 1 refers to additivity, 1 < FICI≤ 4
refers to indifference and FICI > 4 refers to antagonism. All
experiments were performed in triplicate (Zheng et al., 2017).

Cytotoxicity Assay and Selectivity Index
The RAW264.7 macrophage cells were used in the colorimetric
MTT assay to test the cytotoxicity of rLys/Lys. Cells were
resuspended to the final concentration at 2.5 × 105 cell/mL and
a 100 µL cell suspension was added into 96-well plates at 37◦C
for 24 h. A series of rLys/Lys solutions (100 µL) were added
and incubated for another 24 h, 5 mg/L MTT solution (20 µL)
was added into plates, incubated for 4 h in darkness. 150 µL
Dimethyl sulfoxide (DMSO) was added into plates and the
absorbance was measured at 570 nm with a spectrophotometer.
Untreated cells were used as controls. The rate of inhibition of
cell proliferation was calculated using the following formula: Cell
viability (%) = (Abs570 nm of control-Abs570 nm of treated
sample)/Abs570 nm of control × 100% (Yang et al., 2019).
Selectivity index (SI) = IC50/MIC. The IC50 is the cell half
maximal inhibitory concentration, which was calculated by the
Graphpad Prism 7.0 (Basso et al., 2010).

Hemolysis
Hemolytic activity of rLys/Lys to fresh mouse erythrocytes was
assayed according to the standard method. In brief, a 100 µL
peptide solution with a final concentration of 0–512 µg/mL
was mixed with a 100 µL of 8% erythrocyte solution (diluted
in 0.9% NaCl) and incubated for 1 h at 37◦C. Cells were
centrifuged at 1500 rpm for 5 min, the supernatant was collected,
and the absorbance was measured at 540 nm. PBS and 0.1%
Triton X-100 were used as the blank (A0) and positive (A100)
control, respectively. Hemolysis of peptides was calculated by
the following equation: Hemolysis (%) = [(ALys - A0)/(A100 -
A0)]× 100.

Effect of pH and Temperature on the
Activity of 127A, 127A232Q
The MIC value was used to determine the pH and temperature
stability of rLys/Lys. Five values of pH gradient solutions
(100 mM) including glycine–HCl buffer (pH 2.0), sodium acetate
buffer (pH 4.0), sodium phosphate buffer (pH 6.0), Tris–HCl
buffer (pH 8.0), and glycine–NaOH buffer (pH 10.0) were
used to incubate with rLys/Lys, at 37◦C for 3h, respectively.
The thermal stability of rLys/Lys was determined after a 1 h
incubation at 4, 25, 40, 50, 60, 80, and 100◦C in deionized water,
separately. Deionized water served as independent controls.
Subsequently, the antimicrobial activity of rLys/Lys against
S. aureus ATCC 43300 was tested by MIC assays (Cao et al., 2015;
Yang et al., 2017).
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TABLE 1 | The primers of Staphylococcus aureus virulence genes.

Primer Sequences (5′ to 3′) Number of
bases

Gene
length (bp)

mecA GTAGAAATGACTGAACGTCCGATAA 25 310

CCAATTCCACATTGTTTCGGTCTAA 25

pvl ATCATTAGGTAAAATGTCTGGACATGATCCA 31 433

GCATCAAGTGTATTGGATAGCAAAAGC 27

hla CTGATTACTATCCAAGAAATTCGATTG 27 209

CTTTCCAGCCTACTTTTTTATCAGT 25

clfA ATTGGCGTGGCTTCAGTGCT 20 292

CGTTTCTTCCGTAGTTGCATTTG 23

nuc ATGACAGAATACTTATTAAGTGCTGGC 27 360

TGTATCAACCAATAATAGTCTGAATGT 27

sea GGTTATCAATGTGCGGGTGG 20 102

CGGCACTTTTTTCTCTTCGG 20

psm-mec GAAGATCTATCACAAGATGAAATA 24 210

ATGGATTTCACTGGTGTTATTACA 24

cna AAAGCGTTGCCTAGTGGAGA 20 192

AGTGCCTTCCCAAACCTTTT 20

fnbpA GCGGAGATCAAAGACAA 17 1279

CCATCTATAGCTGTGTGG 18

tsst-1 ACCCCTGTTCCCTTATCATC 21 326

TTTTCAGTATTTGTAACGCC 20

Efficacy of rLys/Lys in vivo
Identification of Virulence Genes in S. aureus CVCC
546
The single clone of S. aureus CVCC 546 was cultured in 10 mL of
MHB overnight at 37◦C. The genomic DNA was extracted using
a TIANamp Bacteria DNA kit. The target genes were amplified
with the virulence genes primers (Stürenburg, 2009; Qin et al.,
2016; Waryah et al., 2016; Jahanshahi et al., 2018; Table 1). The
product was analyzed by electrophoresis.

The Sepsis Mouse Model
Female BALB/c mice (6 weeks old, 25 ± 2 g) were purchased
from the Beijing Vital River Laboratory Animal Technology Co.,
Ltd. All animal experiments were approved by the Laboratory
Animal Ethical Committee in the Feed Research Institute of
CAAS (AEC-CAAS-20090609). Operations were in accordance
with ARRIVE guidelines.

Absolute Lethal Dose of S. aureus ATCC
546 to Mice
Mice were divided into four groups, each with five. Different
concentrations (5 × 108, 109, 5 × 109, 1010 CFU/mL) of
S. aureus CVCC 546 were diluted with saline. Each mouse was
intraperitoneally injected with 200 µL diluted bacteria liquid. The
absolute lethal dose was evaluated in 48 h after infection.

Survival Rate of Mice
The mice were divided into four groups (5 mice per group) and
injected with 5, 10 mg/kg of 127A, 127A232Q, Lys, C-Lys and 5,
10, 20 mg/kg of ampicillin at 1 h post infection (5× 109 CFU/mL

of S. aureus CVCC 546, 200 µL). The survival rate was recorded
daily for 72 h and the optimal therapeutic dose was identified.

Bacteria Counts in the Tissue and
Histological Section Experiment
Mice (5 mice per group) were challenged with S. aureus CVCC
546 (5 × 109 CFU/mL, 200 µL) by intraperitoneal injection
and treated with the 127A, 127A232Q, Lys, C-Lys (10 mg/kg)
and ampicillin (20 mg/kg). Heart, liver, spleen and kidney were
removed from mice at 24 h following the administration of
S. aureus CVCC 546, and divided into two parts. One part
of the tissues was homogenized in sterile PBS to the terminal
concentration of 1 mg/mL to evaluate bacterial translocation by
colony counting. All experiments were performed in triplicate.
The other part of tissues was washed with PBS and fixed in
paraformaldehyde. After they were washed with PBS, dehydrated
with a graded series of ethanol (75–95%) and infiltrated with
xylene and embedded in paraffin wax. Sections were cut,
stained with hematoxylin and eosin and examined under a light
microscope. A scoring standard is established to assess the degree
of sample damage (Beijing Blue Sea Biological Technology Co.,
Ltd.) (Table 2).

Statistical Analysis
All data were presented as the means ± standard deviation (SD)
and all statistical analyses were performed using GraphPad Prism
software v8.0 (GraphPad Software, United States). Statistical
significance of groups was analyzed using the one-way ANOVA
and Tukey multiple comparison.

RESULTS

Design of Synthetic Lysostaphin Genes
Two consensus N-linked glycosylation sites located in the
lysostaphin sequence, one is “N125-S126-T127” and the other
is “N232-K233-T234” (Figure 1). It was confirmed that the
residue N125 was thought to be located at the C-terminal end
of the catalytic domain, which was essential for the activity of
lysostaphin (Zhao et al., 2014). The amino acid residue Q, with
similar structure and properties, was used as substitution in this
position. Similarly, Q was also used in position 232. To minimize
the structural changes caused by mutations, P with the structure
constrain effect and A with the small and neutral side chain
were used in position 126 and 127. As results, seven Lys derived
sequences (rLys) were designed to avoid the glycosylation in
P. pastoris expression system (Supplementary Figure 1).

TABLE 2 | Tissue section score.

PBS CK 127A 127A232Q Lys C-Lys Amp

Kidney 0 3 0 1 1 1 1

Spleen 0 3 1 1 3 1 2

0, no inflammation; 1, very mild symptoms; 2, mild symptoms; 3, very serious.
PBS, Uninfected group; CK, Untreated infection group.
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Construction of Recombinant Plasmid
pPICZαA-rLys/Lys
The rLys sequences were digested with the restrict enzyme XhoI
and XbaI, cloned into the pPICZαA vector digested with the
same enzyme (Figure 2A), and transformed into E. coli DH5α.
Positive recombinants were corrected by PCR and sequencing
(Figure 2B). The recombinant plasmid pPICZαA-rLys/Lys was
linearized with PmeI and transferred into P. patoris X-33
competent cells. The positive clones were survived on the YPDS
plates with 100 µg/mL of Zeocin.

Expression of rLys/Lys in the Shaking
Flask Level
The transformants of 126P-3, 126P-32, 126P232Q-6, 126P232Q-
38, 127A-3, 127A-15, 127A232Q-4, 127A232Q-8, 125Q-2, 125Q-
40, 232Q-3, 232Q-8, 125232Q-3, 125232Q-11, Lys-4, Lys-8 were
selected in 48-well plates by inhibition zone assay (Figure 3A).
After expression in 1 L shaking flask, 126P-3, 126P232Q-6,
127A-15, 127A232Q-8, 125Q-40, 232Q-3, 125232Q-3, Lys-4 was
selected for the further research (Figure 3B). As shown in
Figure 3C, the target band was observed at 24 h induction,
and the yield increased with the induction time. There were
two bands in the nature Lys gene product in Figure 3C,
one was the Lys and the other was the glycosylation product.
The variants except 232Q had single band, indicating the
glycosylation was successfully avoided in P. pastoris. The
molecular weight of selected rLys/Lys were evaluated by MALDI-
TOP MS. The weight of 126P (26989.013 Da), 126P232Q
(26979.331 Da), 127A (26932.771 Da), 127A232Q (26936.814
Da), 125Q (26959.966 Da), 125 232Q (27032.595 Da) were
consistent with the theoretical weight (27 KDa). However, there
were two absorption peaks can be seen in the result of nature
Lys. One peak is at 26956.751 Da, another is at 29438.351
Da, which was consistent with the molecular weight of the
product of N-linked glycosylation. Meanwhile, two peaks were
also observed in the result of 232Q. One of the peaks is at
26976.105 Da, another is at 29396.233 Da (Supplementary
Figure 2), indicating that the site of 232 was not essential for the
glycosylation in Lys.

Antimicrobial Activity Assays to Bacteria
The rLys, Lys and commercial Lys (C-Lys) had potent
antimicrobial activity to Staphylococcus sp. (Table 3). The MICs
of the C-Lys to S. aureus were 0.07–4.74 µM. It was found that
mutants 127A and 127A232Q had the increased activity with the
MIC of 0.07–0.3 µM to S. aureus, and the antibiotic ampicillin
was inferior to rLys and Lys. Additionally, the C-Lys showed low
activity (MIC > 4.74 µM) to S. epidermidi CICC 10294, and
the 127A and 127A232Q had very high activity with the MIC of
0.15 µM. However, compared with parental Lys, the mutants of
126P, 126P232Q, 125Q, 125Q232Q had lower activity to S. aureus
CICC 10436, S. epidermidis CICC 10294 and S. sciuri 26. Due to
the excellent activity of mutants 127A and 127A232Q, and there
was no glycosylation in the preparation stage, they were selected
for the further study.

Expression of 127A and 127A232Q in
Fermentor Level
Transformants of 127A, 127A232Q and Lys were cultured and
induced in 5-L fermentor at 29◦C via high-density cultivation,
respectively. The activity was detected after 24 h of induction and
the total protein level increased with the inducing time. It is found
that the mutants had the best activity during 48–72 h of induction
(Figure 4A). After 72 h of fermentation, the total protein content
of 127A, 127A232Q, and Lys were 1315, 1141, and 1631 mg/L,
respectively (Figures 4B,C), and the cell wet weight increased to
with the extension of the induction time (Figure 4D).

rLys/Lys Purification
The fermentation broth was centrifuged at 5000 rpm for 30 min
and the supernatant was collected and filtered with 0.45 µm
filtration. The membrane-packed dialysis was used to remove the
salt to the conductivity of the supernatant was below 2 us/cm, and
target proteins were purified with a cation-exchange column. The
SDS-PAGE confirmed that purified product with the single band
(Figure 5A). The product was freeze-dried a for further studied.

Deglycosylation Experimental
127A, 127A232Q and Lys were subjected to deglycosylation
experiment to confirm whether the variants were non-
glycosylated and the additional upper band in SDS-PAGE of Lys
was glycosylated (Figure 5A) from side chain of glycosylation. As
shown in Figure 5B, the only band of 127A and 127A232Q has
not changed, and showing the same weight as 127A control. The
upper band corresponding for the glycolysated Lys disappeared,
only the lower band was left. In general, the result indicated
that the upper bands of Lys are glycosylated, while rLys is
non-glycosylated.

Time-Kill Assay of rLys/Lys
The time-killing kinetics showed that rLys/Lys exhibited
effective antimicrobial activity against S. aureus ATCC 43300
in vitro (Figure 6). The rLys/Lys had significant advantages
in antimicrobial activity and sterilization speed compared with
ampicillin. For 1×MIC, 2×MIC, 4×MIC of 127A, 127A232Q,
Lys, and C-Lys treatment groups, the bacteria were almost
completely killed within 30 minutes. There was no regrowth
except the 1 × MIC of 127A in 24 h. However, for ampicillin
treatment group, the Log10 (CFU/mL) of S. aureus decreased to
2.5 to 3.5 within 1.5 h. While the bacteria slowly recovered and
regrew in 2 to 10 h in 1 and 2×MIC of ampicillin.

Synergism Assays
The drug combination assay was applied to detect the synergism
against pathogenic bacteria (Table 4). 127A, 127A232Q, Lys and
C-Lys were observed in combination with four antibacterial
drugs (ampicillin, kanamycin, nisin, and ciprofloxacin) with
different mechanisms against S. aureus ATCC 43300. The
combination of 127A with the four antibiotics showed FICI
values of 1.125, 1, 1, 1.0625, respectively; and the FICI
indexes between 127A232Q and the four antibiotics were
1.0625, 1, 1, 1.0625, respectively. According to the synergy
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FIGURE 2 | Construction of the pPICZαA-rLys/Lys plasmid. (A) The schematic diagram of the pPICZαA-rLys/Lys expression vector. (B) PCR products of the
rLys/Lys. Line M1 and M2, DNA lander Marker II and Trans 5K Marker; line 1-8, the PCR products of 126P, 126P 232Q, 127A, 127A232Q, 125Q, 232Q, 125232Q.

index, it was found that all lysostaphins or non-glycosylation
engineered enzymes had additive and indifference effects with the
four antibiotics.

Cytotoxicity and Selectivity Index
The cytotoxicity of rLys, Lys, C-Lys was evaluated by measuring
the cell viability of lysostaphins treated mouse RAW264.7 cells.
As shown in Figure 7A, with the increasing concentration of
lysostaphin, the cell viability decreased slightly. When exposed
to 128 µg/mL of 127A, 127A232Q, Lys, and C-Lys, the cell
viability were 91.1, 83.1, 87.1, and 82.8%, respectively. And the
viability of cells was higher than 90% at lower concentrations
of the lysostaphins with the concentration of 1–64 µg/mL. The
results suggested that lysostaphins had low cytotoxicity against
RAW264.7 cells. To determine the safe range of drug effect, the
SI values should be higher than 10. The higher selectivity index
of 127A and 127A232Q (SI = 101.2 and 1567.3) (Supplementary
Table 1) encouraged us study further.

Hemolysis
The hemolytic assay mainly detects whether the peptide is toxic
to the red blood cell. As shown in Figure 7B, only C-Lys has
the highest concentration at 1280 µg/mL. Red blood cells have
no organelles, and the main barrier is the cell membrane. The
hemolytic experiment fully verified that the lysostaphins did not
damage the cell membrane, having the security in blood.

Effect of pH and Temperature on the
Activity of rLys and Lys
The pH and thermal stability of rLys/Lys were shown in
Table 5. rLys/Lys displayed strong stability in different pH
values from 2.0 to 8.0 against S. aureus, and the activity of
127A and 127A232Q lightly reduced in the alkaline environment
(pH 10.0). Meanwhile, it was found that the temperature has
a great influence on lysostaphin. The activity of rLys, Lys,

C-Lys remained unchanged in the temperature range from
20–60◦C, after exposure to 80◦C and 100◦C, the MIC values
of 127A increased 3.9 and 31.6 folds, 127A232Q increased
7.9 and 31.6 folds.

Efficacy of rLys/Lys in vivo
Absolute Lethal Dose of S. aureus ATCC 546 to Mice
After intraperitoneal injection S. aureus ATCC 546 (Figure 8A),
the mice of low-dose injection groups (1× 107, 1× 108 CFU/mL)
were alive within 72 h. The mice of high-dose injection groups
showed typical symptoms of infection: eyes secreted mucus,
smaller eyelid opening, the body temperature increased, and
severe shivered and shaked. The survival rate of mice injected
with 5 × 108, 1 × 109 CFU/mL S. aureus were 40% and
80%, respectively. When the challenge dose of S. aureus was
5 × 109, 1 × 1010 CFU/mL, all mice died within 6 hours.
Therefore, 5 × 109 CFU/mL of S. aureus was determined as the
absolute lethal dose.

The Therapeutic Effect of rLys, Lys,
C-Lys
After intraperitoneal injection of the absolute lethal dose of
S. aureus ATCC 546, the mice were treated with different
concentrations of lysostaphin by intraperitoneal injection. The
survival rates of the mice were shown in Figure 8B. All of the
mice in untreated group died within 24 h. Although 10 mg/kg
Ampicillin failed to improve the survival rate, it prolonged the
survival time of the mice. And the 5 mg/kg Lys, 10 mg/kg Lys,
5 mg/kg C-Lys, and 20 mg/kg Ampicillin can make the survival
rate of mice reach 40%. The mice survival rates of 5 mg/kg 127A,
5 mg/kg 127A232Q and 10 mg/kg C-Lys treatment groups were
up to 80%, and they had the similar therapeutic effects. 127A
and 127A232Q at a concentration of 10 mg/kg had the best
effect which can make all mice survive. It’s demonstrated that
lysostaphin showed a good therapeutic effect, which at the same
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FIGURE 3 | Expression of rLys/Lys in P. pastoris X-33 at the shaking flask level. The inhibition zones of rLys/Lys fermentation supernatants in (A) 48-well plates and
(B) 1-L shake flasks. The superior transformants was emphasized by the red circles. (C) SDS–PAGE analysis of rLys/Lys fermentation supernatants in 1-L shake
flasks. M, The molecular mass standards of Ruler I; line 1∼6, fermentation supernatants of rLys/Lys (10 µL) taken at 0, 24, 48, 72, 96, and 120 h of induction,
respectively.

time, its drug efficacy was more remarkable than that of antibiotic
treatment group.

The Effect of rLys, Lys, C-Lys on the
Bacterial Load
The bacterial loads were counted in different organs. As shown
in the Figures 8C–F, blood, liver, kidney and spleen were taken

at 24 h post-treatment with 10 mg/kg rLys, Lys and C-Lys.
The bacteria in blood were almost completely eliminated after
treatment with 127A, 127A232Q and C-Lys, however, there are
still had about 5 log CFU after treatment with Amp. The bacteria
of each examined organ of liver, kidney and spleen showed 5-7
log CFU reduction, and the bacterial load had all been reduced
by 99.99%. In general, all lysostaphins show highly bactericidal
activity in various tissues.
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TABLE 3 | The MIC values of rLys/Lys.

Strain MIC (µM)

126P 126P232Q 127A 127A232Q 125Q 125232Q 232Q Lys C-Lys Amp

S. aureus ATCC 25923 0.30 0.30 0.15 0.30 0.30 0.15 0.15 0.15 0.30 < 0.31

S. aureus ATCC 43300 0.15 0.07 0.15 0.15 0.30 0.30 0.15 0.15 0.07 4.96

S. aureus CICC 10436 1.19 1.19 0.30 0.30 4.74 4.74 0.15 0.59 4.74 1.24

S. aureus CICC 10473 0.15 0.30 0.15 0.15 0.30 0.15 0.15 0.15 0.15 1.24

S. aureus CICC 21601 0.15 0.15 0.15 0.15 0.15 0.15 0.30 0.15 0.15 < 0.31

S. aureus CVCC 546 0.15 0.30 0.15 0.15 0.30 0.15 0.15 0.15 0.15 < 0.31

S. aureus FRI-GEL160701 0.15 0.30 0.15 0.15 0.30 0.30 0.15 0.15 0.15 < 0.31

S. aureus FRI-GEL180901 0.15 0.30 0.07 0.15 0.15 0.15 0.07 0.15 0.59 2.48

S. epidermidis CGMCC 1.4206 0.30 0.15 0.15 0.15 > 4.74 4.74 0.15 0.15 0.30 2.48

S. epidermidis CICC 10294 4.74 4.74 0.30 0.30 > 4.74 0.59 0.30 2.37 > 4.74 4.96

S. hyicus NCTC 10350 0.15 0.15 0.07 0.07 0.15 0.15 0.07 0.15 0.15 79.40

S. hyicus ACCC 61734 0.07 0.15 0.07 0.07 0.15 0.15 0.07 0.07 0.07 9.93

S. sciuri FRI-GEL180902 0.59 0.59 0.30 0.59 0.59 0.59 0.59 0.30 0.30 < 0.31

S. sciuri FRI-GEL180903 0.15 0.30 0.15 0.15 0.15 0.15 0.15 0.15 2.37 2.48

FIGURE 4 | High-density cultivation of rLys/Lys in the fermentor level. (A) The inhibition zones of 127A, 127A232Q and Lys fermentation supernatants with different
induced time against S. aureus ATCC 43300; (B) SDS–PAGE analysis of Lys, 127A and 127A232Q fermentation supernatants at 72 h. M, The molecular mass
standards of Ruler I; line 1∼3, The fermentation supernatant of Lys, 127A and 127A232Q; (C) Time curves of the total secreted protein levels in the high-density
fermentation; (D) Time curves of the cell wet weights in the high-density fermentation.

Histopathological Observation
Since 10 mg/kg lysostaphin can provide a higher survival rate of
mice, the HE staining analysis of each tissue of the mice treated
with this dose drug was performed. The kidney and spleen of
uninfected mice have no pathological symptoms (Figure 9A).
In the untreated infection group (Figure 9B), the local renal
tissue interstitium was infiltrated with scattered inflammatory
cells. A large area of renal tubules was atrophy and degeneration
with obvious local inflammation. A small amount of glomerular
atrophy was observed at the obvious local inflammatory sites and

the tissue section was scored as "very severe" (Table 2). The red
pulp of the spleen tissue of the untreated infection mice was
congested, the white pulp volume relatively increased, the splenic
nodules were enlarged, the center of occurrence was obvious, the
marginal zone was clearly visible, and obviously enlarged, the
splenic cord atrophy, disappeared locally, and a large number
of splenic sinuses red blood cells, splenic cord lymphocytes were
depleted and the tissue section was scored as "very severe."

After treatment with 127A, 127A232Q, C-Lys, Lys and
ampicillin, the kidney tissue showed obvious recovery.
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FIGURE 5 | SDS–PAGE analysis of purified and deglycosylated rLys/Lys. (A) SDS–PAGE analysis of purified rLys/Lys. M, The molecular mass standards of Ruler I.
Line 1, 3, 5, fermentation supernatants of Lys, 127A and 127A232Q; line 2, 4, 6, the purified target peak of Lys, 127A and 127A232Q (10 µL), respectively.
(B) SDS–PAGE analysis of deglycosylation experiment. M, The molecular mass standards of Ruler I. Line 1,3,5, the deglycosylation of 127A, 127A232Q, Lys; Line
2,4,6, 127A, 127A232Q, Lys negative control (with no enzyme of deglycosylated protease); line 7, the control of deglycosylated protease.

FIGURE 6 | The time-killing curves of 127A, 127A 232Q, Lys and C-Lys against S. aureus ATCC 43300 in vitro. Ampicillin was used as the positive, CK: S. aureus
ATCC 43300 were incubated in the presence of medium alone.
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TABLE 4 | Combination effects of 127A, 127A232Q, Lys, C-Lys with antibiotics.

Combination Variety S. aureus ATCC 43300

MICa MICc FIC FICI

127A-Amp 127A 0.07 0.01 0.125 1.125

Amp 2.48 2.48 1

127A-Kan 127A 0.07 0.04 0.5 1

Kan 132.23 66.12 0.5

127A-Nisin 127A 0.07 0.04 0.5 1

Nisin 36.57 18.29 0.5

127A-Cip 127A 0.07 0.004 0.0625 1.0625

Cip 0.76 0.76 1

127A 232Q-Amp 127A 232Q 0.15 0.01 0.0625 1.0625

Amp 2.48 2.48 1

127A 232Q-Kan 127A 232Q 0.15 0.07 0.5 1

Kan 132.23 66.12 0.5

127A 232Q-Nisin 127A 232Q 0.15 0.07 0.5 1

Nisin 36.57 18.29 0.5

127A 232Q-Cip 127A 232Q 0.15 0.01 0.0625 1.0625

Cip 0.76 0.76 1

Lys-Amp Lys 0.15 0.07 0.5 1

Amp 2.48 1.24 0.5

Lys-Kan Lys 0.15 0.07 0.5 1

Kan 132.23 66.12 0.5

Lys-Nisin Lys 0.15 0.07 0.5 1

Nisin 36.57 18.29 0.5

Lys-Cip Lys 0.15 0.01 0.0625 1.0625

Cip 0.76 0.76 1

C-Lys-Amp C-Lys 0.15 0.02 0.125 1.125

Amp 2.48 2.48 1

C-Lys-Kan C-Lys 0.15 0.07 0.5 1

Kan 132.23 66.12 0.5

C-Lys-Nisin C-Lys 0.15 0.07 0.5 1

Nisin 36.57 18.29 0.5

C-Lys-Cip C-Lys 0.15 0.01 0.0625 1.0625

Cip 0.76 0.76 1

MICa, the MIC of variety drug alone (including Lys, rLys and antibiotic alone);
MICc, the MIC of the most effective combination. Amp, Ampicillin; Kan,
Kanamycin; Ciprofloxacin.

The therapeutic effect of the drug was evaluated as:
127A > 127A232Q = C-Lys > Lys = Amp. In 127A treatment
group, kidney tissue was recovered almost the same as normal
within 24 h. And the Lys, which was the least effective group, also
could relieve symptoms, with local inflammatory cell infiltration,
renal tubular atrophy, and the disappearance of glomerular
involvement. In the spleen tissue of the treatment group, the
drug treatment effect was evaluated as: 127A = 127A232Q = C-
Lys > Amp > Lys. Among them, 127A can make the symptom
score reach the "mild symptom" level.

DISCUSSION

Glycosylation is the process of adding sugars to proteins or
lipids under the control of enzymes which starting at the

endoplasmic reticulum and ending at the Golgi apparatus (Zhang
et al., 2019). There are 5 kinds of glycosylation, including
N-glycosylation, O-glycosylation, and the rarely ones such as
C-glycosylation, S-glycosylation and P-glycosylation (Eichler,
2019). Among them, N-glycosylation is the process that the
sugar chains connect to the free -NH2 group of the specific
asparagine (NXS/T, X indicates any amino acid except proline) in
the nascent peptide chain (Marshall, 1974; Bause and Hettkamp,
1979; Han et al., 2020); O-glycosylation is the process that the
carbon chains transfer to the oxygen atom of the hydroxyl group
of serine, threonine or hydroxylysine in the polypeptide chain,
and its glycosylation positions are highly selective (Stavenhagen
et al., 2019; Wells and Feizi, 2019). In this study, there are
two N-glycosylation sites at 125 (NST) and 232 (NKS). These
two sites of amino acids were modified with similar amino acid
residue Q. Meanwhile, because of the key role of 125N at the
C-terminal end of the catalytic domain, the mutants of 126S and
127T were also designed. The result showed that the mutants
of 125Q could remove the glycosylation effectively, while the
mutant of 232Q could not (Figure 3). It was found that the
N-glycosylation efficiency was decreased within 60 AA of the
C-terminus (Nilsson and von Heijne, 2000). The distance from
the 232N site to the C-terminus of lysostaphin is only 14 residues,
which leading to the inefficient glycosylation in this position
(Figure 3C). Additionally, the N-glycosylation frequency was
high when the ± 1 site of the glycosylation was S. The ± 1
sites of 125N in lysostaphin were both S, and the ± 1 sites of
232N were K and W. The sequence of the N-glycosylation sites in
lysostaphin suggesting that 125N is a favorable glycosylation site
of recombinant lysostaphin in eukaryotic P. pastoris expression
system (Hamby and Hirst, 2008).

Seven modified rLys (126P, 126P232Q, 127A, 127A232Q,
125Q, 232Q, 125232Q) were obtained by P. patoris expression.
Compared with all of the MICs of rLys, the result showed that
the MIC values of 125Q was slightly higher than the other rLys
(1-4 times) against S. aureus, S. epidermidis and S. hyicus. Zhao
et al. (2014) also concluded that lysozyme activity was reduced by
replacing the N-amino acid at position 125 with Gln. Although
no relevant reference has investigated the role of loop at 125
amino acids in the Lys structure (Sabala et al., 2014; Tossavainen
et al., 2018), the results demonstrated that the conserved site
at position 125 has an effect on the activity of lysostaphin. In
addition, the modified of amino acids on position 126 and 127
(126P, 126P232Q, 127A, 127A232Q) can effectively inhibit the
formation of glycosylation and the antimicrobial activity of them
were 1–15.8 times improved compared to Lys and C-Lys.

The antibacterial activity of the rLys, Lys and C-Lys was
superior to that of ampicillin. Low concentration (1 × MIC) of
127A, 127A 232Q, Lys, C-Lys can effectively kill S. aureus in
few minutes. However, 2 × MIC ampicillin couldn’t completely
inhibit bacteria, and after treatment with 4 × MIC ampicillin
the bacteria rapidly regrew after 10 h. The rapid bactericidal
ability of lysostaphin owed to the character of effective
hydrolyze staphylococcal cell wall peptidoglycans. C-terminal
cell-wall-targeting domain promotes lysostaphin binding to
staphylococcal peptidoglycan (Baba and Schneewind, 1996) and
the N-terminal domain with glycylglycine endopeptidase activity
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FIGURE 7 | The cytotoxicity and hemolysis of rLys/Lys. (A) Cytotoxicity of 127A, 127A232Q, Lys, C-Lys and Ampicillin against RAW264.7 cells; (B) Hemolytic
activity of 127A, 127A232Q, Lys, C-Lys and Ampicillin against fresh mouse red blood cells.

TABLE 5 | The pH and temperature stability.

MIC (µM)

pH Temperature (◦C)

2.0 4.0 6.0 8.0 10.0 4 25 40 50 60 80 100

127A 0.15 0.15 0.15 0.15 0.30 0.07 0.15 0.15 0.15 0.15 0.59 4.74

127A232Q 0.15 0.15 0.15 0.15 0.30 0.15 0.15 0.15 0.15 0.15 1.19 4.74

Lys 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.30 0.59

C-Lys 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 > 4.74 >4.74

Amp 9.93 9.93 9.93 9.93 9.93 9.93 9.93 9.93 9.93 9.93 9.93 9.93

cleaves pentaglycine cross bridges (Schindler and Schuhardt,
1964). The activity of Lys expressed in P. patoris was equivalent
or slightly stronger than that of C-Lys expressed in E. coli, this
preponderant antimicrobial activity may owe to the P. pastoris
eukaryotic expression system which could promote the proper
folding and reduce protease hydrolysis of exogenous target
protein (Yang and Zhang, 2018).

The synergistic activity of 127A, 127A232Q, Lys, C-Lys
with various drugs was determined in this study. Due to the
complementarity of mechanism, the lysostaphin did not show
antagonistic action to various types of drugs. For instance, the
ampicillin inhibited the activity of transpeptidase, making it
impossible to transpeptidase and peptidoglycan cross-linking
inhibiting the formation of cell wall. And ciprofloxacin is a
small molecule antibiotic (331 Da) (Park and Strominger, 1957),
which entered into bacteria and acted on DNA topoisomerase
and inhibited DNA replication (LeBel, 1988). Furthermore, the
127A, 127A232Q, Lys and C-Lys exhibited additive effect with
kanamycin and nisin. The bactericidal action of kanamycin and
nisin is non-destructive cell wall mechanisms. The kanamycin
is binding to 30S subunit of bacterial ribosome to inhibit
bacterial protein synthesis (Becker and Cooper, 2013; Wargo
and Edwards, 2014) and nisin is acting on bacterial membrane
to form holes (Montville and Chen, 1998; Chu et al., 2010).
Kanamycin and nisin have synergistic effect with bactericides
that act on cell walls during bacterial reproduction; it provided

evidence for the additive effect of lysozyme and Kanamycin
(Chai et al., 2015). Therefore, it is speculated that the
probable reason of additive effect is that lysostaphin firstly
destroys cell wall, allowing antibiotics further interact with cell
membrane or intramembrane macromolecules. Meanwhile, the
exact mechanism of synergistic activity for lysostaphin with
antibiotics in vitro/vivo should be further study.

Stability is an important index for the production and
application of lysostaphin, previous study showed the optimum
pH for the recombinant lysostaphin antimicrobial activity was at
7.0–9.0 (Sharma et al., 2006). In this study, lysostaphin has strong
stability at different pH ranging from 2 to 8, and the antimicrobial
activity was slightly reduced (MIC from 0.15 to 0.3 µM)
in alkaline environment (pH 10.0). Moreover, the activity of
lysostaphin showed stable within 60◦C (1 h treatment). The
temperature had less effect on the activity of 127A, 127A232Q
and Lys (activity reduced 3.9, 7.9, and 2 times, respectively) than
that of C-Lys after 1 h heat treatment at 80◦C (activity reduced
by 31.6 times). Sharma et al. (2006) indicated that recombinant
lysostaphin expressed in E. coli showed low temperature stability
(40% activity lost after 10 min heat treatment at 60◦C). The
difference of temperature stability may be related to the structural
stability. The commercial lysostaphin exhibited two melting
temperature (Tm: at 47◦C and 60◦C), and lysostaphin variants
S126P and T127A showed a single apparent Tm (Zhao et al.,
2014). In consequence, lysostaphin expressed in P. pastoris in
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FIGURE 8 | Absolute lethal dose of Staphylococcus aureus CVCC 546 and protection efficacy of rLys/Lys in mice. (A) The absolute lethal dose of S. aureus CVCC
546 to mice. (B) Survival of mice treated with rLys, Lys, C-Lys in S. aureus lethal models. CK: S. aureus injected, untreated. (C–F) Effect of 127A, 127A232Q, Lys,
C-Lys and Amp on bacterial burdens of blood, liver, kidney and spleen in S. aureus-infected mice. CK, Untreated infection group; PBS, Uninfected group; Amp,
Ampicillin. All data were analyzed by the one-way ANOVA and Bonferroni multiple comparison. ****p < 0.0001. The results are given as the mean ± SD (n = 3).

this study also displayed higher stability than that of expressed
in E. coli (C-Lys).

High virulent S. aureus CVCC 546 contains many virulence
genes, including pvl (dissolve cell membranes), nuc (Solubilize
DNA), sea (cause multiple organ damage), psm-mec (regulate
biofilm) (Queck et al., 2009; Kaito et al., 2011) and cna
(collagen binding protein) (Supplementary Figure 3), which
is easy to cause organ damage and death of animals after
infected. Meanwhile, S. aureus CVCC 546 showed multidrug
resistant against tetracycline, bacitracin and sulfamethoxazole
(Wang et al., 2018), this brings some limitations to antibiotic
therapy. In this study, all mice were died after challenged with
5 × 109 CFU/mL S. aureus CVCC 546 within 6 h (Figure 8).
127A, 127A232Q, Lys, and C-Lys administered once a day at
10 mg/kg can make the survival rate increased to 100, 100,
40, and 80%, respectively, and significantly clear the amount of
S. aureus in spleen (99.99%) for 23 h (Figure 8). The 20 mg/kg

ampicillin, administered twice a day at 20 mg/kg, showed only
40% survival rate, the therapeutic effect was far less than that of
lysostaphin. By histological observation (Figure 9), 127A showed
the best protective effect on organs, which was consistent with the
therapeutic effect.

Previous study has proved that the in vitro short serum half-
life period of lysostaphin (<1 h) (Walsh et al., 2003) did not
affect the capacity of lysostaphin in vivo (Kokai-Kun et al., 2007).
Lysostaphin not only protected mice from S. aureus infection
(Kokai-Kun et al., 2007; Chen et al., 2014), but also treated rabbit
and dog endocarditis caused by S. aureus (Goldberg et al., 1967).
Meanwhile, lysostaphin can also be used as a topical drug for
wound infection (Cheleuitte-Nieves et al., 2020). Additionally,
studies demonstrated that β-lactam antibiotics oxacillin and
lysostaphin combination could reduce lysostaphin dosage from 5
to 1 mg/kg for treatment of an MRSA infection (Kiri et al., 2002).
In addition, lysostaphin in combination with nisin was effective
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FIGURE 9 | Protection of rLys/Lys against multiple-organ injuries from S. aureus CVCC 546. (A) Uninfected group; (B) Untreated infection group; (C–G) Therapeutic
effect of 127A, 127A232Q, Lys, C-Lys and Amp (10 mg/kg) on kidney and spleen injury.

in killing most biofilm of S. aureus involved in bovine mastitis
(Ceotto Vigoder et al., 2016), the results were consistent with
synergy in this study (Table 4). The combination of antibiotics
and lysostaphin is superior to the use of a single drug, since it
would prevent the possible development of lysostaphin-resistant
(Bastos et al., 2015).

In general, the lysostaphin mutants were designed to eliminate
the glycosylation during the expression in P. pastoris. In these
mutants, 127A and 127A232Q showed the potent antimicrobial
activity to S. aureus, and they killed MRSA strain ATCC 43300 in
very short time (99.9% killing rate within 30 min and no regrowth
in 24 h). The 127A and 127A232Q showed a very low toxicity
and a high stability at the wide scope of pH and temperature.

They could be mixed used with types of drugs to reduce the usage
of traditional antibiotics. Additionally, 127A and 127A232Q
showed stronger protective effect against S. aureus than natural
Lys and commercial Lys in mice. These results indicated the non-
glycosylated lysostaphin is a potential effective drug for clinical
treatment of S. aureus infection.
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Human beta-defensins (hBDs) play an important role in the host defense against various 
microbes, showing different levels of antibacterial activity and salt resistance in vitro. It is 
of interest to investigate whether can chimeric hBD analogs enhanced antibacterial activity 
and salt resistance. In this study, we designed a chimeric human defensin, named H4, 
by combining sequences of human beta-defensin-3 (hBD-3) and human beta-defensin-4 
(hBD-4), then evaluated its antibacterial activity, salt resistance, and cytotoxic effects. The 
result showed that the antibacterial activity of H4 against most tested strains, including 
Klebsiella pneumonia, Enterococcus faecalis, Staphyloccocus aureus, Escherichia coli, 
Pseudomonas aeruginosa, Klebsiella pneumonia, and Acinetobacter baumannii was 
significantly improved compared to that of hBD-3 and hBD-4. Notably, H4 exhibited 
significantly better antibacterial activity against multidrug resistant isolate A. baumannii 
MDR-ZJ06 than commonly used antibiotics. Chimeric H4 still showed more than 80% 
antibacterial activity at high salt concentration (150 μM), which proves its good salt 
tolerance. The cytotoxic effect assay showed that the toxicity of H4 to Hela, Vero, A549 
cells and erythrocytes at a low dose (<10 μg/ml) was similar to that of hBD-3 and hBD-4. 
In conclusion, given its broad spectrum of antibacterial activity and high salt resistance, 
chimeric H4 could serve as a promising template for new therapeutic antimicrobial agents.

Keywords: human beta-defensins, antibacterial activity, salt resistance, chimeric human defensin, multidrug resistant

INTRODUCTION

Some pathogens have developed resistance to commonly used antibiotics. There is an urgent 
need to develop new substitutes for medicinal antibiotics to control these pathogens. Among 
the potential new substitutes under investigation, antimicrobial peptides, as a potential candidate 
that can be  extracted from natural sources and used against antibiotic-resistant bacteria, play 
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a major role in the immune defense mechanism of insects 
and plants (Sathoff and Samac, 2019; Kovaleva et  al., 2020). 
The study of antimicrobial peptides began in the 1970s, based 
on the study of the immune mechanism of insects. Two cationic 
small molecules of antimicrobial peptides, termed defensin, 
were isolated from rabbit pulmonary macrophages in the 1980s. 
In 1995, Bensch et  al. (1995) isolated human β-defensin-1 
from the hemodialysate of renal failure patients and obtained 
its amino acid sequence and cDNA cloning. Since then, other 
subtypes of human beta-defensins (hBDs) have been gradually 
discovered (Wendler et  al., 2019). At present, six members of 
the hBDs family have been discovered, consisting of hBD1–6. 
The hBDs genes are located in the range of less than 1  M in 
the 8p22–p23.1 region of human chromosomes (Schibli et  al., 
2002). hBDs have been isolated from various human tissues, 
such as the skin, oral and nasal mucosa, lungs, salivary glands, 
intestines, stomach, kidney, and eyes (Garcia et  al., 2001; 
Nitschkea et  al., 2002; Eckmann, 2006). The hBDs exhibit 
broad-spectrum antibacterial and antiviral activity (Kalenik 
et al., 2018; Meade and O’Farrelly, 2018; Koeninger et al., 2020; 
Rodriguez et  al., 2020; Rounds and Straus, 2020).

Defensins exert an antibacterial effect through destroying 
the integrity of bacterial cell walls (Lee et al., 2016). The surface 
of β-defensins is positively charged, so they can bind to the 
negatively charged bacterial surfaces. After binding, the 
hydrophobic region of the β-defensins molecule can be inserted 
into the bacterial cell membrane. The positive charge of the 
β-defensins molecule interacts with the negatively charged 
phospholipid head and water molecules on the bacterial cell 
membrane, thus destroying the membrane structure and causing 
cell died (Zhang, 2020). Important intracellular salts and 
macromolecules flow out of the cell, which eventually causes 
microbial death (Sudheendra et  al., 2015). However, it has 
been found that the bactericidal efficacy of defensins is strongly 
inhibited at physiological salt concentration (Tomita et  al., 
2000; Olli et  al., 2015), which is a significant obstacle to the 
clinical application of defensins (Yang et  al., 2018).

Among hBD1–6, human beta-defensin-3 (hBD-3) has attracted 
widespread because of its strong antibacterial activity, wide 
germicidal spectrum, and relatively strong salt tolerance (Arora 
et al., 2018; Nehls et al., 2020). However, high salt environments 
also affected the bactericidal activity of hBD-3. Therefore, it 
is necessary to modify the structure of hBD-3, which may 
increase the bactericidal activity, expand the antibacterial 
spectrum and enhance salt tolerance. The disulfide connectivities 
in hBD-3 are Cys11-Cys40, Cys18-Cys33, and Cys23-Cys41. These 
cysteine motifs and the disulfide bridges that stabilize the 
β-sheet structure comprise the typical structure of β-defensin 
(Taylor et  al., 2007). Studies have found that the C-terminal 
region of the unique motif of hDB-3 containing two arginine 
residues (Arg or R), is of great significance to the antibacterial 
activity and salt tolerance activity of hBD-3 (Sakagami-Yasui 
et  al., 2017), and the N-terminal structure of hBDs plays an 
important role in maintaining their bactericidal effect in a 
high salt environment (Jiang et  al., 2018). According to the 
previous research of our group, the N-terminal three-residue 
deletion mutant of human β-defensin 3 has significantly enhanced 

salt tolerance, while the 6- and 9-residue deletion mutants do 
not have improved salt tolerance and bactericidal activity (Li 
et  al., 2015). Furthermore, the antibacterial activity of hBD 
anologs was significantly improved by splicing hBDs with other 
peptides (Maisetta et  al., 2003; Olli et  al., 2015; Ahn et  al., 
2017; Mathew et al., 2017). It is of interest to determine whether 
splicing the intermediate region (I region) of hBD3 can improve 
salt-resistant antimicrobial activity, on the premise of reserving 
the important structures described above.

In this study, we  designed and synthesized a new type of 
hBDs analog based on the natural immune peptides hBD-3 
and human beta-defensin-4 (hBD-4). We  also tested the 
bactericidal activity, salt-resistant antimicrobial activity, and 
cytotoxicity of this new hBDs analog. Our work will provide 
a reference method for the study of defensin antimicrobial 
peptides and improve the feasibility of their application.

MATERIALS AND METHODS

Bacterial Strains
Strains obtained from the American Type Culture Collection 
(ATCC) were used for antibacterial and salt resistance assays. 
The Gram-positive strains were Staphyloccocus aureus ATCC 
29213, Enterococcus faecalis ATCC 29212, and Enterococcus 
faecium ATCC 6057. The Gram-negative strains were Escherichia 
coli ATCC 25922, Pseudomonas aeruginosa ATCC 15442, 
Klebsiella pneumonia ATCC 700603, and Acinetobacter baumannii 
ATCC 19606. Acinetobacter baumannii isolate MDR-ZJ06 was 
isolated from the intensive care unit of the first affiliated hospital 
at Zhejiang University in Hangzhou, China (Zhou et al., 2020). 
All strains were grown at 37°C in Mueller-Hinton (MH) media.

Synthesis of hBD-3, hBD-4, and Their 
Analogs
The hBD-3, HBD-4, and H4 (shown in Table 1) were synthesized 
by the standard solid phase 9-fluoromethoxycarbonyl method 
as described elsewhere (Hoover et  al., 2003). All peptides were 
purified to homogeneity by reversed phase high-pressure liquid 
chromatography (RP-HPLC), and their molecular weights were 
verified by electrospray ionization mass spectrometry (ESI-MS). 
The peptides were refolded and oxidized via a rapid 6-fold 
dilution of fully reduced peptides dissolved at 1.5  mg/ml in 
6  M GuHCl into a final buffer solution containing 0.1  M 
NaHCO3, 1  M guanidine HCl, 3  mM cysteine, and 0.3  mM 
cystine (pH 8.1). The folding reaction typically proceeded at 
room temperature overnight in a sealed vial with gentle stirring 
(Hoover et  al., 2003).

Antibacterial Activity and Salt Resistance 
Assay
The antibacterial activities of these peptides were determined 
in a modified microdilution assay as described previously 
(Routsias et  al., 2010; Li et  al., 2015). The strains were grown 
under aerobic conditions in MH at 37°C and then harvested 
in the exponential phase of growth (OD600  =  0.6. OD, 
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optical density). After dilution, the concentrations of the tested 
strains were adjusted to 104–105 CFU/ml in phosphate-buffered 
saline (PBS) solution (pH 7.2). About 100  μl of bacterial 
suspensions were added to each well and incubated with different 
concentrations of hBDs at 37°C for 3  h. Then the bacterial 
suspensions were serially diluted with PBS and spotted on 
Luria broth plates. Plates were incubated at 37°C for 24  h. 
The bactericidal activity was expressed as the ratio of colonies 
counted to the number of colonies on a control plate. The 
90% lethal concentration (LD90) was the concentration of the 
peptide at which 90% of viable cells were killed. The antibacterial 
activities of different antibiotics against MDR-ZJ06 were measured 
in the same way. For the salt tolerance assay, 0, 50, 100, and 
150 mM concentrations of NaCl were included in the incubation 
buffer, as described above. The concentration of hBDs was 
slightly higher than the value of LD90, and the specific 
concentration was shown in Supplementary Table S1. Each 
assay was performed in triplicate.

Cytotoxicity
The method of cell culture and 3-(4,5)-dimethylthiahiazo (-z-y1)-
3,5-di-phenytetrazoliumromide (MTT) test were conducted as 
described previously (Rouabhia et  al., 2017). Briefly, Hela and 
Vero cells were grown in 90% Dulbecco’s modified Eagle’s 
medium (DMEM)-high glucose culture medium (Gibco) 
supplemented with 10% FBS (Gibco) and 1% penicillin-
streptomycin (Gibco), and seeded on a 96-well microtiter plate 
at a density of 2 × 104 cells per well. After incubation overnight 
at 37°C under a 5% CO2 atmosphere, the cells were washed 
twice with PBS. Around 200  μl of hBDs diluted with PBS 
were added to each well. After incubation at 37°C under a 
5% CO2 atmosphere for 2  h, the buffer was removed. Then 
200  μl DMEM and 50  μl MTT (5  mg/ml) were added to 
each well simultaneously. After 6  h of incubation, the solution 
was discarded, and 200  μl dimethyl sulfoxide (DMSO) was 
added to each well. The absorbance was determined at 490 nm 
by microtitration.

Hemolysis Assay
The method hemolysis test was conducted as described previously 
(Xie et al., 2020; Reinseth et al., 2021). Briefly, the whole blood 
was drawn from two healthy human volunteers. Take 10  ml 
of human whole blood and centrifuge it at 1,000 × g for 10 min 
at 4°C to separate erythrocytes from the plasma. The erythrocytes 
were washed three times with saline (0.9% NaCl) and resuspended 
in saline. The erythrocytes were resuspended by the saline to 
prepare a 2.5% v/v red blood cell suspension. Add 200  μl of 

red blood cell suspension to each well of a 96-well plate, and 
add different concentration of hBDs, pipetting and mixing. The 
negative control was untreated erythrocytes (C-), and the positive 
control was distilled water to produce osmotic hemolysis (C+). 
After incubation at 37°C for 1  h, treatments were centrifuged 
again to remove intact red blood cells. The supernatant was 
measured for absorbance at 540  nm. Hemolysis is described 
as the percentage of hemolyzed blood cells as calculated by 
hemolysis rate (%)  =  (Absorbance-Absorbance C-)/(Absorbance 
C+ – Absorbance C-)  ×  100. The experiment was repeated three 
times to allow for statistical analysis.

Infection and Antibacterial Activity in A549
A549 cells were seeded into 96-well plates (2  ×  104 cells/well) 
and cultured for 24 h at 37°C in a 5% CO2 incubator. Bacterial 
culture was added onto cells at Multiplicity of Infection 
(MOI)  =  100 with centrifugation at 5000  rpm for 3  min. After 
infection with A. baumannii ATCC 19606 or Klebsiella 
pneumoniae ATCC 700603 at 37°C for 2  h, A549 cells were 
washed with PBS three times to remove free bacteria cells, 
and then treated with H4 (10  μg/ml) for another 2  h at 37°C. 
The cells were washed three times with PBS and lysed in 
100  μl cold PBS containing 0.1% Triton X-100. The counts 
of surviving bacteria were determined by plating serial dilutions 
of the cell lysate on LB agar.

Statistical Methods
All quantitative data were first subjected to a normality test 
by the Kolmogorov-Smirnov method, and then given as the 
mean  ±  SD or the median (interquartile range). The Student’s 
t-test and Mann-Whitney U-test were used to compare continuous 
variables. All tests were two-tailed and p < 0.05 was considered 
to be  statistically significant. IBM SPSS Statistics 19.0 and 
GraphPad Prism 8 were used for statistical analyses.

RESULTS

Design and Synthesis of the Novel Peptide 
H4
The sequences of hBD-3 and its analogs are shown in Table 1. 
The intermediate region (I region) of hBD-3 was replaced 
with the I  region of hBD-4 to obtain a new chimeric human 
β-defensin, named H4  in this study. The complete amino acid 
sequence of H4 was GIINTLQKYYCRVRGGRCAVLSCRSQEYR 
IGRCSTRGRKCCRRKK, which maintained the N-terminal 
structure of hBD-3, with a net charge of +13.

TABLE 1 | Sequences and net charges of human beta-defensin-3 (hBD-3), human beta-defensin-4 (hBD-4), and H4.

Peptide Sequence Length (AA) Net charge

N-terminal                            I region                 C-terminal
hBD-3 GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK 45 11
hBD-4 EFELDRICGYGTARCRKKCRSQEYRIGRCPNTYACCLRKWDESLLNRTKP 50 7
H4 GIINTLQKYYCRVRGGRCAVLSCRSQEYRIGRCSTRGRKCCRRKK 45 13

Canonical cysteine residues are highlighted in gray. The intermediate region (I region) is underlined and the R residues of I region are bolded.
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TABLE 3 | LD90 for H4 and antibiotics against pathogenic bacteria.

Pathogen
LD90 (μg/ml) of

Ceftazidime/
Sulbactam

Gentamicin Levofloxacin Meropenem Minocycline Colistin H4

ATCC 29213(Sau) 2.5 ± 0.9 27.8 ± 3.4** 42.2 ± 3.2** 27.5 ± 5.1** 40.9 ± 0.1** 67.2 ± 0.8** 1.5 ± 0.1
ATCC 29212(Efs) 42.2 ± 1.0** 6.2 ± 0.3** >128 72.8 ± 6.8** 31.6 ± 10.2** >100 1.9 ± 0.3
ATCC 6057(Efi) >100 80.3 ± 3.6 >100 23.2 ± 9.2 48.3 ± 4.1** >100 1.1 ± 0.1
ATCC 25922(Eco) 3.3 ± 0.8 8.8 ± 0.5** <1 2.2 ± 0.0** 45.9 ± 0.8** 7.7 ± 0.5** 2.8 ± 0.4
ATCC 15442(Pae) 2.8 ± 0.6 >100 43.7 ± 0.2** <1 >128 <1 3.3 ± 0.8
ATCC 700603(Kpn) 9.7 ± 0.3** 19.6 ± 0.4** 0.7 ± 0.1** 0.2 ± 0.0** 3.9 ± 1.5 12.6 ± 1.4** 3.5 ± 0.2
ATCC 19606(Aba) 19.6 ± 2.9** 8.9 ± 4.9 <1 <1 2.4 ± 0.1 <1 2.1 ± 0.2
MDR Aba ZJ-06 89.2 ± 19.2** >100** 63.2 ± 25.2** 38.8 ± 11.8** 71.8 ± 2.9** 1.5 ± 0.3 4.4 ± 0.5

Values are the mean ± SD of three biological replicates. 
**Significantly different (p < 0.001) from the activity of H4.

Antibacterial Activities of hBD-3, hBD-4, 
and H4
Escherichia coli ATCC 25922, K. pneumoniae ATCC 700603, 
P. aeruginosa ATCC 15442, E. faecium ATCC 29212, 
Staphylococcus epidermidis ATCC 29213, E. faecalis ATCC 6057, 
and A. baumannii ATCC 19606 were used to detect the 
bactericidal activity of synthetic H4. The results are shown in 
Table 2. The results suggested that H4 exhibited good antibacterial 
activity against both Gram-negative and Gram-positive bacteria. 
Moreover, the bactericidal activity of H4 was significantly 
improved compared to that of hBD-3 and hBD-4. In particular, 
the LD90 of H4 for K. pneumoniae ATCC 700603 strain was 
3.5  μg/ml and the LD90 of H4 for S. aureus ATCC 29213 was 
16.7  μg/ml; these values were 3–4 times lower than the LD90 
of hBD-3 and >10 times lower than that of hBD-4 (p  <  0.01).

Antibacterial Activity of H4 and Antibiotics 
Against Pathogenic Bacteria and Multidrug 
Resistant Bacteria
To further evaluate the antibacterial activity of H4, we  tested 
its LD90 values against multidrug-resistant isolate A. baumannii 
MDR-ZJ06. This A. baumannii isolate is resistant to commonly 
used clinical antibiotics, such as ceftazidime, gentamicin, 

levofloxacin, meropenem, and minocycline. The LD90 of most 
antibiotics to MDR-ZJ06 were higher than 50 μg/ml (Table 3). 
In contrast, the LD90 value of H4 (4.4  ±  0.5  μg/ml) against 
MDR-ZJ06 was similar to that of colistin, suggesting that 
H4 exhibited a good antibacterial activity of H4 on multidrug-
resistant Gram-negative bacteria. We  also detected the 
antibacterial activity of antibiotics against E. coli ATCC 25922, 
Kl. pneumoniae ATCC 700603, P. aeruginosa ATCC 15442, 
E. faecium ATCC 29212, S. epidermidis ATCC 29213, E. faecalis 
ATCC 6057, and A. baumannii ATCC 19606. The results 
showed that the antibacterial activity of H4 against these 
standard strains was improved to different degrees (Table  3).

Salt Resistance of hBD-3, hBD-4, and H4
To test the salt tolerance of H4, we  chose the concentrations 
of defensin analogs slightly higher than those the LD90 of each 
strain and then tested their antibacterial activity at the salt 
concentration of 0, 50, 100, and 150  mM (Figure  1). The salt 
concentration of 0, 50, 100 and 150  mM (without hBDs) has 
no significant effect on the survival rate of the tested bacteria 
(Supplementary Figure S1). At high salt concentrations 
(150 mM) condition, H4 maintained 80% antibacterial activity, 
which was significantly higher than that of hBD-3 and hBD-4, 
indicating that H4 has better salt tolerance compared to its 
parental defensin analogs. For some strains (K. pneumoniae 
ATCC 700603, P. aeruginosa ATCC15442, S. aureus ATCC 
29213, E. faecium ATCC 29212, and E. faecalis ATCC 6057), 
H4 maintained the bactericidal activity more than 90% under 
150  mM salt concentration condition. It is worth noting that 
H4 still has good bactericidal activity against multidrug-resistant 
bacteria MDR-ZJ06  in high salinity environments.

Cytotoxicity
H4 is a promising therapeutic candidate because it can maintain 
high antibacterial activity even under high salt concentrations. 
However, the cytotoxicity of antimicrobial peptides is an 
important factor restricting their use. We  used the MTT 
method to detect the cytotoxicity of hBD-3, hBD-4, and H4 
to Vero cells, Hela cells, and A549 cells. H4 showed no cytotoxic 

TABLE 2 | LD90 for hBD-3, hBD-4, and H4 against pathogenic bacteria.

Bacterial species
LD90 (μg/ml)

hBD-3 hBD-4 H4

ATCC 29213(Sau) 4.8 ± 2.1 58.2 ± 17.0 1.5 ± 0.1*#

ATCC 29212(Efs) 7.7 ± 0.9 18.3 ± 2.1 1.9 ± 0.3*#

ATCC 6057(Efi) 1.7 ± 0.2 13.5 ± 1.8 1.1 ± 0.1*#

ATCC 25922(Eco) 5.4 ± 0.8 9.8 ± 1.9 2.8 ± 0.4*#

ATCC 15442(Pae) 8.0 ± 2.7 18 ± 3.2 3.3 ± 0.8*#

ATCC 700603(Kpn) 16.7 ± 2.6 >100 3.5 ± 0.2*#

ATCC 19606(Aba) 3.6 ± 0.4 >100 2.1 ± 0.2*#

Values are the mean ± SD of three biological replicates. 
*Significantly different (p < 0.05) from the activity of hBD-3.
#Significantly different (p < 0.05) from the activity of hBD-4.
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FIGURE 1 | Salt resistance of hBD-3, hBD-4, and H4. Antibacterial activity at increasing concentrations of NaCl of hBD-3, hBD-4, and H4 against (A) Escherichia 
coli American Type Culture Collection (ATCC) 25922, (B) Klebsiella pneumoniae ATCC 700603, (C) Pseudomonas aeruginosa ATCC 15442, (D) Staphyloccocus 
aureus ATCC 29213, (E) Enterococcus faecium ATCC 29212, (F) Enterococcus faecalis ATCC 6057, (G) Acinetobacter baumannii ATCC 19606, and (H) multidrug 
resistant Acinetobacter baumannii strain MDR-ZJ06. Error bars show the SDs of experiments performed in triplicate. Non-parametric tests were used in the 
statistical analysis. **Significantly different (p < 0.001) from the activity of hBD-3. ##Significantly different (p < 0.001) from the activity of hBD-4.
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A B C

FIGURE 2 | Cytotoxic activity at different concentrations of hBD-3, hBD-4, and H4. Detection of the cytotoxicity of H4 to Hela, Vero, and A549 cells. The ratio of 
absorbance of cells treated with different concentrations of hBD analogs to that of the control group in (A) Hela cells, (B) Vero cells, and (C) A549 cells. Error bars show 
the SDs of experiments performed in triplicate. **Significantly different (p < 0.001) from the activity of hBD-3. ##Significantly different (p < 0.001) from the activity of hBD-4.

effect (Figure  2) at 10  μg/ml, which was 3–5 times higher 
than the LD90 value against most bacteria tested in this study 
(p  <  0.01). However, when the concentration of H4 reached 
40  μg/ml, the survival rates of Hela, Vero, and A549 cells 
were 60, 47, and 41% respectively, which indicated that there 
was a level of cytotoxicity. Furthermore, the ability of H4 to 
lyse erythrocytes was investigated (Figure  3). No obvious 
hemolysis in erythrocytes were observed at the concentrations 
of 10  μg/ml of H4, which are much higher than the LD90 
for all tested strain. These results suggested that it is feasible 
for us to use defensin antimicrobial peptides in a reasonable 
concentration range.

Antibacterial Activity on Infected Cells
To further clarify whether H4 had an effect on intracellular 
bacteria, we  selected K. pneumoniae ATCC 700603 and 
A. baumannii ATCC 19606 for follow-up experiments. The 
A549 cell line was used to establish an infection model. 

Antibacterial activity experiments were performed based on 
this model and results showed that approximately 275  ±  75 
ATCC 700603 cells and 43  ±  25 ATCC 19606 cells could 
adhere to the surface of A549 cells after 2  h infection. When 
treated with 10  μg/ml H4, the numbers of surviving adhered 
ATCC 700603 cells and ATCC 19606 cells were both much 
lower than those in the control group (p  <  0.01; Figure  4).

DISCUSSION

With the extensive use of antibiotics, a large number of drug-
resistant bacteria have appeared in recent years, and defensins, 
which do not easily to produce bacterial drug resistance, have 
become a new template for the development of antibiotics. 
Research on the modification of defensins is therefore particularly 
important (Gerdol et  al., 2020).

It has been previously reported that the common methods 
for the modification of defensins are as follows (Papo et  al., 
2002; Zelezetsky and Tossi, 2006): (a) different antimicrobial 
peptides are spliced to form a new type of active antimicrobial 
peptides; (b) unnecessary amino acid sequences are cut off 
or specific amino acids are mutated to cause higher activity 
in antimicrobial peptides; and (c) according to the bactericidal 
characteristics of antimicrobial peptides, antimicrobial peptides 
are designed from scratch. Among the human β-defensins 
1–4, hBD-3 has the strongest bactericidal activity and the 
broadest bactericidal spectrum (Heapy et  al., 2012; Zhu et  al., 
2013; Sharma et  al., 2015). Reports have analyzed the effect 
of N-terminal residues and C-terminal residues on the 
antibacterial activity of hBD-3 (Figueredo and Ouellette, 2010; 
Li et  al., 2015; Sakagami-Yasui et  al., 2017; Jiang et  al., 2018). 
It has been reported that the hybrid peptide with greater 
number of R residues could enhance binding to the microbial 
cell surface (Olli et  al., 2015). So, in this study, we  chose 
hBD-3 as a modified template and replaced the I  region of 
hBD-3 with the I  region of hBD-4, which has three more R 
residues (Taylor et  al., 2007), to obtained a new active 
antimicrobial peptide H4. Our results showed that H4 has 
stronger antibacterial activity and salt resistance. Notably, the 
ability of H4 to kill multidrug-resistant A. baumannii strain 

FIGURE 3 | Hemolysis assays of hBD-3, hBD-4 and H4. Detection of the 
hemolysis rate of hBD-3, hBD-4, and H4. Error bars show the SDs of 
experiments performed in triplicate. Non-parametric tests were used in the 
statistical analysis. **Significantly different (p < 0.001) from the activity of 
hBD-3. ##Significantly different (p < 0.001) from the activity of hBD-4.
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MDR-ZJ06 was superior to that of clinical commonly used 
antibiotics, such as ceftazidime, gentamicin, levofloxacin, 
meropenem, and minocycline. The antibacterial activity of H4 
against multidrug-resistant A. baumannii was equivalent to 
colistin, which is considered as the last defense against 
multidrug-resistant bacteria (Katip et  al., 2021).

According to the results of antibacterial activity assessment, 
H4 was effective against both Gram-negative bacteria and 
Gram-positive bacteria. Furthermore, H4 exhibited better 
antibacterial efficacy than its parental defensin analogs (hBD-3 
and hBD-4), which may be  explained by the fact that H4 has 
a greater charge at the same amino acid length. The contact 
between β-defensin α helix structures and the cell membrane 
is a key step in which β-defensin to produces bactericidal 
effects, which lays the foundation for its rupture of the cell 
membrane or entry into the bacterial membrane (Dong et  al., 
2011). The structure of H4 is similar to that of hBD-3, but 
H4 has a greater positive charge, which gives β-defensin a 
stronger affinity to the cell membrane and provides stronger 
salt tolerance (Kerenga et al., 2019). The greater positive charge 
of H4 may be  related to the introduction of more R residues 
in the I  region; after all, R residues play an important role 
in modulating the antibacterial and salt-tolerant activity of 
defensins (Zou et al., 2007; Schmidt et al., 2012; Olli et al., 2013).

The H4 showed no cytotoxicity toward Vero, Hela, and 
A549 cells and had no ability to lyse erythrocytes at the 
concentration of 10  μg/ml, which was 3–5 times higher than 
the LD90 value, suggesting that the cytotoxic side effects of 
H4 on eukaryotic cells were still within the range of an 
acceptable cure rate. However, similar to previous studies 
(Kluver et  al., 2005), the high antibacterial activity of our 
defensins and their derivatives was often accompanied by high 
cytotoxicity, which is also one of the important factors affecting 
the application of their antibacterial activity. In addition, 
we  used 10  μg/ml of H4 to treat A549 cells infected with K. 
pneumoniae ATCC 700603 and A. baumannii ATCC 19606  in 
our study. Compared with the control group, the survival rate 
of the adhered bacteria in the H4-treated group decreased 
significantly, which indicated that H4 may have the ability to 

interfere with intracellular colonization in the process of 
bacterial infection.

In conclusion, this study designed and synthesized a new 
chimeric analog H4 based on the natural immune peptides 
hBD-3 and hBD-4. The new chimeric analog H4 exhibited better 
antibacterial activity against a wide range of standard strains 
and clinical multidrug-resistant bacteria and showed good 
antibacterial activity at high NaCl concentrations. Our study 
indicates that the charge characteristics may contributes to the 
development of new antimicrobial peptides against pathogens.
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Pine needles are used in several East Asian countries as food or traditional medicine. It 
contains functional components that exhibit a wide spectrum of pharmacological effects 
such as antioxidant, antimicrobial, anti-diabetic, and anti-inflammatory activities. 
We determined and characterized the novel antimicrobial peptides (AMPs) isolated from 
Pinus densiflora Sieb. et Zucc. The four active pine-needle (PN) peptides showed 
antimicrobial activity against foodborne bacteria with minimum inhibitory concentration 
(MIC) values within the range of 8–128 μg/ml. PN peptides showed no detectable hemolytic 
activity or cytotoxicity at the antimicrobial concentrations. The N-terminal amino acid 
sequence of the PN5 was identified using Edman degradation and Antimicrobial Peptide 
Database (APD) homology analysis showed that it was not identical to any other plant 
peptide. This suggests that PN5 can serve as an alternative therapeutic agent to be used 
in the food industry.

Keywords: Pinus densiflora, pine needles, antimicrobial peptide, ultrafiltration, foodborne bacteria

INTRODUCTION

Antimicrobial peptides (AMPs) play an important element in the innate immune system ranging 
from bacteria to plants, mammals, and insects (Hancock et  al., 2016; Haney et  al., 2019; 
Sathoff and Samac, 2019). Innate immunity is a defensive response in all multicellular organisms 
to combat pathogens. AMPs involved in these processes typically have a broad-spectrum activity 
against a wide range of Gram-positive and Gram-negative bacteria, fungi, and even certain 
viruses (Coates et  al., 2018; Mookherjee et  al., 2020). In the majority of cases, the mode of 
action of AMPs is related to the cytoplasmic membrane permeabilization. Plants are a source 
of bioactive compounds with various properties that are applicable in agriculture and medicine. 
Plants produced are short AMPs with a molecular mass less than 10  kDa; structurally, these 
are amphipathic and generally positively charged molecules at physiologically neutral pH values. 
They primarily play defensive roles such as acting as membrane-active antifungal, antibacterial, 
and antiviral agents (Tam et  al., 2015; Dhama et  al., 2018).

Many studies have been performed to evaluate pine needles (PN), and several compounds 
with antimicrobial activity have been detected (Ghaffari et  al., 2019). The Korean red pine 
tree, Pinus densiflora, belongs to the family Pinaceae and is widely spread in East Asia (Korea, 
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Japan, and China; Kim et al., 2020a). Various pine tree regions 
including needles, pollen, cones, and cortices are widely consumed 
as folk medicine, foods or dietary supplements for health 
promotion, antimicrobial, anti-inflammatory, and preservation 
effects (Hsu et  al., 2006; Jeong et  al., 2009). Pine bark protects 
collagen from the action of collagenase, while PNs exhibit 
anti-hypertensive effects and protect against oxidative DNA, 
protein, and lipid damage and oxidative stress-mediated apoptosis 
induced by hydroxyl radicals (Ku et al., 2007; Kim et al., 2010; 
Maimoona et al., 2011). Pine bark extracts are effective scavengers 
of free radicals and reactive oxygen species, can lower lipid 
levels in blood serum and may help to prevent disease and 
delay aging (Schafer et  al., 2006; McGrath et  al., 2015). PNs 
of form P. densiflora were used for folk medicine and for 
various disease prevention such as rheumatitis, hemorrhage, 
gastroenteric trouble, hypertension, and asthma (Kwak et  al., 
2006; Kim et  al., 2020b). Recent scientific researches have 
shown that PNs form P. densiflora have antimicrobial, anti-
viral, antioxidant, anti-mutagenic, anti-thrombosis, anti-
asthmatic, and anti-inflammatory, and anti-cancer effects (Kwak 
et  al., 2006; Park and Lee, 2011; Park et  al., 2016; Ahn et  al., 
2018; Mostafa et  al., 2018; Ha et  al., 2020). However, the 
isolation and functional characterization of AMPs from PNs 
have been limited studies. Therefore, this study was conducted 
to identify and characterize AMPs from the needles of P. densiflora 
Sieb. et Zucc. We  evaluated PN peptides to determine their 
antimicrobial ability against foodborne bacteria.

MATERIALS AND METHODS

Pine Needle Collection and Extract 
Preparation
Fresh PNs of P. densiflora Sieb. et Zucc. were collected from 
Gok-Seong, Jeollanam-Do, Korea. The plant was initially 
determined based on its specific morphological observations, 
and the morphological and morphometric data were stored 
at the College of Natural Science and Public Health and Safety, 
Chosun University, Korea.

Pine needles of P. densiflora were rinsed with distilled water 
and then dried at 45°C for 5  h, and powdered using a mixer. 
The powder that passed through a 20-mesh sieve (850  μm) 
and was retained on a 40-mesh (450  μm) sieve, the mean 
particle size powder was stored in a sealed plastic bag at 25°C. 
PN powder (100  g) was added to 600  ml buffer (10  mM 
HEPES  +  10  mM NaCl, pH 7.4) with continuous stirring at 
25°C for 2 h. Thereafter, the extract was filtered and condensed 
under a vacuum in a rotary evaporator (N-1000VW, EYELA, 
Tokyo, Japan). The dried PNs extract was stored at 4°C until 
further analysis.

Purification of Antimicrobial Proteins
The dried extract sample was dissolved in distilled water and 
dialyzed using a molecular weight 1,000 membrane at 4°C 
overnight, and the dialyzed PN samples were purified using 
ultrafiltration (MW 30,000 and MW 1,000) and freeze-dried. 

The samples (MW < 10,000) were purified using an SPE 900 mg 
Lrg pore C18 column [Maxi-Clean™, Alltech Associates, Inc., 
Deerfield, IL, United States; 10% acetonitrile (ACN), 40% ACN, 
and 100% ACN]. The extract (40% ACN) was isolated using 
a reverse-phase C18 HPLC column [Jupiter 5u C18 300A, 250 mm 
(length)  ×  4.6  mm (inner diameter), 300  Å pore size, 5  μm 
particle size] on an HPLC system (Shimadzu Corporation, 
Kyoto, Japan) that had been equilibrated using 0.1% (v/v) 
trifluoroacetic acid (TFA, Merck, Kenilworth, NJ, United States) 
in water with 5% ACN. PN peptide fractions were eluted using 
a linear gradient of solvents A and B were 0.1% (v/v) TFA 
in water and 0.1% (v/v) TFA in acetonitrile, respectively. Elution 
was carried out using a linear gradient of 40% solvent B for 
10  min, 40–65% for 25  min, and 65–95% for 45  min at a 
flow rate of 1 ml/min. The eluates were monitored by measuring 
the absorbance signal at 215 nm (Figure 1). Individual fractions 
were pooled and then were freeze-dried at −20°C. To confirm 
partly as a single peptide, freeze-dried fractions were successively 
re-subjected to a second C18 HPLC at the peak of the overlapping 
point. Each fraction was collected and subsequently assayed 
for antimicrobial activities. The purified PN peptides were 
confirmed as a single molecule using tricine-sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
mass spectrometry.

Tricine-SDS-PAGE
Tricine-SDS-PAGE is an efficient method of separating 
low-molecular-mass peptides (16.5% polyacrylamide gel for peptide 
<10  kDa; Schagger and von Jagow, 1987). The purified PN 
peptides were resolved in a 16.5% tricine-SDS PAGE, followed 
by visualization with Coomassie Brilliant Blue G-250 staining.

Mass Spectrometry
Matrix-assisted laser desorption ionization-time of flight mass 
spectrometry (MALDI-TOF-MS) was carried out using an 
Axima-CFR MALDI-TOF mass spectrometer (Kratos Analytical, 
Manchester, United  Kingdom) as described by Pouvreau et  al. 
(2001). The protein concentration of the purified PN peptide 
was determined by the Bradford assay using bovine serum 
albumin (BSA) as the calibration standard (Bradford, 1976).

PN Peptide Identification
The N-terminal amino acid (a.a.) sequences of the purified 
PN peptide was determined with an automated Edman 
degradation method using a pulse liquid automatic sequencer 
(Procise Model 491 HT protein sequencer; Applied Biosystems, 
Foster City, CA, United  States) at the Korean Basic Science 
Institute (Seoul, Korea). The PN peptide sequences were compared 
to those in the Antimicrobial Peptide Database (APD), using 
the “APD3: Antimicrobial Peptide Calculator and Predictor” 
tool (Wang et  al., 2016).

Antimicrobial Assay
For antimicrobial assays, Escherichia coli ATCC 25922, 
Pseudomonas aeruginosa ATCC 15692, Staphylococcus aureus 
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ATCC 25923, and Staphylococcus epidermidis ATCC 12228 
were obtained from the American Type Culture Collection 
(Manassas, VA, United  States). Salmonella typhimurium 
KCTC 1926 and Listeria monocytogenes KCTC 3710 were 
obtained from the Korean Collection for Type Cultures 
(Jeollabuk-do, Korea).

Minimum inhibitory concentrations (MICs) of purified 
PN peptides were assayed according to the Clinical and 
Laboratory Standards Institute recommendations (Wiegand 
et  al., 2008). Briefly, bacterial suspension (5  ×  105  CFU/
ml), obtained by diluting an exponential growth phase culture, 
was then added into the 96-well plates containing 2-fold 
serial dilutions of each fraction, the plates were incubated 
for 18  h at 37°C. MICs of PN peptides were measured in 
optical density at 600 nm using Versamax™ ELISA Microplate 
Reader (Molecular Devices, Sunnyvale, CA, United  States). 
PBS, culture media, and melittin were used as growth and 
growth inhibition controls. The MIC was defined as the 
lowest concentration of PN peptide that was able to inhibit 
microbial growth.

Hemolytic Activity
Hemolysis was determined using the mouse red blood cells 
(mRBCs). Fresh mRBCs were collected in PBS and washed three 
times with PBS (final mRBC concentration, 8% v/v). PN peptides 
were assessed at 200  μM final concentration and incubated for 
60 min at 37°C. Hemolytic activity was monitored at an absorbance 
(A) of 414  nm and calculated as a positive control [0.1% Triton 
X-100 (Atriton)] and negative control [PBS (Ablank)]. The resulting 

values of cells that underwent hemolysis were calculated according 
to equation (Park et  al., 2008):

Hemolysis A A A Asample blank triton blank= − − ×[( %) ( )] 100
 (1).

Cytotoxicity
The cytotoxic effect of PN peptides was assessed against 
HaCaT (human keratinocytes) and RAW264.7 (mouse 
macrophages) cells cultured in 96-well plates at a density of 
2  ×  104 cells/well in Dulbecco’s modified Eagle medium 
(DMEM) containing 10% fetal bovine serum. MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
assays were used to evaluate cytotoxicity. PN peptides 
(0–200  μg/ml) were added with the cells for 24  h at 37°C. 
Subsequently, MTT (0.5  mg/ml) was added to each well and 
incubated for 4 h at 37°C After incubation, formazan crystals 
produced was dissolved in dimethyl sulfoxide, and the 
absorbance at 570  nm was measured and cytotoxicity was 
determined as a percentage of 100% cytotoxic control (0.1% 
Triton X-100; Park et  al., 2008). Melittin was used as the 
control (reference) peptide.

Computational Analyses
3-D structural projections of PN5 were created online using the 
Mobyle@RPBS bioinformatics portal.1 The helical wheel projection 
was obtained using the online tool HeliQuest2 (Gautier et al., 2008).

1 http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#welcome
2 http://heliquest.ipmc.cnrs.fr

FIGURE 1 | Separation strategy of AMPs from pine needles.
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Peptide Synthesis
PN5 peptides were synthesized using the fluorenylmethoxycarbonyl 
(Fmoc) solid-phase peptide synthesis on a solid support of 
rink amide 4-methylbenzhydrylamine resin (Merck KGaA, 
Darmstadt, Germany) with Liberty microwave peptide synthesizer 
(CEM Co., Matthews, NC, United  States; Kang et  al., 2018). 
For coupling reactions, 0.1  M N-hydroxybenzotriazole and 
0.45  M 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate in dimethylformamide (DMF) and 2  M 
N,N-diisopropylethylamine in N-methylpyrrolidone were used 
as coupling reaction solutions, and a 10-fold Fmoc-protected 
a.a. (Novabiochem, Läufelfingen, Switzerland) was added 
during all coupling reaction cycles. Fmoc from the Fmoc-
protected synthetic peptide was cleaved with 20% (v/v) 
piperidine in DMF. After cleavage from resin, the crude PN 
peptides were purified using RP-HPLC on a Jupiter C18 column 
(250  mm  ×  21.2  mm, 15  μm, 300  Å) with a 0–60% ACN 
gradient in water containing 0.05% TFA. The purity of the 
peptides (>95%) was then determined by an analytical RP-HPLC 
using a Jupiter proteo C18 column (250 mm × 4.6 mm, 90 Å, 
4  μm). The molecular weights of the synthetic peptides were 
detected by MALDI-TOF MS (MALDI II; Kratos Analytical, 
Inc., Chestnut Ridge, NY, United  States).

Statistical Analysis
All experimental data represent mean  ±  standard deviation 
(SD). All the figures were obtained from several independent 
experiments and showed similar results. Differences among 
groups were analyzed using one-way ANOVA followed by 
Tukey’s multiple-comparison test.

RESULTS

Purification of AMPs From Pine Needles
AMP fractions were purified from PNs in five steps: extraction, 
dialysis, ultrafiltration, purification using SPE 900  mg Lrg 
pore C18 column, and C18 reverse-phase HPLC (Figure  1). 
By varying the concentration of the sample separated using 
Tricine gel electrophoresis, small proteins with sizes of 
1–3.5  kDa were obtained (Figure  2A). The antimicrobial 
activity of the dialyzed samples was tested against pathogenic 
bacteria (E. coli, S. aureus, P. aeruginosa, S. aureus, and 
S. epidermidis) and bacterial strains that cause food poisoning 
(S. typhimurium and L. monocytogenes). Results displayed that 
the dialyzed samples exhibited potent antimicrobial activity 
toward all tested bacteria at low concentrations (>5  mg/ml; 
Figure  2B; Supplementary Figure S3). The dialyzed samples 
were isolated using ultrafiltration (MW 30,000 and 10,000). 
According to the results shown in Supplementary Figure S1, 
all ultrafiltered fractions (>30, 10–30, and <10 kDa) inhibited 
E. coli and S. aureus. Among these fractions, the antimicrobial 
activity of the sample ≤10  kDa in size was the highest. In 
addition, this fraction was most effective in inhibiting S. aureus 
(2.5  mg/ml) compared to E. coli (5  mg/ml) and showed the 
same results as the dialyzed samples. After confirming the 

antimicrobial activity against L. monocytogenes and S. typhimurium 
of the ultrafiltered fractions ≤10  kDa, we  found that these 
samples retained the same activity as the dialyzed samples 
(Supplementary Figure S3). As shown in Table  1, the MIC 
value increased considerably after the first purification step 
using ultrafiltration (1.5-fold compared to the soluble extract). 
The total protein content (512  mg) was lower than that of 
the initial soluble extract of PNs (1,250  mg).

In this study, the small (≤10  kDa) sample was treated as 
follows. The active ultrafiltered fractions of the sample ≤10 kDa 
were applied to an SPE 900  mg Lrg pore C18 column. The 
fractions from solid-phase extraction were collected using the 
following stepwise gradient: 10, 40, and 100% ACN (w/w). 
The 40% ACN (w/w) fraction was found to have antimicrobial 
activity (Supplementary Figures S2, S3C). C18 solid-phase 
extraction resulted in a 1.6-fold increased MIC value. The 
total protein (34.8  mg) decreased and the recovery was 2.8% 
of that for the soluble extract (Table  1). The active 40%-ACN 
(w/w) fractions were subjected to C18 RP-HPLC twice. Ten 
main peaks with retention times of 12–25  min were detected, 
which were eluted over a 40–65% gradient (Figure  3A). These 
peak fractions were checked for antimicrobial activity and the 
active PN peptide peaks were collected, pooled (Figure  3B), 
and confirmed using Tricine-SDS-PAGE, which resulted in one 
peptides band with molecular weights of 1–3.5 kDa (Figure 3A). 
The first elution yield of total protein obtained after the RP-HPLC 
step was drastically reduced (0.25–0.41%), although the MIC 
value against S. aureus was higher than that of the soluble 
extract (7.5–18.8-fold). The second RP-HPLC step increased 
the MIC value of the antibacterial peptides (PN-#5, PN-#7, 
PN-#8, and PN-#10) 117.2–937.5-fold compared to the initial 
soluble extract, with a recovery of 0.13–0.24% compared to 
the soluble extract (Table  1).

The PN peptide fractions with potent antimicrobial activity 
(PN-#5, PN-#7, PN-#8, and PN-#10) were analyzed using 
RP-HPLC (Figure  4A) and MALDI TOF-MS (Figure  4B). 
MALDI TOF-MS analysis showed that PN-#5, PN-#7, PN-#8, 
and PN-#10 exhibited m/z peaks at 1346.0, 1567.4, 1715.4, 
and 1815.5, respectively (Figure  4B).

Antimicrobial Assay of PN Peptides
The bactericidal activities of PN peptides (PN-#1–10) were 
tested against S. aureus and E. coli (Figure  3B). None of the 
peptide fractions, except PN-#10 (data not shown), showed 
antimicrobial activity against E. coli up to a concentration of 
32  μg/ml. In contrast, PN-#5, PN-#7, PN-#8, and PN-#10 
showed particularly potent activities against S. aureus 
(Figure  3B). PN-#1, PN-#2, and PN-#3 exhibited no activity 
against S. aureus and E. coli. We  determined the MIC values 
of PN-#5, PN-#7, PN-#8, and PN-#10 for S. aureus, E. coli, 
L. monocytogenes, and S. typhimurium (Table  2). The MIC 
values of the PN peptides ranged from 8 to 128  μg/ml. Of 
all PN peptides from PNs, PN-#10 showed the best activity 
against all tested bacteria, with MIC values of 8, 16, 32, and 
32  μg/ml for S. aureus, L. monocytogenes, E. coli, and 
S. typhimurium, respectively. As a result, all PN peptides were 
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more susceptible to Gram-positive bacteria (S. aureus and 
L. monocytogenes) than Gram-negative bacteria (Table  2).

Hemolytic Activity and Cytotoxicity of PN 
Peptides
The toxicity of the AMPs against eukaryotic cells was evaluated 
based on their lytic ability at tested concentrations (0–200  μg/ml; 
Figure  5A). The percentage of hemolysis was determined by 

measuring the amount of mouse hemoglobin released after incubation 
with PN-#5, PN-#7, PN-#8, PN-#10, or melittin (the reference 
AMP). The PN peptides did not cause hemolysis even at a 
concentration of 200 μg/ml. In contrast, melittin induced hemolysis 
even at the lowest concentration (3  μg/ml).

The cytotoxicity of the peptides against RAW264.7 murine 
macrophages and HaCaT keratinocytes is shown in Figures 5B,C, 
respectively. The PN peptides at a concentration  of 200  μg/ml 

B

A

FIGURE 2 | Tricine-SDS-PAGE analysis of total protein extracted from pine needles and evaluation of their antibacterial activity against bacterial strains [lane M; 
molecular weight size marker, Lanes 1 and 2: total extracted proteins from pine needles (5 and 10 μg, respectively)] (A); Antimicrobial activity of extracted protein 
fraction against Escherichia coli, Pseudomonas aeruginosa, S. aureus, and Staphylococcus epidermidis (B). The red arrow indicates the expected PN peptides.

TABLE 1 | Purification scheme for AMPs from water-soluble extract of pine needles.

Purification stepa Volume (ml) Protein (μg/ml)b Total protein (mg)c MIC (mg/ml)d Increased in MIC 
(fold)

Recovery per step 
(%)

Soluble extract 500 1,500 750 7.5 - 100
Ultrafiltration 380 920.6 349.8 5 1.5 46.7
C18 solid-phase extraction 274 350.7 96.1 3 2.5 12.9
(PN-#5)

First C18 RP-HPLC 10.5 282.8 3.0 0.6 12.5 0.4
Second C18 RP-HPLC 6.5 273.9 1.8 0.032 234.4 0.24
(PN-#7)

First C18 RP-HPLC 10.3 274.6 2.83 1.0 7.5 0.38
Second C18 RP-HPLC 6.5 196.8 1.28 0.064 117.2 0.17
(PN-#8)

First C18 RP-HPLC 10.4 176.9 1.84 0.9 8.3 0.25
Second C18 RP-HPLC 6.3 154.3 0.97 0.064 117.2 0.13
(PN-#10)

First C18 RP-HPLC 10.1 305.1 3.08 0.4 18.8 0.41
Second C18 RP-HPLC 6.0 287.4 1.72 0.008 937.5 0.23

aSmall-scale separation and purification experiments were performed several times using 1-ml column and then expanded to a larger volume column (20 ml).
bTotal protein.
cProtein concentration was measured using the Bradford method using BSA as a standard.
dMIC of Staphylococcus aureus ATCC25923.
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caused less than 20% cytotoxicity in the RAW264.7 and HaCaT 
cell lines. These results suggested that the PN peptides are 
not toxic in the MIC range. In contrast, melittin, the reference 
AMP, caused 100% lysis at a concentration of 12.5  μg/ml 
(Figures  5B,C).

PN5 Identification
To identify the peptides and their a.a. sequence, PN-#5 was 
analyzed N-terminal a.a. sequence analysis with an Edman 
degradation. The a.a. sequence of the purified PN5 peptide 
was determined to be  FKFLARTGKFL. BLASTp database 

A

B

FIGURE 3 | RP-HPLC analysis of peptides from 40% (w/w) ACN fractions of pine needles and estimation of their antimicrobial activity against Staphylococcus 
aureus. RP-HPLC chromatograms (absorbance was monitored at 215 nm) (A); Peak fractions from 40% (w/w) ACN fractions of pine needles exhibiting antimicrobial 
activity against Staphylococcus aureus (B).

A

B

FIGURE 4 | RP-HPLC and mass spectrum of purified peak peptides (PN-#5, PN-#7, PN-#8, and PN-#10). Chromatogram of AMPs in the 40% ACN fraction 
obtained using HPLC (A); Mass spectra of purified peak peptides using MALDI-TOF/MS (B).
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search  of the PN5 peptide was carried out to identify regions 
of similarity between NCBI sequence databases. The results 
revealed that the a.a. sequence FKFLARTGKFL has only two 
a.a. differences from FKYLQRTGKFL of transposase (NCBI 
seq. Id WP_065256059) from Moraxella lacunata.

For potential AMP prediction and their similarities to 
database-defined AMPs, the “APD3: Antimicrobial Peptide 
Calculator and Predictor” tool of the APD was used to 
identify PN peptides (Wang et  al., 2016). The PN5 sequence 
showed 50% similarity with Temporin-HB2 from the Hubei 
gold-striped pond frog Pelophylax hubeiensis found in China 
(APD ID: AP02838, FLPFLAGLFGKIF), and Temporin-1Ce 
from the bronze frog Rana clamitans (APD ID: AP00108, 
FLPFLATLLSKVL). However, the sequence of PN5 did not 
identify any other plant protein or peptide, revealing that 
PN5 is a novel plant AMP. Figure  4B (#5) displays the 
singly charged potassium adducts [M+K]+ of PN5 with an 
m/z value of 1,347, equivalent to 1,328  Da, was determined 
using MALDI-TOF/MS. These results and the theoretical 
molecular weight of PN5 agree well with the determined 
a.a. sequence.

PN5’s Secondary Structure and in silico 
Analysis
PN5 has an α-helical amphipathic structure, as suggested by 
the helical wheel projection in Figure  6A. In addition, the PN5 
peptide carried a net charge (3) and was hydrophobic (H, 0.465). 

The ExPASy tool (SIB Bioinformatics Resource Portal) and APD3 
(Antimicrobial Peptide Calculator and Predictor) were used to 
obtain the physicochemical properties of PN5 such as theoretical 
isoelectric point (pI, 11.17), hydrophobic moment (μH, 0.471), 
protein-binding potential (Boman index, 0.64  kcal/mol), and 
grand average of hydropathicity (GRAVY, 0.400). The PN5 
instability index was estimated to be  −20.01, indicating a stable 
peptide under both in vitro and in vivo conditions. These results 
with in silico prediction were consistent with the results obtained 
using PyMOL, which predicted that PN5 assumes an α-helical 
conformation (Figure  6B).

PN5 Peptide Synthesis, Antimicrobial 
Activity, and Toxicity
In general, amidated peptides have a greater tendency to generate 
an α-helical structure than the non-amidated peptides. Chemically 
synthesized peptides with C-terminal amidation showed strong 
inhibitory activity against bacteria and low hemolytic activity 
(Strandberg et  al., 2007; Shahmiri et  al., 2015). Thus, 
we  synthesized PN5 peptide (FKFLARTGKFL) and PN5 with 
an amidated C-terminus (FKFLARTGKFL-NH2), based on the 
N-terminal sequence results.

The antimicrobial activities of the synthetic PN5 and PN5-NH2 
peptide were evaluated against two Gram-negative (E. coli and 
S. typhimurium) and two Gram-positive (S. aureus and 
L. monocytogenes) bacteria. The synthetic PN5 peptide showed 
the same antimicrobial activity as that did the purified PN5 

TABLE 2 | Antimicrobial activities of purified PN peptides.

MIC (μg/ml)a

PN-#5 PN-#7 PN-#8 PN-#10

Gram-positive bacteria

Staphylococcus aureus ATCC25923 32 64 64 8
Listeria monocytogenes KCTC3710 32 64 64 16
Gram-negative bacteria

Escherichia coli ATCC25922 64 128 128 32
Salmonella typhimurium KCTC1926 64 128 128 32

aMIC refers to the minimal concentration of peptide to inhibit microbial growth.

A B C

FIGURE 5 | Hemolysis in mRBCs and cytotoxicity against RAW264.7 murine macrophages and HaCaT human keratinocyte cells. Hemolytic activity against 
mRBCs (n = 3 per condition) (A). Cytotoxic activity against RAW264.7 (n = 4 per condition) (B); and HaCaT (n = 3 per condition) (C) cells. Statistical analysis was 
performed by one-way ANOVA. **p < 0.01 vs. melittin.
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peptide (PN-#5; Table  3). PN5-NH2 peptide showed better 
antimicrobial activity than PN-#5, against S. aureus, 
L. monocytogenes, E. coli, and S. typhimurium with MICs of 
16, 32, 64, and 32  μg/ml, respectively (Table  3).

After analyzing the synthetic PN5 activity, to confirm 
the increased toxicity of PN5-NH2, hemolysis and cytotoxicity 
were confirmed under the same conditions as those used 
for the purified PN-#5 peptide (Supplementary Figure S4). 
The synthetic PN5 peptide showed only approximately 5% 
hemolysis activity at a high concentration of 200  μg/ml, 
which is similar to that of the PN-#5 peptide 
(Supplementary Figure S4A). The PN5 peptide caused only 
19% cytotoxicity up to a concentration of 200 μg/ml in the 
HaCaT cell line (Supplementary Figure S4B). These results 
show that the synthetic PN5 peptide is not toxic in the 
MIC range, which is consistent with the toxicity of the 
PN-#5 peptide. Thus, the PN5 peptide appears to be  a good 
candidate as an AMP.

DISCUSSION

Recent studies on PN extract have been reported as food 
and health supplements, as well as food preservatives 
(Mahajan et  al., 2016; Wu et  al., 2017). Contaminated food 
by the pathogenic microorganisms is a major common 

form  of food degradation, and is often responsible for the 
occurrence of food-borne illnesses such as infection, food 
poisoning, toxic shock syndrome, and sepsis (Bintsis, 2017; 
Chen and Alali, 2018; Riley, 2020). Increasing the use of 
chemical preservatives can effectively prevent the survival 
and proliferation of most food-borne bacteria; however, 
drawbacks related with the safety of chemical preservatives 
are on the rise (Halla et  al., 2018; Silva et  al., 2018). 
Recently, as the demand for foods with health benefits has 
increased, the amount of chemical preservatives used in 
foods has decreased; thus, there is a need for natural 
preservatives. As bacterial resistance to antibiotics is 
increasing, many studies have been performed to develop 
effective and nontoxic antimicrobial substances that do not 
induce antimicrobial resistance. Many studies are being 
conducted to develop new natural antibacterial substances 
in various plant extracts for safe food preservation and to 
investigate whether they have antibacterial activity in various 
microorganisms including food-borne bacteria (Hintz et al., 
2015; Mostafa et  al., 2018). Recent studies reported new 
AMPs (peptides consisting of 10–14 a.a. residues) isolated 
from the Mediterranean medical plant Charybdis, with similar 
antimicrobial activity (25–45  μ/ml in S. aureus and 
P. aeruginosa) as that of PN peptides (Cunsolo et  al., 2020). 
In this study, the PN peptide showed potent antimicrobial 
activity against some representative food poisoning pathogens, 
particularly S. aureus (Figure  3B; Table  2). PN peptides 
had better antimicrobial activity against Gram-positive 
bacteria than Gram-negative bacteria, and showed the highest 
ability to kill S. aureus. This may be  related to differences 
in bacterial cell structure between Gram-positive and Gram-
negative bacteria. The cell wall of Gram-negative bacteria 
is thinner but more complex than that of Gram-positive 
bacteria. It has been suggested that differences in antimicrobial 
activity toward some antimicrobial agents between Gram-
positive and Gram-negative bacteria are due to the low 
permeability of Gram-negative bacteria to antibacterial 
compounds through the outer cell wall. The outer cell wall 
with low permeability of Gram-negative bacteria can interfere 
with the accumulation in the cytoplasmic membrane, thereby 
reducing the killing efficiency of the antimicrobial compound 
(Zgurskaya et  al., 2015; Breijyeh et  al., 2020). Besides 
transporting small molecules such as nutrients, the membranes 
of Gram-negative bacteria are resistant to chemical entry 
(Wu et  al., 2016; Tiz et  al., 2018). Therefore, developing 
alternative substances is essential for eradicating these 
bacteria using natural AMPs.

PN peptides isolated from PNs from P. densiflora Sieb. et 
Zucc. exhibited strong antimicrobial activity against foodborne 
bacteria. Moreover, the AMPs PN-#5, PN-#7, PN-#8, and 
PN-#10 exhibited no cytotoxicity at the antimicrobial 
concentrations. Given these results, PN5 might become an 
effective drug candidate for developing antimicrobial agents 
in the food and pharmaceutical industries. In addition, PN5 
peptide can be  used as a natural food additive. Future studies 
can be  directed at a.a. substitution on the primary structure, 
to obtain more active AMPs.

TABLE 3 | Antimicrobial activities of synthetic PN5 against foodborne bacteria.

MIC (μg/ml)a

PN5 PN5-NH2 Melittin

Gram-positive bacteria
Staphylococcus aureus ATCC25923 32 16 4
Listeria monocytogenes KCTC3710 32 32 4
Gram-negative bacteria

Escherichia coli ATCC25922 64 64 2
Salmonella typhimurium KCTC1926 64 32 2

aMIC refers to the minimal concentration of peptide to inhibit microbial growth.

A

B

FIGURE 6 | Helical wheel projection and three-dimensional structure 
projection of PN5 peptide. Helical wheel projection of PN5 was generated 
using HeliQuest (http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py) (A). 
Simulations of the three-dimensional structures of peptides generated using 
PyMOL (B).
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Increasing prevalence of antimicrobial resistance (AMR) has posed a major health
concern worldwide, and the addition of new antimicrobial agents is diminishing due
to overexploitation of plants and microbial resources. Inevitably, alternative sources
and new strategies are needed to find novel biomolecules to counter AMR and
pandemic circumstances. The association of plants with microorganisms is one basic
natural interaction that involves the exchange of biomolecules. Such a symbiotic
relationship might affect the respective bio-chemical properties and production of
secondary metabolites in the host and microbes. Furthermore, the discovery of taxol
and taxane from an endophytic fungus, Taxomyces andreanae from Taxus wallachiana,
has stimulated much research on endophytes from medicinal plants. A gram-positive
endophytic bacterium, Paenibacillus peoriae IBSD35, was isolated from the stem of
Millettia pachycarpa Benth. It is a rod-shaped, motile, gram-positive, and endospore-
forming bacteria. It is neutralophilic as per Joint Genome Institute’s (JGI) IMG system
analysis. The plant was selected based on its ethnobotany history of traditional uses
and highly insecticidal properties. Bioactive molecules were purified from P. peoriae
IBSD35 culture broth using 70% ammonium sulfate and column chromatography
techniques. The biomolecule was enriched to 151.72-fold and the yield percentage was
0.05. Peoriaerin II, a highly potent and broad-spectrum antimicrobial peptide against
Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, and Candida
albicans ATCC 10231 was isolated. LC-MS sequencing revealed that its N-terminal is
methionine. It has four negatively charged residues (Asp + Glu) and a total number of two
positively charged residues (Arg + Lys). Its molecular weight is 4,685.13 Da. It is linked to
an LC-MS/MS inferred biosynthetic gene cluster with accession number A0A2S6P0H9,
and blastp has shown it is 82.4% similar to fusaricidin synthetase of Paenibacillus
polymyxa SC2. The 3D structure conformation of the BGC and AMP were predicted
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using SWISS MODEL homology modeling. Therefore, combining both genomic and
proteomic results obtained from P. peoriae IBSD35, associated with M. pachycarpa
Benth., will substantially increase the understanding of antimicrobial peptides and assist
to uncover novel biological agents.

Keywords: endophytes, genome, medicinal plant, peptides, proteomics, resistance

INTRODUCTION

Antimicrobial resistance (AMR) has been developing very fast,
and novel biomolecules are required to counter it as it has
incurred huge loss on human life (Fair and Tor, 2014; World
Health Organization, 2019). Antibiotic resistance has caused
more than 2 million infections and 23,000 deaths per year in
the United States, at a direct cost of $20 billion and additional
productivity losses of $35 billion (WHO, 2014). In Europe, an
estimated 25,000 deaths are attributable to antibiotic-resistant
infections, costing €1.5 billion annually in direct and indirect
costs (European Centre for Disease Prevention and Control,
2019). It is predicted that by 2050, 10 million lives a year and
a cumulative US$ 100 trillion of economic output are at risk in
the South-East Asian region (WHO, 2014). These facts allow us
to piece together a description of AMR burden and the need of
novel antimicrobial agents.

Lately, many important secondary metabolites (SMs) have
been reported including anticancer taxol and taxane production
by Taxomyces andreanae, an endophytic fungus of Pacific yew
(Stierle and Strobel, 1993) and antitumor exo-polysaccharides
from endophyte, Bacillus amyloliquefaciens sp. of the medicinal
plant, Ophiopogon japonicas (Chen et al., 2013). These findings
from medicinal plants and their associated endophytes offer a
huge prospect for finding novel biomolecules (Cragg et al., 1997;
Alvin et al., 2014; Li et al., 2020). Purportedly, bioprospecting
the less discovered North-East India pristine forest offers a
bountiful resource (Myers et al., 2000). An endophytic gram-
positive bacterium, Paenibacillus peoriae IBSD35 was isolated
from Millettia pachycarpa Benth. in our previous experiment
using the standardized surface sterilization method (Srivastava,
2010; Ngashangva et al., 2019). Novel antimicrobial peptides
(AMP) discovery requires the materials of ethnopharmacology,
herbal medicines, and traditional knowledge systems to
facilitate the process (Mukherjee, 2019). It was suggested that
routine efforts to identify active principles from crude extracts
may not be sufficient, but rather more advanced scientific
research in traditional medicine to obtain evidence is required
(Patwardhan, 2015).

Natural products have always played a key role in our
understanding of biology and drug development (Newman
and Cragg, 2012). Among them, naturally occurring peptides
represent one of the first evolved and highly conserved chemical
defenses of prokaryotes and eukaryotes against foreign invading
pathogens (Zasloff, 2002; Boman, 2003; Arnison et al., 2013;
Malmsten, 2014). They act as selective antimicrobial products
of microbes in association with their host (Rosenblueth and
Martínez-Romero, 2006; Hardoim et al., 2008). Genome mining
in recent years has accelerated the bio-chemical workflow,

and the prediction of secondary metabolites, biosynthetic gene
clusters, and pathways have provided a rationale for targeted
isolation of AMPs from complex protein mixtures (Harvey et al.,
2015; Collins et al., 2017; Li et al., 2020). Furthermore, the
ability of mass spectrometry to identify and quantify thousands
of proteins from complex samples have positively affected the
discovery of novel antimicrobial agents (Dancík et al., 1999;
Aebersold and Mann, 2003; Junqueira et al., 2008; Cimermancic
et al., 2014; Lu et al., 2014; Perkins et al., 1999).

Therefore, in this study we have reported the isolation of an
antimicrobial peptide and inferred its biosynthetic gene cluster
from collective analysis of both genomic and proteomic data. It
will enhance the understanding of biological processes and the
possibility of their application in future drug development and
food preservation.

MATERIALS AND METHODS

Paenibacillus peoriae IBSD35 Culture
Isolated From M. pachycarpa Benth
P. peoriae IBSD35 isolated from the stem of M. pachycarpa
Benth. (Ito et al., 2006; Srivastava, 2010) was revived from the
stock (Sanyo Biomedical Freezer) preserved in the Microbial
Repository Centre of IBSD (Accession No. MRC-75001)
(Ngashangva et al., 2019). It was streaked on a Luria Bertani
(LB) agar plate and incubated in an Eppendorf innovaR42
Rotary shaker at 38◦C for 12 h to check the colony purity and
contamination. The colonies were sub-cultured repeatedly to
obtain a pure culture (Sanders, 2012). A pure colony was picked
and inoculated in a 25 ml Erlenmeyer flask (He et al., 2007).

The under-study strain physiochemical characteristics were
examined by following the keys of Bergey’s Manual of
Determinative Bacteriology and gram-staining (Holt et al., 1994).
The strain motility was tested by the hanging drop method
(Brock, 1999). The genomic and molecular characters were
analyzed by draft genome sequencing using Illumina HiSeq 2500
(Schuster, 2008; Korostin et al., 2020) and deposited in the NCBI
Genebank (Tatusova et al., 2016).

Fermentation of Paenibacillus peoriae
IBSD35
The overnight grown P. peoriae IBSD35 inoculum was seeded
in a 5,000 ml Erlenmeyer flask to obtain sufficient quantities of
crude extracts (He et al., 2007). The inoculum was allowed to
grow until the death phase and their growth status were measured
at OD∼600 (Abriouela et al., 2003). The fermentation broth was
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centrifuged (Centrifuge 5810 R, Eppendorf) to obtain a cell-
free supernatant (CFS) (Alkotaini et al., 2013). Its retention of
antimicrobial activity against Staphylococcus aureus ATCC 25923
was checked (Magaldi et al., 2004; CLSI, 2006, 2008). Calcium
carbonate and a unit of catalase were added to impede acid
production and catalytic enzymes. Toluene was added to avoid
contamination from other microbes (He et al., 2007).

Purification of AMPs From Fermentation
Broth
The CFS was enriched with slow addition of ammonium sulfate;
the suspension was stirred in a magnetic shaker (Tarsons Spinot
Digital MC 02) for 4 h (Krisna and Sandra, 2014). The precipitate
was harvested by centrifugation, while the supernatant was
discarded which devoided antimicrobial activity. The precipitate
was resuspended in distilled water and desalted. The sample
was further purified with diethylaminoethyl cellulose (DEAE-
C) column chromatography (Mahyhew and Howell, 1971),
dialyzed, and purified in RP-HPLC UFLC CBM-20A (Shimadzu,
Tokyo, Japan) (Herraiz, 1997). The sample was loaded on a
semi-preparative Agilent ZORBAX 300SB reverse-phase C-18
of 5 µm and a 9.4 X 250 mm column and eluted out with
0.1% ion pairing reagent and trifluoroacetic acid (TFA) (HPLC
grade) (Conlon, 2006). The peaks were pooled together and
lyophilized in a Modulyod Freeze Dryer (Thermo) to form
powder (35XT) (Ngashangva et al., 2019). The retention of
antimicrobial activity was tested at each step of purification
(Bradford, 1976; Magaldi et al., 2004; CLSI, 2008). Its total
protein, yield percentage, and purification fold were calculated
using UV-spectrometry as compared to the initial starting cell-
free supernatant (Simonian, 2004). Its antimicrobial activity
spectrum was tested against S. aureus ATCC 25923, Escherichia
coli ATCC 25922, and Candida albicans ATCC 20231 (Magaldi
et al., 2004; CLSI, 2006, 2008). The protein mixture was analyzed
through liquid chromatography-mass spectroscopy (LC-MS)
(Aebersold and Mann, 2003).

Mass Spectrometric Analysis of Peptide
Mixtures
A total of 50 µl of the RP-HPLC purified sample (35XT) was
reduced with 5 mM of Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP), and alkylated with 50 mM of
iodoacetamide, and then digested with trypsin (Sonia and
Jata, 2020). Digests were cleaned using a C18 silica cartridge and
dried using a speed vacuum. The dried pellet was resuspended in
buffer A (5% acetonitrile, 0.1% formic acid). The experiment was
performed using the EASY-nLC 1000 system (Thermo Fisher
Scientific) coupled to a Q Exactive mass spectrometer (Thermo
Fisher Scientific) equipped with a nano-electrospray ion source
(Michalski et al., 2011). The fraction was digested with trypsin
(1:50, trypsin/lysate ratio) for 16 h at 37◦C. A total of 1.0 µg of
the peptide mixture was resolved using a 15 cm PicoFrit column
(360 µm outer diameter, 75 µm inner diameter, 10 µm tip) filled
with 1.9 µm of C18-resin (Dr. Maeisch, Germany) (Sonia and
Jata, 2020). The peptides (VP_1369) were loaded with buffer
A (5% acetonitrile, 0.1% formic acid) and eluted with a 0–40%

gradient of buffer B (95% acetonitrile, 0.1% formic acid) at a
flow rate of 300 nl/min for 90 min. Liquid chromatography
coupled to tandem mass spectrometry (LC/MS/MS) was used
to identify the components of extracellular protein complex
(Seidler et al., 2010; Lu et al., 2014). MS data were acquired using
a data-dependent top 10 method dynamically choosing the most
abundant precursor ions from the survey scan.

Proteomics Data Processing
Samples (VP_1369) were processed and one generated RAW
file was analyzed with Proteome Discoverer (Wang et al., 2008)
against the P. peoriae IBSD35 Uniprot reference Proteome
database (Table 2; Apweiler et al., 2004). For the SEQUEST
search, the precursor and fragment mass tolerances were set
at 10 ppm and 0.5 Da, respectively (Tabb et al., 2001; Katz
et al., 2010). The protease used to generate peptides, i.e.,
enzyme specificity was set for trypsin/P (cleavage at the C
terminus of “K/R”: unless followed by “P”) along with a
maximum missed cleavages value of 2. Carbamidomethyl on
cysteine as fixed modification and oxidation of methionine and
N-terminal acetylation were considered as variable modifications
for the database search. Both peptide spectrum match (PSM)
and protein false discovery rate (FDR) were set to 0.01 FDR
(Tabb et al., 2001).

Insights Into Biosynthetic Gene Clusters
and LC-MS Proteomics Data
MS-based proteomics SEQUEST was used for the identification
of proteins via database-supported interpretation of MS data
(Tabb et al., 2001). De novo sequencing inferred protein group
lists and identified the potential AMPs from MS/MS data (Dancík
et al., 1999; Waridel et al., 2007; Ma and Johnson, 2012).
Peptides identified from tandem mass spectrometry (MS/MS)
data were analyzed with proteomics tools to classify the AMPs
on the basis of physiochemical characteristics (Gasteiger et al.,
2005; Wang et al., 2016). P. peoriae IBSD35 genome BGCs
were analyzed using the NCBI database and JGI/IMG web
server (Markowitz et al., 2008; Tatusova et al., 2016). IMG/ABC
using AntiSMASH v 5.0 tools predicted the BGCs, and it was
correlated with the protein lists predicted from the Proteomic
SEQUEST database search (Tabb et al., 2001; Cimermancic et al.,
2014; Hadjithomas et al., 2015; Blin et al., 2019; Krishnaveni
et al., 2020). AMPs sequenced were analyzed using the ExPASy-
ProtParam tool (Gasteiger et al., 2005). The 3D conformation
model was generated using SWISS-MODEL homology modeling
and deposited in ModelArchive (Schwede et al., 2009; Beaufays
et al., 2012; Waterhouse et al., 2018).

RESULTS

Paenibacillus peoriae IBSD35 Culture
Isolated From M. pachycarpa Benth
Paenibacillus peoriae IBSD35 isolated from the stem of
M. pachycarpa Benth. was revived by thawing for approximately
2 min using gentle agitation in a circulating water bath (Precision,
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FIGURE 1 | Growth curve of P. peoriae IBSD35 in BHI and LB broth media, and their OD and pH after 12 h incubation. A customize graph with three axes; a bottom
X axis, one left Y axis and right Y axis. The X axis represents the time, and the left Y axis represents the OD. The right Y axis represents the pH (LB, Luria Bertani;
BHI, brain heart infusion; OD, optical density).

Thermo Scientific) set at 25◦C. Once the vial thawed, 0.5 ml
of the vial was spread on the LB agar plate. The colony was
picked and sub-cultured repeatedly on the LB agar plate to
obtain a pure colony. A pure colony was inoculated in 25 ml
of BHI broth. The culture optimum temperature and pH was
found to be 6.8 and 38◦C, respectively. Its antimicrobial active
stage coincided with the log phase on day 6, and its optical
density (OD) at λ600 was measured to be 0.9 (Figure 1). It
retained antimicrobial activity against S. aureus ATCC 25923.
Calcium carbonate (0.6%) acted as a buffer, and facilitated the
reproducibility of the fermentation. A unit (10 mg ml−1) of
catalase (0.01%) inhibited the false positive result from acid
production and catalytic enzymes. Toluene (0.2%) controlled the
contamination from other microbes in the CFS.

The bacterial strain IBSD35 appeared whitish in color, was
formed of a shiny texture, had sticky colonies, emanated a strong
smell, and grew vigorously between pH 5–8.5 at a temperature
range of 20–50◦C on simple formulated LB medium Figure 2A.
It is a slow-growing, branch-forming bacteria, it is gram-positive
as it retained the pink color of the counter staining dye, safranin.
It is a rod-shaped and motile bacteria. The optimum growth was
observed at pH 6–7 and 38◦C in BHI medium. The genomic
DNA was extracted after 24 h culture and the draft genome
was sequenced using the Illumina 2,500 platform. The JGI/IMG
and RAST tools revealed it to be an aerobic, spore-forming, and
neutrophilic bacteria. The data from this whole genome project
were submitted to the EMBL/GenBank/DDBJ databases under
BioProject; PRJNA434168 and BioSample; SAMN08537703
and the GenBank Accession Number PTJM01000000. Its
chromosome topology is a relaxed circular DNA.

Enrichment of the Protein Mixture From
Fermentation Broth
The fermentation broth was centrifuged at 4,000 rpm, 4◦C for
15 min, the supernatant was recovered as CFS. Its antimicrobial

activity was checked against S. aureus ATCC 25923 using a broth
dilution bioassay. The CFS was precipitated in 70% ammonium
sulfate at room temperature (25◦C), the precipitate was harvested
by centrifugation at 4,000 rpm, 4◦C for 35 min in a 50 ml falcon
tube. The pellet was resuspended in 30 ml of sterile distilled water
(H2O). The putative protein mixture was subsequently enriched
by desalting and dialysis with a 12.4 KDa molecular weight cut off
(MWCO) dialysis tube (Sigma) for 12 h in 1.2 L with intermittent
changing of 0.3 L of phosphate buffer saline (PBS). The dialysate
was redissolved in distill. H2O and filtered and sterilized in 0.2
µm of Avixa. The column was irrigated with 0.1% TFA in 20%
acetonitrile for 45 min at an isocratic flow rate of 2.5 ml min−1.
The separation was monitored at 280, 205, and 214 nm and
their threshold OD were recorded to be 0.083, 0.320, and 0.136,
respectively. The peaks were pooled together and lyophilized
to powder form (35XT), and shown to retain the antimicrobial
activity. The peak (P4) retention time was 12.083 min with
a purity index of 1.0000 (Supplementary Table 1). The
antimicrobial bioassay against S. aureus ATCC 25923 at each
step of purification confirmed the retention of antimicrobial
activity (Figure 2B,C). The intensity of antimicrobial activity
changed at different steps. The antimicrobial agent loaded in
the well diffused in the agar medium and inhibited the growth
of S. aureus ATCC 25923, Escherichia coli ATCC 25922, and
Candida albicans ATCC 20231. Therefore, it has shown a broad
spectrum of antimicrobial activity against gram-positive, gram-
negative, and fungal pathogens (Figure 3A–C). Its total protein,
yield percentage, and purification fold were calculated using
UV-spectrometry as compared to the initial starting cell-free
supernatant (Table 1).

Mass Spectrometric Analysis of Peptide
Mixtures
SEQUEST was used to catalog the peptide components of the
complex protein mixture (VP_1369) to identify the proteins
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FIGURE 2 | (A) A pure colony streak of Paenibacillus peoriae IBSD35 on LB agar, (B) Preliminary antimicrobial susceptibility test of the endophyte strains against S.
aureus ATCC 25923 (P. peoriae IBSD35, strain IBSD31, strain IBSD21, and strain IBSD 22), (C) retention of antimicrobial activity at different stages of purification
against S. aureus ATCC 25923 using a cut agar well diffusion bioassay (1, crude; 2, ammonium sulfate precipitate; 3, DEAE-C; 4, RP-HPLC; C, control (LB medium);
and Ant., is peptide antibiotics, nisin).

FIGURE 3 | The antimicrobial agent loaded in the well diffused in the agar medium and inhibited the growth of (A) S. aureus ATCC 25923, (B) Escherichia coli ATCC
25922, and (C) Candida albicans ATCC 20231. It has shown a broad spectrum of antimicrobial activity against gram-positive, gram-negative, and fungal pathogens.

enriched from the fermentation broth of P. peoriae IBSD35.
SEQUEST identified 15 protein groups from the partially purified
complex protein mixture (Supplementary Table 2). The known
genome proteins or peptides were searched with SEQUEST and
PEAKS from the uninterpreted experimental MS/MS database to
confirm the prediction of AMPs (Eng et al., 1994; Ma et al., 2003;
Lopez-Ferrer et al., 2004). All tandem mass spectra were searched

TABLE 1 | Purification scheme of the antimicrobial protein from P. peoriae IBSD35
culture broth (pH∼6.8 at 38◦C).

Steps Vol (ml) Total protein (mg) Purification fold Yield (%)

CFS 2,000 880 1 100

70%(NH4)2SO4 30 14.40 1.83 3

DEAE-C 30 15 1.76 3

RP-HPLC 1 0.0029 151.72 0.05

Its total protein, yield percentage, and purification fold were calculated as
compared to the initial starting cell-free supernatant.

by using the SEQUEST program against the P. peoriae IBSD35
proteome database (Hunt et al., 1986; Tabb et al., 2001). Each
high-scoring peptide sequence was manually compared with the
corresponding tandem mass spectrum to ensure the match was
correct (Table 2).

Proteome Analysis of the Paenibacillus
peoriae IBSD35
The AMP prediction with the CAMPR3 tool has shown
that the P. peoriae IBSD35 genome has a 1,111 bactericidal
stretch and a mean antimicrobial value of 0.25 (Waghu et al.,
2015). Peptides with different molecular weight (MW) were
detected from the LC-MS analysis (Table 3). The individual
peptide sequences were manually analyzed using the APD3
Antimicrobial Peptide Calculator and ExPASy–ProtParam tools
(Wang et al., 2016). IMG/ABC using AntiSMASH v5.0 predicted
25 BGCs from the P. peoriae IBSD35 genome, out of which
18 BGCs (i.e., 72%) were non-ribosomal peptide synthases
(NRPSs) (Krishnaveni et al., 2020; Supplementary Figure 1).
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TABLE 2 | LC-MS analysis of the sample (VP_1369) using the SEQUEST search algorithm against the Paenibacillus peoriae IBSD35 Uniprot database.

S. no Sample name Sample ID Database search Protein groups Peptides Proteins

1 35XT VP_1369 Paenibacillus peoriae IBSD35 15 29 15

MS data were acquired using a data-dependent top 10 method dynamically choosing the most abundant precursor ions from the survey scan.

TABLE 3 | Some of the common AMPs from LC-MS analysis of Paenibacillus peoriae IBSD35 culture broth using PEAKS and SEQUEST search tools.

Peptide m/z z RT Mass ppm PTM AMP Similarity (%)

MLMPVLHK 484.7956 2 92.32 967.5347 43.3 N Gramicidin S 40

AGSTATAAVPVVVPLLPLEPK 1,015.567 2 105.04 2,029.182 -30.9 N Gramicidin C 40.9

K(+42.01)NYTKC(+57.02)FKGM(+15.99)PPK 828.9275 2 88.25 1,655.816 14.5 Y Paenibacterin 42.85

AGNVLVEGSTPPVTVHPLDK 677.3781 3 104.99 2,029.085 13.8 N GP-19 (bacteriocin) 39.13

STC(+57.02)VTCFC(+57.02)MLVYR 820.4572 2 112.11 1,638.703 120.2 Y Micrococcin P1 43.75

SC(+57.02)SCKPPVLVPLMMR 859.4999 2 101.03 1,716.855 76 Y Griselimycin 40

STKAAWDMFTAPSVLWMSGTRKSSHGK 742.631 4 113.98 2,966.453 14.1 N Lantibiotic, type 2 38.46

AGNSGYWTGPM(+15.99)M(+15.99)M(+15.99)AAP
VSTYDVVLMFCQRRHGRAHVTNTVGAAGTLSSDSR

927.4861 6 109.49 5,558.58 52.7 Y Penaeidin-3n 32.35

VMARKRTVPELYVR 859.4999 2 101.34 1,716.982 1.8 N Fengycin B2 46.66

AVMKVESHLC(+57.02)STKRNRTYKLLVRC
(+57.02)LLPC(+57.02)KHADHTMVWNAGK

982.4637 5 93.26 4,907.523 -49 Y Ericin A (Lantibiotic) 32.55

ACATEYTAK 479.3219 2 112.72 956.4273 210.7 N Fusaricidine D 40

TVGRVNSM(+15.99)AQTAEGAMNEVSSMLTR 886.0884 3 112.1 2,655.242 0.8 Y Plantaricin DL3 34.61

AC(+57.02)TVDVHK 465.307 2 107.1 928.4437 167.5 Y Nrps, Lipopeptide 37.5

AEGVPPEVPTGVASAYR 850.4984 2 109.81 1,698.858 73.3 N A class 2 lasso peptide; class 1
microcins

39.13

C(+57.02)GTLVDHK 465.307 2 97.02 928.4437 167.5 Y Andracin B 41.66

m/z, mass to charge ratio; z, charge; PTM, post translational modification; AMP, antimicrobial peptide; RT, retention time; ppm, parts per million.

However, 13 BGCs had no similarity in the database. LC/MS
analysis of the P. peoriae IBSD35 extract revealed that
it produced Fusaricidin, Gramicidin, Bacteriocin, Andracin,
Fengycin, Griselymicins, Micrococcin, Paenibacterin, Ericin,
Penaeidin, Lipopeptide, Lassopeptide, Plantaricin, Lantibiotics,
etc. (Table 3 and Supplementary Figure 1).

Insights Into Biosynthetic Gene Clusters
From Whole Genome and LC-MS
Proteomic Data
LC-MS predicted a protein NRPS with accession number
A0A2S6P0H9 and its gene is C5G87_06145 (Supplementary
Table 2). It is a 3,737 aa with an MW of 41.9064 KDa.
Its sequence is derived from the EMBL/GenBank/DDBJ whole
genome shotgun (WGS) entry of P. peoriae IBSD35 which
are preliminary data with accession number PPQ4949.1. It is
derived by automated computational analysis using gene Protein
Homology prediction (States et al., 1991; Stephen et al., 2005). Its
DNA coordinates are 3–8,873 (+) (8,871 bp) with a GC content
of 0.52. The NRPS BGC was blastp (blastp BLASTP 2.9.0+) using
matrix Blosum62 at a threshold of 10 which showed that it was
82.4% similar to fusaricidin synthetase (E3EJA7) of Paenibacillus
polymyxa SC2 (E-value: 0.0, score: 15,836, query length: 3,737,
and match length: 3,748) (Stephen et al., 2005). A fusaricidin
synthase biosynthetic gene cluster was predicted based on the

evidence of CDS [Condensation and (AMP-binding or A-OX)]
or (Condensation and AMP-binding).

AntiSMASH v5.0 predicted that the protein list from LC-
MS data with accession no. A0A2S6P0H9 is an NRPS, and 60%
of genes showed similarity to paenibacterin. Its location is 1–
47,371 nucleotide with a total nucleotide of 47,371. This BGC
is linked to a cluster ID 2816336711.Ga0347712_134.region1 of
P. peoriae IBSD35 which is an NRPS with a gene count of 1
and 4 Pfam (Protein family) count (Supplementary Table 3). It
is 8,875 bp long. The putative NRPS gene cluster was analyzed
in silico which showed 37.79% sequence similarity to linear
gramicidin synthase subunit A (Zheng et al., 2000; Reimer et al.,
2019). Its structure assessed with a general Ramachandran plot
has shown that more than 90% are inside the inner favored
position (Supplementary Figure 2; Chen et al., 2010). Its 3D
conformation model was generated from the SWISS-MODEL
template library searched with BLAST and HHBlits (Camacho
et al., 2009; Steinegger et al., 2019) for evolutionary-related
structures matching the target sequence, and it was deposited at
ModelArchive with accession no. DOI Will be activated as soon
as the references or the article is added which refer to this Model
Archive (Supplementary Figure 3).

The LC-MS proteomic analysis protein
list has shown that the antimicrobial peptide
MESEDHISCLPYTNHVSRSTTVTSLNSHTYTLTFPTEISQR is
linked to this NRPS with accession A0A2S6P0H9. The peptide is
given a name Peoriaerin II based on its source. Physiochemical
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TABLE 4 | The physiochemical properties of Peoriaerin II.

Peptide No of aa Aliphatic index Mass PTM GRAVY Molecular formula Instability index (II) Theoretical PI

MESEDHISCLPYTNHVSR
STTVTSLNSHTYTLTFPTEISQR

41 61.71 4,685.13 C -0.588 C200H312N56O70S2 77.41 5.75

The SEQUEST search algorithm was used to generate the antimicrobial sequences. m/z, mass to charge ratio; m, mass; PTM, post translational modification; aa, amino
acids; C, carbamidomethyl on cysteine as fixed modification.

FIGURE 4 | (A) NRPS BGC in P. peoriae IBSD35 Neighborhood for Cluster ID 2816336725.Ga0347712_148.region1 predicted by JGI/ABC using AntiSMASH v5.0.
The genes in the red dashed box are protocore genes in the clusters for pfam00068 condensation domain functions associated with this cluster. Genes are colored
by PFAM association. (B) Domain organization of NRPS modules. Consensus sequences of conserved motifs in NRPS and the predicted specificity of A-domains
are indicated. A, adenylation domain; PP, peptidyl carrier protein domain; and C, condensation domain.

properties of Peoriaerin II analyzed using the ExPASy–ProtParam
tool1 revealed that its N-terminal is Methionine. It has four
negatively charged residues (Asp + Glu) and a total number
of two positively charged residues (Arg + Lys) (Table 4). Its
MW is 4,685.13 Da, and the total number of atoms is 640. The
estimated half-life is >10 h (Ferguson and Smith, 2003). The 3D
conformation of the Peoriaerin II was predicted using homology
modeling by the SWISS MODEL and deposited in ModelArchive
with accession no. ma-3rxzx DOI Will be activated as soon
as the references or the article is added which refer to this
ModelArchive.

Similar clusters were searched for in the JGI/ABC database
and the heatmaps of 11 genomes were plotted in color code2

(Figure 4). This search and subsequent analysis have led to the
identification of putative NRPS gene clusters in the selected 11
genomes (Supplementary Table 3, Blin et al., 2019; Krishnaveni
et al., 2020). The BC similarity search was based on pre-calculated
pairwise similarity scores using the Jaccard Index statistic for
comparing two sets (Cimermancic et al., 2014; Hadjithomas et al.,
2015).

The core genes include the phosphopantetheine attachment
site (pfam00550), AMP-binding enzyme (pfam00501), AMP-
binding enzyme C-terminal domain (pfam13193), and
condensation domain (pfam00668) which are present in
the gramicidin BGC of all the selected genomes, whereas the

1https://web.expasy.org/cgi-bin/protparam/protparam
2https://img.jgi.doe.gov/cgi-bin/abc/main.cgi

fatty acid hydroxylase superfamily (pfam04116) is present only
in Crocosphaera watsonii WH 0003. A putative operon encoding
the biosynthetic pathway was identified from BGC analysis
(Figure 5A). Its BGC domain structure was predicted using the
PKS-NRPS analysis tool, and blast results produced significant
alignments to peptide synthetase I (score bits: 20, E-value: 0.010,
method: compositional matrix adjust, identities: 8/8 (100%),
positives: 8/8 (100%) (Marahiel et al., 1997; Brian and Jacques,
2009; Figure 5B). Visualization of the NRPS neighborhoods
from the 11 genome BCs has shown that although the flanking
regions of the BCs differ, the core genes are conserved, thus it is
likely that these BCs indeed encode the necessary proteins.

DISCUSSION

AMR is spreading at an alarming rate causing innumerable public
health crises. Therefore, a competent, target specific, efficient
lead compound, and new therapeutic strategies are required to
address this formidable challenge (Newman and Cragg, 2012).
It is essential to explore new sources by intensifying screening
and identifying chemical diversity equipped with cutting-edge
techniques including genomics and proteomics tools (Davies,
2011; Harvey et al., 2015). The less explored region of North-East
India which lies in the Indo-Burma biodiversity hotspot region
(Myers et al., 2000) offered a venue to find novel biomolecule.
SMs from microbes are rich sources of novel compounds, and
often result from the interplay between genotypes and their
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FIGURE 5 | Visualization of the BGCs plotted in color code from the selected 11 genomes using the JGI/ABC database. The color code is represented in numbers
to indicate the number of pfam counts using MS Word. The X axis indicates the pfam and the genome taxonomy. The genomes are indicated at the right Y axis. The
left branching indicates the phylogeny relation of the BGCs. The BC similarity search was based on pre-calculated pairwise similarity scores using the Jaccard Index
statistic for comparing two sets. The core genes are pfam00501: AMP-binding enzyme, pfam00550: phosphopantetheine attachment site, pfam00668:
condensation domain, pfam04116: fatty acid hydroxylase superfamily. The list of genomes from the JGI/ABC database include: 1, Francisella noatunensis
noatunensis GM2212; 2, Thermobifida cellulosilytica TB100; 3, Chloroflexi bacterium T81; 4, Micromonospora sp. L5; 5, Bacillus sp.; 6, Bacillus subtilis ES73; 7,
Pseudomonas syringae PlaYM7902; 8, Paenibacillus peoriae IBSD35; 9, Crocosphaera watsonii WH 0003; 10, Bacillus cereus RCH_BC2; and 11, Pseudomonas
aeruginosa AMC ATCC 142. (Two scores are calculated: Jaccard Score: fraction of distinct pfams shared between two BCs (intersection) over the total number of
distinct pfams in both sets (union). Adjusted Jaccard Score: a modified version of the Jaccard Score that considers the similarity between the number of
occurrences of each pfam in each BC).

immediate external environment (Rosenblueth and Martínez-
Romero, 2006; Porras-Alfaro and Bayman, 2011). The study of
these compounds has improved our understanding of how an
organism interacts with its environment (Newman and Cragg,
2012). It is recurrently recognized that a significant number
of natural product drugs or lead compounds are produced by
microbes, or a microbe’s interaction with the plants and this
area of research offers huge potential for finding new novel
biomolecules (Friesen et al., 2011).

The study of the endophytic microorganism, Bacillus
amyloliquefaciens sp. isolated from the medicinal plant
Ophiopogon japonicas afforded the discovery of antitumor
exo-polysaccharides derived from the genus Bacillus (Chen
et al., 2013). Such findings from microbial endophytes provided
highly promising therapeutic value for antitumor activity against
gastric carcinoma cell lines. Amongst the compounds, naturally
occurring peptides represent one of the first evolved chemical
defenses of prokaryotes and eukaryotes against foreign invading
pathogens (Zasloff, 2002; Boman, 2003). They act as selective
antimicrobial products of microbes in association with their
host (Rosenblueth and Martínez-Romero, 2006; Hardoim et al.,

2008). AMPs’ capability of resistant development has attracted
a great deal of attention (Zasloff, 2002; Yeaman and Yount,
2003; Brogden, 2005). The global peptide drug market has
been predicted to increase from US$14.1 billion in 2011 to an
estimated US$25.4 billion in 2018, with an underlying increase
in novel, innovative peptide drugs from US$8.6 billion in 2011
(60%) to US$17.0 billion (66%) in 2018 (Transparency Market
Research, 2012).

A gram-positive bacterium, P. peoriae IBSD35, isolated from
the stem of M. pachycarpa Benth. retained antimicrobial activity
against S. aureus ATCC 25923 (DeFilipps and Krupnick, 2018;
Ngashangva et al., 2019). Its optimum growth condition was
observed at pH∼6.8 at 38◦C in LB and BHI media. It was
unable to grow on highly acidic and alkaline conditions.
Simple formulated medium was preferred for our extraction
process because rich media stimulated biofilm formation
which hindered the extraction process. The culture was
harvested by centrifugation and enriched with 70% ammonium
sulfate, desalted, and dialyzed. It was observed that high
salt concentration impeded the further purification process.
The enriched protein complex is purified with positively
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charged resin DEAE-C based on the biomolecule physiochemical
characteristics and RP-HPLC (Conlon, 2006; Ngashangva et al.,
2019). The PR-HPLC purified sample was analyzed with LC-
MS/MS (Eng et al., 1994; Dancík et al., 1999). The purified sample
exhibited a broad spectrum of antimicrobial activity against
S. aureus ATCC 25923, E. coli ATCC 25922, and C. ablicans
ATCC 10231, which represent gram-positive, gram-negative,
and fungal pathogens. However, the potency of antimicrobial
activity against pathogens at different stages of purification
were different which may be due to different bioavailability.
Moreover, potency toward different pathogens were different
which may be due to the differences in mode of action toward
pathogens’ cell membranes.

High-performance liquid chromatography enabled us to
separate the complex trypsin-digested peptide mixture, and
infer the protein sequence and identify hundreds of potential
antimicrobial peptides from MS/MS data through de novo
sequencing (Dancík et al., 1999; Ma et al., 2003; Waridel
et al., 2007; Ma and Johnson, 2012; Medzihradszky and
Chalkley, 2015). AMPs were sequenced using LC-MS which
coincides with the prediction from its genome SMs BGC.
The ability of mass spectrometry to identify and precisely
quantify thousands of proteins from complex samples can be
expected to impact broadly on biology and finding novel AMPs
(Aebersold and Mann, 2003).

Protein identification is a key and essential step in the field of
proteomics which can help in the classification of samples on the
basis of a particular pattern. Peptide identification from tandem
mass spectrometry (MS/MS) data is one of the central tasks in
our experiment (Medzihradszky and Chalkley, 2015). Genome
mining has accelerated the workflow, as the prediction of SM
biosynthetic gene clusters and their pathways provided us with
a rationale for the isolation of natural AMP from the complex
protein mixture and a link to its genome BGC (McIntosh et al.,
2009; Li et al., 2020).

Liquid chromatography coupled with tandem mass
spectrometry (LC/MS/MS) was used to identify the components
of the extracellular protein complex (Tabb et al., 2001; Seidler
et al., 2010; Lu et al., 2014). MS-based proteomics were used
for the identification of proteins via database-supported
interpretation of MS data using search engines such as SEQUEST
and PEAKS (Perkins et al., 1999; Tabb et al., 2001; Ma et al.,
2003). Genome mining was used to predict the secondary
metabolite biosynthetic gene clusters, and used as a rationale to
link the peptides from MS/MS data (Li et al., 2020). IMG/ABC
using AntiSMASH tools predicted the P. peoriae IBSD35 genome
BGCs, and they were correlated with the protein lists predicted
from the Proteomic SEQUEST database search. The sequence
used blast to search for similarity and assessed their scores using
the web tools of the NCBI/EMBL database (Stein et al., 2002).
A NRPS BGC was predicted from LC-MS/MS data which was
assumed to encode Peoriaerin II. The domain was elaborated
using the NRP-PKS analyses tool from the NRPS BGC and
its 3D conformation structure was assessed with a general
Ramachandra plot in which more than 90% were in the inner
favored position, while the Gly, Pro, and pre-Pro residues were
on separate plots (not shown).

This finding is remarkable considering that the AMP is from a
plant-associated bacterial endophyte. It is effective against gram-
positive and gram-negative bacteria as well as fungal pathogens.
This finding raises the possibility to find novel strains from
traditionally used medicinal plants with novel BGC (Maroti et al.,
2011). The current proteomic approach focuses on the de novo
analysis of the protein mixture isolated from Paenibacillus peoriae
IBSD35 fermentation broth. MS-based proteomics enabled the
analysis of the extracellular metabolites and were linked with the
genome sequence database (Aebersold and Mann, 2003; Wang
et al., 2014). Peoriaerin II was harvested from the fermentation
broth of P. peoriae IBSD35 by centrifugation. It showed potent
antimicrobial activity against S. aureus ATCC 25923. MS-based
proteomics is an indispensable technology to interpret the
information encoded in genomes for molecular and cellular
biology, and for the emerging field of system biology.

CONCLUSION

Traditionally used medicinal plant, M. pachycarpa Benth.,
harbored endophytic gram-positive bacterium, Paenibacillus
peoriae IIBSD35. The latter is a good source of novel
antimicrobial peptides. It offered a new source and strategy to
combat the ever-increasing menace of AMR. An antimicrobial
agent which can be cultured at pH∼6.8, 38◦C was harvested in
an environment friendly and cost-effective experimental set up.
The growth curve indicated that its log phase coincided with the
antimicrobial activity state on day 6.

The extracellular metabolites harvested from the fermentation
broth on log phase were enriched using 70% ammonium sulfate
and desalted with a 1.24 KDa dialysis tube in 1.2 L of PBS
in 12 h. High-performance liquid chromatography enabled us
to separate the complex protein mixture, infer the protein
sequence, and identify the potential antimicrobial peptides from
MS/MS data through de novo sequencing. The biomolecule was
enriched to 151.72-fold and the yield percentage was 0.05 which
is low but it may be enhanced using supplements. The specific
activity (AU/mg) increased from 1,818.18 initial crude extract
to 275,862.06 RP-HPLC which indicated its increase in potency
from crude to the final purified form.

It retained the antimicrobial activity at different stages
of purification indicating its stability and potential for drug
development and as a food preservative. Its broad spectrum of
antimicrobial activity against S. aureus ATCC 25923, Escherichia
coliATCC 25922, andCandida ablicansATCC 10231 indicated its
efficacy against AMR pathogens. The MIC of the AMP, Peoriaerin
II, against S. aureus ATCC 25923 was 0.0365 µg µl−1 which
indicated its high potency.

P. peoriae IBSD35 genome analyses have accelerated our
prediction of specific NRPS biosynthetic gene clusters and its
domain organizations (Wang et al., 2014). It provided a rationale
for isolation of Peoriaerin II from complex crude extracts.
The proto-core gene pfam00068 condensation domain functions
associated with the cluster were elaborated from its domain
organization comparison in the NRPS BGC heatmap. An NRPS
BGC sequence BLAST in the UniprotKB was 82.4% similar
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to the fusaricidin biosynthetic gene cluster of Paenibacillus
polymyxa SC2.

Therefore, traditionally used medicinal plants from less
explored forests offer new sources to find novel endophytes and
their novel compounds that can be used for drug development
against AMR, as food preservative, and as industrial and
agricultural biological agents. Combining genomic data with
the LC-MS mass spectrometry and molecular networking-based
investigation of the P. peoriae IBSD35 metabolome, we succeeded
in identifying the highly potent and broad spectrum Peoriaerin II
which can be further used for drug development against AMR.
Additionally, many AMPs and their variants were identified
which have high potential as antimicrobial agents in medicine,
agriculture, and industries.
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The group of bacterial non-ribosomally produced peptides (NRPs) has formed a rich
source for drug development. Brevicidine, a bacterial non-ribosomally produced cyclic
lipo-dodecapeptide, displays selective antimicrobial activity against Gram-negative
pathogens. Here, we show that brevicidineB, which contains a single substitution
(Tyr2 to Phe2) in the amino acid sequence of the linear part of brevicidine, has a
broadened antimicrobial spectrum, showing bactericidal activity against both Gram-
negative (with a MIC value of 2 to 4 mg/L) and Gram-positive (with a MIC value of 2
to 8 mg/L) pathogens. Compared with an earlier reported member of the brevicidine
family, the broadened antimicrobial spectrum of brevicidineB is caused by its increased
membrane disruptive capacity on Gram-positive pathogens, which was evidenced by
fluorescence microscopy assays. In addition, DiSC3(5) and resazurin assays show that
brevicidine and brevicidineB exert their antimicrobial activity against Gram-negative
bacteria via disrupting the proton motive force of cells. Notably, as a brevicidine
family member, brevicidineB also showed neither hemolytic activity nor cytotoxicity at
a high concentration of 64 mg/L. This study provides a promising antibiotic candidate
(brevicidineB) with a broad antimicrobial spectrum, and provides novel insights into the
antimicrobial mode of action of brevicidines.

Keywords: antimicrobial activity, Brevicidine, NRPs, cyclic peptide, lipopeptide

INTRODUCTION

Brevicidine (Bre), a cyclic lipopeptide, was discovered from Brevibacillus laterosporus DSM 25 by
genome mining (Li et al., 2018). This cyclic lipopeptide displays selective antimicrobial activity
against Gram-negative pathogens, including Enterobacter cloacae, Escherichia coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae, and Acinetobacter baumannii (Li et al., 2018). Notably, Bre
has relatively low cytotoxicity and hemolytic activity, and it has been shown to display effective
antimicrobial effects in mice infected with E. coli (Li et al., 2018). This information demonstrates
that Bre could be developed as an excellent antibiotic candidate against Gram-negative pathogens.
Although Bre was reported 3 years ago, little is known about how Bre exerts its selective
antimicrobial activity against Gram-negative pathogenic bacteria.

In this study, brevicidineB (BreB), containing a single substitution (Tyr2 to Phe2) in the
amino acid sequence of the linear part of Bre, was discovered from the producer strain of
Bre, Brevibacillus laterosporus DSM 25. It is exciting that BreB shows antimicrobial activity
against both Gram-negative and Gram-positive pathogens. Therefore, we envisioned that
this broadened antimicrobial spectrum of BreB could be based on an altered antimicrobial
mechanism. Subsequently, the antimicrobial mechanisms of Bre and BreB were investigated.
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Graphical abstract | The antimicrobial mode of action of brevicidines. Brevicidines are potent antimicrobial cyclic lipopeptides active against Gram-negative
pathogens. They have low hemolytic activity and cytotoxicity. BrevicidineB, a single amino acid residue mutant of brevicidine, displays an altered antimicrobial
spectrum, showing also antimicrobial activity against Gram-positive pathogens. Due to disruption of the proton motive force of Gram-negative pathogens,
brevicidines act as bactericidal antibiotics. In addition, brevicidineB acts as a bactericidal antibiotic against Gram-positive pathogens, because of its disruption
capacity of the cellular membrane.

The results show that Bre exerts its selective antimicrobial
activity against Gram-negative pathogens by disrupting the
proton motive force of the cellular membrane. BreB employs the
same mode of action against Gram-negative pathogens as Bre.
However, due to its membrane permeabilization ability, BreB
also has antimicrobial activity against Gram-positive pathogens.
Finally, hemolytic activity and cytotoxicity assays show that there
is no innate safety concern for BreB.

MATERIALS AND METHODS

Bacterial Strains Used and Growth
Conditions
Strains used in this study are listed in Supplementary Table 1.
Brevibacillus laterosporus DSM 25 cells were inoculated in LB and
incubated at 37◦C for prepare overnight culture. For production
of brevicidines, an overnight culture of Brevibacillus laterosporus
DSM 25 cells was inoculated (50-fold dilution) in minimal
expression medium (MEM) and grown 36 h at 30 0C. All
indicator strains were inoculated in LB and incubated at 37◦C for
preparing the overnight cultures.

Purification of Cationic Cyclic
Lipopeptides From Brevibacillus
laterosporus DSM25 Culture Medium
A 36 h old Brevibacillus laterosporus DSM 25 culture was
centrifuged at 15,000 g for 15 min, and the supernatant

was collected and adjusted the pH to 7. After that, the
culture was applied to a CM SephadexTM C-25 column (GE
Healthcare) equilibrated with distilled water. The flow-through
was discarded, and the column was subsequently washed with 12
column volumes (CV) of distilled water. The peptide was eluted
with 6 CV 2 M NaCl. The eluted peptide was then applied to a
SIGMA-ALDRICH C18 Silica gel spherically equilibrated with
10 CV of 5% aq. MeCN containing 0.1% trifluoroacetic acid.
After washing with a 10 CV of 5% aq. MeCN containing 0.1%
trifluoroacetic acid, peptides were eluted from the column using
up to 10 CV of 50% aq. MeCN containing 0.1% trifluoroacetic
acid. Fractions containing the eluted peptides were freeze-dried
and dissolved in MQ water. After filtration through a 0.2 µm
filter, the cyclic lipopeptides were purified on an Agilent 1260
Infinity HPLC system with a Phenomenex Aeris C18 column
(250 × 4.6 mm, 3.6 µm particle size, 100 Å pore size). Acetonitrile
was used as the mobile phase, and a gradient of 25-35% aq. MeCN
over 30 min at 1 mL per min was used for separation. The purified
lipo-tridecapeptides were eluted with a gradient of 28 to 32% aq.
MeCN. The expression levels for Bre and BreB were 6 mg/L and
0.5 mg/L, respectively.

Mass Spectrometry
Matrix-assisted laser desorption ionization-time-of-flight
(MALDI-TOF) mass spectrometer analysis was performed using
a 4800 Plus MALDI TOF/TOF Analyzer (Applied Biosystems)
in the linear-positive mode as in previously studies (Zhao
et al., 2020a,b,c). Briefly, a 1 µL sample was spotted on the
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target, and dried at room temperature. Subsequently, 0.6 µL
of matrix solution (5 mg/mL of αα-cyano-4-hydroxycinnamic
acid) was spotted on each sample. After the samples had dried,
MALDI-TOF MS was performed.

LC-MS/MS Analysis
Due to LC-MS/MS can be used to yield b and y ions for peptides,
it is widely used in peptide structure elucidation (; McClerren
et al., 2006; Zhang et al., 2014; Zhao et al., 2020b). To gain
insight into the peptides molecular structures LC-MS/MS was
performed. LC-MS was performed using a Q-Exactive mass
spectrometer fitted with an Ultimate 3000 UPLC, an ACQUITY
BEH C18 column (2.1 × 50 mm, 1.7 µm particle size, 200 Å;
Waters), a HESI ion source and an Orbitrap detector. A gradient
of 5–90% MeCN with 0.1% formic acid (v/v) at a flowrate of
0.35 mL/min over 60 min was used. MS/MS was performed in
a separate run in PRM mode selecting the doubly and triply
charged ion of the compound of interest.

Minimum Inhibitory Concentration (MIC)
Assays
Minimum inhibitory concentration values were determined
by broth micro-dilution according to the standard guidelines
(Wiegand et al., 2008). Briefly, the test medium was cation-
adjusted Mueller-Hinton broth (MHB). Cell concentration
was adjusted to approximately 5 × 105 cells per mL. After
20 h of incubation at 37◦C, the MIC was defined as the
lowest concentration of antibiotic with no visible growth. Each
experiment was performed in triplicate.

For measuring the MIC of antimicrobials against indicator
strains in the presence of 10% human plasma, MHB was replaced
with MHB containing 10% human plasma and the effect of these
two conditions were compared (Li et al., 2018).

Assay for Time-Dependent Killing
This assay was performed according to a previously described
procedure (Ling et al., 2015; Zhao et al., 2020c). An overnight
culture of either Escherichia coli ATCC25922 or Staphylococcus
aureus ATCC15975 (MRSA) was diluted 50-fold in MHB and
incubated at 37◦C with aeration at 220 r.p.m. Bacteria were grown
to an OD of 0.5, and then the concentration of cells was adjusted
to ≈5 × 106 cells per mL for E. coli and ≈2 × 107 for S. aureus.
Bacteria were then challenged with 10 × MIC antimicrobials in
glass culture tubes at 37◦C and 220 r.p.m. Bacteria not treated
with peptides were used as a negative control. At desired time
points, two hundred µl aliquots were taken, centrifuged at 8,000 g
for 2 min and resuspended in 200 µl of MHB. Ten-fold serially
diluted samples were plated on MHA plates. After incubation at
37◦C overnight, colonies were counted and the c.f.u. per mL was
calculated. Each experiment was performed in triplicate.

Fluorescence Microscopy Assays
This assay was performed according to a previously described
procedure (Li et al., 2020a,b). Escherichia coli ATCC25922 or
Staphylococcus aureus ATCC15975 (MRSA) was grown to an
OD600 of 0.8. Culture was pelleted at 4,000 g for 5 min and

washed three times in MHB. After normalization of the cell
density to an OD600 of 0.2 in MHB, brevicidines were added
at final concentrations of 2 × MIC, 1 × MIC or 0.5 × MIC,
while nisin/polymyxin B was added at a concentration of one-
fold MIC. At the same time, SYTO 9 and propidium iodide
(LIVE/DEAD Baclight Bacterial Viability Kit, Invitrogen) were
added to the above cell suspensions. After incubation at room
temperature for 15 min, peptides were removed and washed
three times with MHB. Then the cell suspensions were loaded on
1.5% agarose pads and analyzed by DeltaVision Elite microscope
(Applied precision).

DiSC3(5) Assays
DiSC3(5) assay was adapted from previously described
procedures (Li et al., 2020a; Stokes et al., 2020). Briefly,
Escherichia coli ATCC25922 was grown to an OD600 of 0.8.
The cell culture was pelleted at 5,000 g for 5 min and washed
three times in MHB. The cell density was normalized to
an OD600 of 0.2, loaded with 6 µM DiSC3(5) dye (3,3’-
dipropylthiadicarbocyanine iodide), and incubated for 20 min in
the dark for probe fluorescence to stabilize. Subsequently, the cell
suspension was added to a 96-well microplate and incubated for
20 min. After antibiotics were added at final concentrations of
2 × MIC, 1 × MIC or 0.5 × MIC, with the antibiotics added after
∼20 s, fluorescence was monitored for 30 min. The excitation
and emission wavelengths on the fluorescence spectrometer were
adjusted to 622 nm and 670 nm, respectively. Representative
examples from three technical replicates are shown.

Resazurin Assay
Non-fluorescent resazurin can be reduced to resorufin, a highly
fluorescent compound, in a NAD(P)H dependent manner
in the presence of NAD(P)H dehydrogenase (Barnes and
Spenney, 1980; Winartasaputra et al., 1980; McMillian et al.,
2002; Li et al., 2020a). Therefore, the resazurin/NAD(P)H
dehydrogenase/NAD(P)H system can be used to detect the
NAD(P)H level of cells. Escherichia coli ATCC25922 cells were
grown in MHB until the OD600 reached 0.1. Resazurin was
added to the cell culture at a final concentration of 100 µg
per mL. Brevicidines and polymyxin B were added at final
concentrations of 2 × MIC, 1 × MIC or 0.5 × MIC. Milli Q water
was used as a untreated control. Fluorescence was recorded by
using a Thermo Scientific Varioskan LUX multimode microplate
reader with excitation and emission wavelengths of 622 nm
and 670 nm, respectively. Representative examples from three
technical replicates are shown.

Hemolytic Activity Assay
Hemolytic activity assay was performed as the method described
in previous studies (Ling et al., 2015; Li et al., 2018). In short,
erythrocytes were isolated from the blood of a healthy human and
washed with 0.1 M PBS three times. Subsequently, peptides were
added at final concentrations of 64, 32, 16, 8, 4, 2, and 0 µg/mL in
PBS containing 2% (v/v) erythrocytes. The cells were incubated
at 37◦C for 1 h and centrifuged for 5 min at 10,000 g. The
supernatant was transferred to a 96-well plate, and the absorbance
was measured at a wavelength of 570 nm with a Thermo Scientific
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Varioskan LUX multimode microplate reader. The absorbance
relative to the positive control, which was treated with 10% Triton
X-100, was defined as the percentage of hemolysis. Representative
examples from three technical replicates are shown.

Mammalian Cytotoxicity
The cytotoxicity of brevicidines was evaluated on a human liver
cell line (HepG2) cells by using the XTT (Cell Proliferation
Kit XTT, AppliChem) assay (Roehm et al., 1991). HepG2 cells
(in Dulbecco’s Modified Eagle’s medium supplemented with
10% Fetal Bovine Serum) were seeded into 96-well plates, and
incubated at 37 ◦C with 5% CO2. After 24 h, the medium was
replaced with fresh medium (DMEM with 2% FBS, 100µL per
well) containing different concentrations of brevicidines (Zhao
et al., 2017). After 24 h incubation, the XTT reagent was added
to the cultures according to the manufacturer’s instructions,
and the plates were incubated at 37◦C for 2 h with 5% CO2.
Subsequently, the absorbance values were measured by using a
Varioskan LUX multimode microplate reader (Thermo Fisher
Scientificı) at 485 nm (reference 690 nm).

Quantification and Statistical Analyses
GraphPad Prism 7.0 was used to fit the data of time-killing
assays, DiSC3(5) assays, resazurin reduction assays, hemolytic

assays, and cytotoxicity assays in Figures 2, 4, 5. Experiments
were conducted in triplicate, and data are represented as the
mean value of triplicate experiments; Data Explorer Software
was used to analyze the MALDI-TOF data; Thermo Scientific
Xcalibur software was used to analyze the LC-MS/MS data;
ImageJ was used to analyze the fluorescence microscopy images.
The statistical significance of the data was assessed using a
two-tailed Student’s t-test with GraphPad Prism 7.0. Correlation
analyses were evaluated by Pearson r2, ns: p > 0.05, ∗p < 0.05,
∗∗p < 0.01, and ∗∗∗p < 0.001.

RESULTS

Isolation and Characterization of Purified
Cyclic Lipopeptides by MALDI-TOF MS
and LC-MS/MS
As the structure of Bre is different from the peptide that
was revealed by the antimicrobial mining software antiSMASH
version 5.1.1 (Medema et al., 2011; Blin et al., 2019; Figures 1A,
B), we envisioned that Brevibacillus laterosporus DSM 25
could produce some variants of Bre since most of the NRP
biosynthetic systems are able to produce several natural analogs.
In the present study, cationic peptides were purified from

FIGURE 1 | The structures of brevicidines and the predicted biosynthetic gene cluster. (A) The non-ribosomal peptide synthetases genes harbored by the
Brevibacillus laterosporus DSM 25 genome. (B) the catalytic domains encoded by the gene cluster, and the substrates incorporated by the respective modules.
Domains: A, adenylation; T, thiolation; C, condensation; E, epimerization; TE, thioesterase. (C) structures of brevicidines. The red color indicates the different
structure of brevicidines.
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TABLE 1 | MIC values of Bre and BreB against pathogenic bacteria.

Microorganism MIC (mg/L)

Bre BreB PolyB Nisin

Gram-negative pathogenic bacteria

Enterobacter cloacae LMG02783 1 2 >64 32

Escherichia coli ATCC25922 2 2 2 64

Escherichia coli ATCC25922a 0.25 0.25 0.5 N.D.

Pseudomonas aeruginosa PAO1 2 2 1 >64

Pseudomonas aeruginosa PAO1a 0.5 1 0.25 N.D.

Klebsiella pneumoniae LMG20218 2 4 2 >64

Klebsiella pneumoniae LMG20218a 0.25 1 0.5 N.D.

Pseudomonas aeruginosa LMG6395 4 4 2 >64

Acinetobacter baumannii ATCC17978 16 4 4 32

Gram-positive pathogenic bacteria

Enterococcus faecium LMG16003 (VRE) >64 2 16 6

Enterococcus faecium LMG16003 (VRE)a >64 2 N.D. 6

Staphylococcus aureus ATCC15975 (MRSA) >64 4 32 6

Staphylococcus aureus ATCC15975 (MRSA)a >64 4 N.D. 6

Bacillus cereus ATCC14579 >64 4 8 6

Enterococcus faecalis LMG16216 (VRE) >64 8 16 6

aMIC values tested in MHB plus 10% Human plasma. VRE, vancomycin resistant
Enterococcus; MRSA, methicillin resistant S. aureus; polyB is polymyxin B.
N.D., not determined.

Brevibacillus laterosporus DSM 25 using the method described in
a previous study (Zhao et al., 2020b). After HPLC purification
(Supplementary Figure 1), MALDI-TOF MS was used to
measure molecular weight of the purified peptides. The two
purified compounds were analyzed by MALDI-TOF MS and
their masses were determined to be 1519 Da (compound 1)
and 1503 Da (compound 2) (Supplementary Figures 2, 3),
respectively. Further characterizations were performed by an LC-
MS/MS analysis, and the results are shown in Supplementary
Figures 4, 5. The structures of these two compounds were
elucidated by using known Bre as a reference template.
Compound 1 is the reported cyclic lipopeptide, Bre, and
compound 2 is a novel cyclic lipopeptide, termed BreB, which has
a single substitution (Tyr2 to Phe2) in the amino acid sequence of
the linear part of Bre (Figure 1C).

BreB, a Single Amino Acid Residue
Mutant of Bre, Displays a Broadened
Antimicrobial Spectrum
The antimicrobial activity of brevicidines against pathogenic
bacteria was measured by MIC assays. Polymyxin B and
nisin were used as antibiotic controls. Nisin showed good
antimicrobial activity against the Gram-positive pathogens
tested, but it had insufficient antimicrobial activity against the
Gram-negative pathogens tested. Polymyxin B showed strong
antimicrobial activity against most of the tested Gram-negative
pathogens; however, polymyxin B resistance was observed in
Enterobacter cloacae LMG02783. Moreover, polymyxin B showed
insufficient antimicrobial activity against the tested Gram-
positive pathogens. In agreement with a previous study, Bre

FIGURE 2 | BrevicidineB acts as a bactericidal antibiotic against both
Gram-negative and Gram-positive pathogenic bacteria. (A) time killing curve
of brevicidines (10 × MIC) against Escherichia coli. Each experiment was
performed in triplicate. (B) time killing curve of brevicidines (10 × MIC) against
Staphylococcus aureus (MRSA). Each experiment was performed in triplicate.

showed strong antimicrobial activity against Gram-negative
pathogens (Table 1; Li et al., 2018). The newly discovered
member of the Bre family, BreB, also showed good antimicrobial
activity against all the tested Gram-negative pathogens, including
Enterobacter cloacae, Escherichia coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae, and Acinetobacter baumannii, with
a MIC value of 2 to 4 mg/L (Table 1). These results
demonstrate that BreB has similar antimicrobial activity
as Bre against Gram-negative pathogens. Subsequently, the
antimicrobial activity of Bre and BreB against Gram-positive
pathogens was tested. In agreement with a previous study
(Li et al., 2018), Bre showed no antimicrobial activity against
the tested Gram-positive pathogens (Table 1). Interestingly,
BreB showed good antimicrobial activity against all the tested
Gram-positive pathogens, including difficult-to-treat antibiotic-
resistant Enterococcus and Staphylococcus aureus (Table 1), with
a MIC value of 2 to 8 mg/L. These results suggest that BreB is
a better antibiotic candidate than Bre, polymyxin B, or nisin in
treating mixed infections since it has good antimicrobial activity
against both Gram-positive and Gram-negative pathogens.
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FIGURE 3 | BrevicidineB acts as a potent antibiotic against Gram-positive bacteria by disruption of the cellular membrane. (A) Fluorescence microscopy image of
Staphylococcus aureus cells after being exposed to nisin (6 mg/L; 1 × MIC), brevicidine (8 mg/L, 4 mg/L, or 2 mg/L), and brevicidineB [8 mg/L (2 × MIC), 4 mg/L
(1 × MIC) or 2 mg/L (0.5 × MIC)] for 15 min. (B) Fluorescence microscopy image of E. coli cells after being exposed to polymyxin B (2 mg/L; 1 × MIC), brevicidine
[4 mg/L (2 × MIC), 2 mg/L (1 × MIC) or 1 mg/L (0.5 × MIC)], and brevicidineB [4 mg/L (2 × MIC), 2 mg/L (1 × MIC), or 1 mg/L (0.5 × MIC)] for 15 min. Green
denotes a cell with an intact membrane, whereas red denotes a cell with a compromised membrane.

BreB showed the same antimicrobial activity in the presence
or absence 10% human blood plasma against Gram-positive
pathogens [S. aureus ATCC15975 (MRSA) or E. faecium
LMG16003]. Interestingly, brevicidines and polymyxin B showed
much stronger antimicrobial activity against Escherichia coli,
Pseudomonas aeruginosa (PAO1), Klebsiella pneumoniae in the
presence of 10% human blood plasma (Table 1), which may relate
to their effective antimicrobial activity in vivo (Li et al., 2018). The
enhanced antimicrobial activity of brevicidines in the presence
of human blood plasma makes them more attractive for further
development as antimicrobials.

BreB Acts as a Bactericidal Antimicrobial
Against Both Gram-Negative and
Gram-Positive Pathogens
Investigating the time dependence of antibiotic action is widely
used to identify whether a compound is bacteriostatic or
bactericidal (Ling et al., 2015; Zhao et al., 2020c). In this
study, we monitored the killing kinetics of brevicidines against
E. coli and S. aureus. Polymyxin B and nisin were used as
bactericidal antibiotic controls for Gram-negative and Gram-
positive pathogens, respectively. Polymyxin B showed the fastest
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killing capacity against E. coli, which killed all E. coli cells in
half an hour. Brevicidines also showed a quick killing capacity
against E. coli, which killed all the E. coli cells in 1 h at a desirable
concentration at the site of infection (10 × MIC) (Figure 2A).
BreB showed bactericidal activity against S. aureus, and it killed
all the S. aureus cells in 1 h at a desirable concentration at the
site of infection (10 × MIC) (Figure 2B), and has an even faster
killing ability than the well-known bactericidal antimicrobial
nisin (Figure 2B). However, a normal growth curve was observed
for the S. aureus cells treated with Bre (Figure 2B). These results
demonstrate that Bre acts as a bactericidal antimicrobial against
E. coli, and BreB acts as a bactericidal antimicrobial against both
E. coli and S. aureus.

BreB Exerts Its Antimicrobial Activity
Against Gram-Positive Bacteria by
Disrupting the Cellular Membrane
As BreB showed antimicrobial activity against Gram-positive
pathogens, we monitored the effect of brevicidines on the
membrane permeability of Gram-positive bacteria. To this end,
a fluorescence microscopy assay was performed on S. aureus
cells in MHB using a commercial LIVE/DEAD Baclight Bacterial
Viability Kit, which consists of SYTO 9 and propidium iodide.
Cells with an intact membrane will stain green, whereas cells
with a compromised membrane will stain red. Nisin was used
as a membrane permeability disruptive antibiotic control. After
treatment with nisin at a concentration of 6 mg/L (1 × MIC)
for 15 min, around half of the S. aureus cells were showing in
red, which demonstrates that nisin permeabilized the membrane
of these red cells (Figure 3A). Interestingly, after treatment with
BreB at a concentration of 4 mg/L (1 × MIC) for 15 min,
more than half of the S. aureus cells were showing in red,
and the percentage of the red cells is positively related to the
concentration of BreB (Figure 3A). However, green cells were
observed for the Bre (at the same concentrations used for BreB)
treated S. aureus cells (Figure 3A). These results demonstrate
that BreB disrupted the membrane of S. aureus cells, whereas
Bre showed no influence on the membrane permeability of
S. aureus cells (Figure 3A). These results suggest that BreB
exerts its antimicrobial activity against Gram-positive bacteria
by disrupting the cellular membrane, which can explain why
a single amino acid mutation can broaden the antimicrobial
spectrum of Bre.

BreB Disrupts the Proton Motive Force
of Gram-Negative Bacteria
To monitor the effect of brevicidines on the membrane
permeability of Gram-negative bacteria, we performed a
membrane permeability assay on E. coli cells using the
same method described above. After a 2 mg/L (1 × MIC)
concentration of polymyxin B treatment for 15 min, more
than half of the E. coli cells were stained red (Figure 3B),
which demonstrates that polymyxin B disrupted the cellular
membrane of these red E. coli cells. In contrast, brevicidines
showed no influence on the membrane permeability of E. coli
cells at concentrations of 2 mg/L (1 × MIC) and 1 mg/L

(0.5 × MIC), which showed stained green E. coli cells as
the untreated group (Figure 3B). In addition, brevicidines
caused membrane permeabilization for a few percent of E. coli
cells at a concentration of 4 mg/L (2 × MIC) (Figure 3B),
which suggests that brevicidines might non-specifically cause
membrane permeabilization at a relatively high concentration,
as many other antimicrobial peptides do (Oren and Shai, 1998;
Huang et al., 2004; Brogden, 2005; Varney et al., 2013; Bakhtiary
et al., 2017). These results indicate that brevicidines do not exert
their antimicrobial activity against Gram-negative bacteria by
increasing the membrane permeability of bacteria at low MIC
value concentrations.

The dye DiSC3(5) (3,3’-dipropylthiadicarbocyanine iodide)
is widely used in the mode of action studies of antibiotics
(Rink et al., 2007; Jangra et al., 2019; Valderrama et al., 2019;
Stokes et al., 2020). DiSC3(5) accumulates in the cytoplasmic
membrane in response to the 1ψ component of the proton
motive force and self-quenches its fluorescence (Wu et al., 1999;
Stokes et al., 2020). When 1pH is disrupted, cells compensate by
increasing the 1ψ, resulting in enhanced DiSC3(5) uptake into
the cytoplasmic membrane and therefore decreased fluorescence
(Wu et al., 1999; Stokes et al., 2020). In this study, DiSC3(5)
assays were performed in MHB by using E. coli cells. The
fluorescence was immediately decreased after E. coli cells were
exposed to polymyxin B, and the fluorescence then increased
quickly (Figure 4A). These results demonstrate that polymyxin B
disrupted the membrane proton motive force immediately after
it was added to E. coli cells, and then fluorescence increased
quickly due to polymyxin B disrupting the cellular membrane.
Brevicidines showed fast but slower membrane proton motive
force disruption capacity than polymyxin B in a dose-dependent
manner (Figure 4A). Brevicidines showed no membrane
permeabilization at concentrations of 2 mg/L (1 × MIC) and
1 mg/L (0.5 × MIC) during 30 min monitoring (Figure 4A). In
agreement with the fluorescence microscopy results (Figure 3B),
brevicidines (4 mg/L; 2 × MIC) started to disrupt the membrane
of cells after 7 min treatment due to their non-specific membrane
permeabilization capacity at a relatively high concentration, as
many other antimicrobial peptides do (Figure 4A; Oren and
Shai, 1998; Huang et al., 2004; Brogden, 2005; Varney et al.,
2013; Bakhtiary et al., 2017). These results demonstrate that
brevicidines exert their antimicrobial activity against Gram-
negative pathogens by disrupting the proton motive force of the
bacterial cells at low MIC value concentrations.

To further confirm that brevicidines disrupt the proton
motive force of Gram-negative bacteria, the NADH level of
cells was monitored by using the non-fluorescent dye resazurin,
which is reduced to resorufin, a highly fluorescent compound,
by NADH in the presence of NADH dehydrogenase (Barnes
and Spenney, 1980; Winartasaputra et al., 1980; McMillian
et al., 2002; Li et al., 2020a). Therefore, the fluorescence signal
level can reflect the NADH level of cells. The fluorescence
signal of antibiotic-treated cells was rapidly increasing during
10 min after treatment (Figure 4B), indicating polymyxin
B, Bre, and BreB treatment increase NADH level of cells.
After 15 min treatment, polymyxin B blocked the reduction
of resazurin, which is consistent with the above results that
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FIGURE 4 | Brevicidines disrupt the proton motive force of Gram-negative bacteria. (A) DiSC3(5) fluorescence in E. coli upon exposure to polymyxin B [4 mg/L
(2 × MIC), 2 mg/L (1 × MIC) or 1 mg/L (0.5 × MIC)], Bre [4 mg/L (2 × MIC), 2 mg/L (1 × MIC) or 1 mg/L (0.5 × MIC)], and BreB [4 mg/L (2 × MIC), 2 mg/L
(1 × MIC) or 1 mg/L (0.5 × MIC)]. Representative examples from three technical replicates are shown. (B) Resorufin fluorescence in E. coli upon exposure to
polymyxin B [4 mg/L (2 × MIC), 2 mg/L (1 × MIC) or 1 mg/L (0.5 × MIC)], Bre [4 mg/L (2 × MIC), 2 mg/L (1 × MIC) or 1 mg/L (0.5 × MIC)], and BreB [4 mg/L
(2 × MIC), 2 mg/L (1 × MIC) or 1 mg/L (0.5 × MIC)]. Representative examples from three technical replicates are shown.

polymyxin B causes immediate proton motive force disruption
and thereafter disrupts the membrane and kills the bacteria
(Figures 4A,B). The NADH levels of E. coli cells treated
with brevicidines at concentrations of 2 mg/L (1 × MIC)
and 1 mg/L (0.5 × MIC) were much higher than those of
the untreated cells during 50 min monitoring (Figure 4B).
Brevicidines blocked the reduction of resazurin after 25 min
treatment at a concentration of 4 mg/L (2 × MIC), which
is consistent with the DiSC3(5) assay results that show that
brevicidines started to disrupt the membrane after 7 min of
treatment due to their non-specific membrane permeabilization
capacity at this relatively high concentration (Figures 4A,B).
These results indicate that brevicidines disrupt the electron
transport chain, which is responsible for the proton motive force
of cells.

BreB Shows Low Cytotoxicity and
Hemolytic Activity
To assess the safety of brevicidines to human beings or animals
in an initial test, the hemolytic activity of brevicidines to
human red blood cells and the cytotoxicity of brevicidines
to a human liver cell line (HepG2) were monitored. For the
hemolytic activity assay, human blood cells were incubated in

the presence of concentrations of brevicidines ranging from
2 mg/L to 64 mg/L. After 1 h incubation, the OD450 of the
supernatants was monitored, and the hemolytic activities of
the brevicidines were calculated as described in the previous
studies (Ling et al., 2015; Li et al., 2018). Both BreB and Bre
showed low hemolytic activity, showing no hemolytic activity
at a relatively high concentration of 64 mg/L (Figure 5A).
For cytotoxicity assays, HepG2 cells were incubated in the
presence of concentrations of brevicidines ranging from 2 mg/L
to 64 mg/L. After 24 h incubation, the number of viable
cells was determined using an XTT kit. Both BreB and
Bre showed low cytotoxicity, showing no cytotoxicity at the
relatively high concentration of 64 mg/L (Figure 5B). These
results are consistent with a previous study that showed Bre
had low cytotoxicity and hemolytic activity (Li et al., 2018).
These results do not indicate any a priori safety concerns
for brevicidines.

DISCUSSION

Bre has been shown to exert selective antimicrobial activity
against Gram-negative bacteria (Li et al., 2018). Unlike Bre,
the newly discovered natural analog of Bre, BreB, also shows
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FIGURE 5 | Brevicidines show exceptional low cytotoxicity and hemolytic
activity. (A) Human erythrocytes were incubated with brevicidines at
concentrations ranging from 2 to 64 mg/L. Their hemolytic activity was
assessed by the release of hemoglobin. Cells treated without a tested
compound were used as no-lysis control. Cells treated with 10% Triton X-100
were used as complete lysis control. The data are representative of three
independent experiments. Correlation analyses were evaluated by Pearson r2,
ns: p>0.05, *p < 0.05, and ***p < 0.001 vs. 10% Triton X-100-treated cells.
(B) Cytotoxicity of brevibacillins against HepG2 cells. The data are
representative of three independent experiments. Correlation analyses were
evaluated by Pearson r2, ns: p > 0.05, *p < 0.05, and ***p < 0.001 vs.
Untreated cells.

antimicrobial activity against Gram-positive pathogens due to its
membrane disruption capacity on Gram-positive bacteria. The
Gram-positive bacterial membrane permeabilization capacity of
BreB is most likely caused by the presence of Phe2, instead of
Tyr2 of Bre (Eisenberg, 1984). This Phe2 mutation makes the
N-terminal part of BreB more hydrophobic than Bre and makes
it able to disrupt the membrane of Gram-positive bacteria. These
findings provide novel insights to develop new antibiotics based
on brevicidines.

Bre has shown good antimicrobial activity both in vitro and
in vivo, and it has shown a low risk of resistance development
(Li et al., 2018). However, little is known about its antimicrobial
mode of action, even though its activity was reported 3 years ago.

In the present study, we show that Bre and the newly discovered
BreB exert their antimicrobial activity against Gram-negative
pathogens by disrupting the proton motive force of bacterial
cells. This was further confirmed by a resazurin reduction assay,
which showed that brevicidines disrupt the electron transport
chain of the tested Gram-negative pathogens. Proton motive
force is essential for bacteria to generate adenosine triphosphate
(ATP), a process that is essential for cell growth (Bakker
and Mangerich, 1981; Ahmed and Booth, 1983). Cochrane
et al. reported that the antimicrobial lipopeptide tridecaptin
A1 selectively kills Gram-negative bacteria by disrupting the
proton motive force of bacterial cells (Cochrane et al., 2016).
Moreover, nigericin, subtilosin, and valinomycin have been
reported to exert their antimicrobial activity by disrupting the
proton motive force of bacterial cells (Ahmed and Booth,
1983; Molenaar et al., 1991; Noll et al., 2011). These results
provide new insights into the antimicrobial mode of action
of Bre and BreB.

Natural products from plants, animals, and microorganisms
represent a treasury for drug discovery. Nature-derived products
and natural product mimics still constitute an important source
for therapeutic drugs. For instance, 32 of the 132 drugs approved
by the FDA in 2008-2012 are natural product mimics or
are derived from natural products (Tao et al., 2015). Here,
the discovered BreB and the earlier reported Bre could be
used as templates for the development of optimized Bre-
derived antibiotics, i.e., a novel strategy has been reported
recently, which uses a ribosomal synthesis and post-translational
modification way to mimic the structure and function of
Bre (Zhao et al., 2020b). In addition, the total chemical
synthesis of Bre was recently reported in ChemRxiv (Al-
Ayed et al., 2021), which will contribute to further structure-
activity studies.

In summary, our results show that the here-discovered novel
cyclic lipopeptide, BreB, has antimicrobial activity against both
Gram-negative and Gram-positive pathogens. Compared to Bre,
the broadened antimicrobial spectrum of BreB is caused by its
increased membrane disruption capacity on the tested Gram-
positive pathogens. In addition, our mode of action studies
show that Bre and BreB exert their antimicrobial activity
against Gram-negative bacteria by disrupting the proton motive
force of cells. This study provides novel insights into the
antimicrobial mode of action of Bre and BreB, and points
to a promising antibiotic candidate (BreB) with a broad
antimicrobial spectrum.
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Bacterial non-ribosomally produced peptides (NRPs) form a rich source of antibiotics,
including more than 20 of these antibiotics that are used in the clinic, such
as penicillin G, colistin, vancomycin, and chloramphenicol. Here we report the
identification, purification, and characterization of a novel NRP, i.e., brevibacillin 2V (lipo-
tridecapeptide), from Brevibacillus laterosporus DSM 25. Brevibacillin 2V has a strong
antimicrobial activity against Gram-positive bacterial pathogens (minimum inhibitory
concentration = 2 mg/L), including difficult-to-treat antibiotic-resistant Enterococcus
faecium, Enterococcus faecalis, and Staphylococcus aureus. Notably, brevibacillin
2V has a much lower hemolytic activity (HC50 > 128 mg/L) and cytotoxicity
(CC50 = 45.49 ± 0.24 mg/L) to eukaryotic cells than previously reported NRPs
of the lipo-tridecapeptide family, including other brevibacillins, which makes it a
promising candidate for antibiotic development. In addition, our results demonstrate
that brevibacillins display a synergistic action with established antibiotics against Gram-
negative bacterial pathogens. Probably due to the presence of non-canonical amino
acids and D-amino acids, brevibacillin 2V showed good stability in human plasma.
Thus, we identified and characterized a novel and promising antimicrobial candidate
(brevibacillin 2V) with low hemolytic activity and cytotoxicity, which can be used either
on its own or as a template for further total synthesis and modification.

Keywords: antimicrobial activity, lipopeptide, NRPS, brevibacillin, Brevibacillus, Enterococcus, Staphylococcus

INTRODUCTION

The non-ribosomally produced peptides (NRPs) have formed a rich source of antimicrobials,
including more than 20 marketed antibiotics, such as chloramphenicol, penicillin G, colistin, and
vancomycin (Süssmuth and Mainz, 2017). Among these, lipopeptides form a rich class of NRPs
that have shown a strong antimicrobial activity against Gram-positive (Hamamoto et al., 2015; Ling
et al., 2015) and/or Gram-negative (Cochrane et al., 2014; Cociancich et al., 2015) pathogens.

Large numbers of antimicrobial NRPs have been isolated from different Brevibacillus spp.
(Yang and Yousef, 2018), including many linear lipopeptides, such as bogorol A–E (Barsby et al.,
2001, 2006), brevibacillin (Yang et al., 2016), and brevibacillin V (Wu et al., 2019). Bogorol
A–E, brevibacillin, and brevibacillin V are produced by Brevibacillus laterosporus PNG-276,
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B. laterosporus OSY-I1, and B. laterosporus fmb70 (Barsby
et al., 2001, 2006; Yang et al., 2016; Wu et al., 2019),
respectively, and all of them can be grouped into the
family of non-ribosomally produced linear lipo-tridecapeptides
(Yang and Yousef, 2018). These lipo-tridecapeptides show a
strong antimicrobial activity against Gram-positive pathogenic
bacteria, including methicillin-resistant Staphylococcus aureus
and vancomycin-resistant Enterococcus spp. (Barsby et al.,
2006; Yang et al., 2016; Wu et al., 2019). However, many
lipo-tridecapeptides have the disadvantage of being highly
hemolytic and cytotoxic (Li et al., 2018), which have limited
the potential of many antimicrobial peptides to be developed
as therapeutics (Mor and Nicolas, 1994; Ciornei et al., 2005;
Andraö et al., 2007; Savoia et al., 2008). Due to the presence of
non-canonical amino acids, D-amino acids, and several other
modifications, NRPs have commonly shown good proteolytic
stability. Therefore, it is of interest to discover and further
develop lipo-tridecapeptides with low hemolytic activity and
cytotoxicity as potential antimicrobial agents.

In this study, four lipo-tridecapeptides were isolated from
B. laterosporus DSM 25. Two of these compounds are
known peptides, i.e., brevibacillin and brevibacillin V, while
the other two compounds are novel lipo-tridecapeptides
that we named brevibacillin I and brevibacillin 2V. All
these four lipo-tridecapeptides showed a strong antimicrobial
activity against Gram-positive pathogenic bacteria and showed
synergistic effects with marketed antibiotics against Gram-
negative pathogens. In addition, brevibacillin 2V showed good
stability in human plasma. Notably, brevibacillin 2V did
not exhibit a hemolytic activity when present at 128 mg/L,
demonstrating its potency to be further studied and developed as
a candidate antimicrobial agent for controlling specific antibiotic-
resistant bacterial pathogens.

MATERIALS AND METHODS

Bacterial Strains Used and Growth
Conditions
The strains used in this study are listed in Supplementary
Table 1. B. laterosporus DSM 25 cells were inoculated in
LB and incubated at 37◦C to prepare an overnight culture.
For the production of brevibacillins, an overnight culture of
B. laterosporus DSM 25 cells was inoculated (50-fold dilution) in
minimal expression medium (MEM) and grown at 30◦C for 36 h.
All indicator strains were inoculated in LB and incubated at 37◦C
to prepare overnight cultures.

Purification of Cationic Peptides From a
B. laterosporus DSM25 Culture
An overnight culture of B. laterosporus DSM 25 cells was
inoculated in MEM and grown at 30◦C for 36 h. Subsequently, the
culture was centrifuged at 15,000 g for 15 min; the supernatant
was collected and the pH was adjusted to 7.2 with a saturated
sodium hydroxide solution. After that, the culture was applied
to a CM SephadexTM C-25 column (GE Healthcare) equilibrated

with distilled water. The flow-through was discarded, and the
column was subsequently washed with 12 column volumes (CV)
of distilled water. The peptide was eluted with 6 CV 2 M NaCl.
The eluted peptide was then applied to a SIGMA-ALDRICH C18
Silica gel spherically equilibrated with 10 CV of Milli-Q water
containing 5% (v/v) MeCN and 0.1% (v/v) trifluoroacetic acid.
After washing with 10 CV of Milli-Q water containing 5% MeCN
and 0.1% trifluoroacetic acid, the peptide was eluted from the
column using up to 10 CV of Milli-Q water containing 50%
MeCN and 0.1% trifluoroacetic acid. Fractions containing the
eluted peptide were freeze-dried and dissolved in Milli-Q water.
After filtration through a 0.2-µm filter, the cationic peptides were
purified on an Agilent 1260 Infinity high-performance liquid
chromatography (HPLC) system with a Phenomenex AerisTM

C18 column (250 × 4.6 mm, 3.6 µm particle size, 100 Å
pore size). Acetonitrile was used as the mobile phase, and a
gradient of 30–45% MeCN/Milli-Q water (v/v; containing 0.1%
trifluoroacetic acid) over 30 min at 1 ml per min was used for
separation. The purified lipo-tridecapeptides were eluted with
between 35 and 40% MeCN/Milli-Q water (v/v; containing 0.1%
trifluoroacetic acid). The yields for brevibacillin, brevibacillin
V, brevibacillin 2V, and brevibacillin I were 5, 3, 1.5, and
0.5 mg/L, respectively.

Mass Spectrometry
Matrix-assisted laser desorption ionization-time-of-flight
(MALDI-TOF) mass spectrometer analysis was performed using
a 4800 Plus MALDI TOF/TOF Analyzer (Applied Biosystems)
in the linear-positive mode as in previous studies (Zhao
et al., 2020a,b,c). Briefly, a 1-µl sample was spotted on the
target and dried at room temperature. Subsequently, 0.6 µl
of matrix solution (5 mg/ml of α-cyano-4-hydroxycinnamic
acid) was spotted on each sample. After the samples had dried,
MALDI-TOF MS was performed.

Liquid Chromatography–Tandem Mass
Spectrometry Analysis
Since liquid chromatography–tandem mass spectrometry (LC–
MS/MS) can be used to yield b and y ions for peptides, it is widely
used in peptide structure elucidation (McClerren et al., 2006;
Zhang et al., 2014; Zhao et al., 2020b). To gain insight into the
molecular structures of the peptides, LC–MS/MS was performed
using a Q-Exactive mass spectrometer fitted with an Ultimate
3000 UPLC, an ACQUITY BEH C18 column (2.1 × 50 mm,
1.7 µm particle size, 200 Å; Waters), a HESI ion source, and
a Orbitrap detector. A gradient of 5–90% MeCN/Milli-Q water
(v/v) with 0.1% formic acid (v/v), at a flow rate of 0.35 ml/min
over 60 min, was used. MS/MS was performed in a separate run
in parallel reaction monitoring mode, selecting the doubly and
triply charged ion of the compound of interest.

Spot-on-Lawn Assay
Overnight-cultured S. aureus ATCC15975 (MRSA) was added
to 0.7% Mueller–Hinton agar (w/v, temperature 42◦C) at a final
concentration of 0.25% (v/v), and then the mixture was poured
onto plates, with 10 ml for each 8.5-cm-diameter circular plate or
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FIGURE 1 | The structures of brevibacillins and the predicted biosynthetic gene cluster. (A) The non-ribosomal peptide synthetase genes harbored by the
Brevibacillus laterosporus DSM 25 genome. (B) The catalytic domains encoded by the gene cluster and the substrates incorporated by the respective modules.
Domains: A, adenylation; KR, ketoreductase; T, thiolation; C, condensation; E, epimerization; TD, terminal reductase; TE, thioesterase. (C) Structures of
brevibacillins. The red rectangles indicate the more hydrophobic amino acid residues of brevibacillin V, brevibacillin, and brevibacillin I relative to brevibacillin 2V.

20 ml for each 9.5-cm square plate. Subsequently, a spot-on-lawn
assay was used to analyze the antimicrobial activity (Zhao et al.,
2020c). In short, antibiotics were loaded to the agar plate that
contains an indicator strain. After the antibiotic solution drops
had dried, the plates were transferred to a 37◦C incubator for
overnight incubation.

Minimum Inhibitory Concentration Assay
Minimum inhibitory concentration (MIC) values were
determined by using broth micro-dilution according to the
standard guidelines (Wiegand et al., 2008). Briefly, the test
medium was cation-adjusted Mueller–Hinton broth. Cell
concentration was adjusted to approximately 5 × 105 cells per
milliliter. After 20 h of incubation at 37◦C, the MIC was defined

as the lowest concentration of antibiotic with no visible growth
(Zhao et al., 2020c). Each experiment was performed in triplicate.

Hemolytic Activity
This assay was performed as per the method described in
previous studies (Ling et al., 2015; Li et al., 2018). Briefly,
erythrocytes were isolated from a healthy human volunteer
donor (ordered from Sanquin, Netherlands1) and washed with
phosphate-buffered saline (PBS) three times. After that, peptides
were added at final concentrations of 128, 64, 32, 16, 8, 4, 2, 1,
and 0 mg/L in PBS containing 2% (v/v) erythrocytes. The cells
were incubated at 37◦C for 1 h and centrifuged for 5 min at

1https://www.sanquin.nl
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FIGURE 2 | Liquid chromatography-tandem mass spectrometry (LC–MS/MS) spectra and the proposed structures of brevibacillin 2V (A) and brevibacillin I (B).
Fragment ions are indicated. LC–MS/MS analysis was performed using a Q-Exactive mass spectrometer fitted with an Ultimate 3000 UPLC, an ACQUITY BEH C18
column (2.1 × 50 mm, 1.7 µm particle size, 200 Å; Waters), a HESI ion source, and a Orbitrap detector. MS/MS was performed in a separate run in parallel reaction
monitoring mode, selecting the doubly and triply charged ion of the peptides. The structures of brevibacillin 2V and brevibacillin I were elucidated by using known
lipo-tridecapeptides as reference templates.
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TABLE 1 | Minimum inhibitory concentration (MIC) values of brevibacillins against pathogenic bacteria.

Microorganism MIC (mg/L)a

Bre Bre V Bre I Bre 2V Poly B Nisin

Gram-positive pathogenic bacteria

Staphylococcus aureus ATCC15975 (MRSA) 2 1–2 2 2 32 4–8

Enterococcus faecium LMG16003 (VRE) 2 2 2 2 16 4

Enterococcus faecalis LMG16216 (VRE) 2 2 2 2 16 4

Bacillus cereus ATCC14579 1 1 2 2 8 4

Gram-negative pathogenic bacteria

Acinetobacter baumannii ATCC17978 32 64 64 32 4 32

Escherichia coli ATCC25922 32 32 32 16 2 64

Pseudomonas aeruginosa LMG6395 64 64 64 64 1 128

Klebsiella pneumoniae LMG20218 32 64 64 32 2 128

aThe MIC was determined by broth microdilution.
VRE, vancomycin-resistant Enterococcus; MRSA, methicillin-resistant S. aureus; Bre, brevibacillin; Bre V, brevibacillin V; Bre I, brevibacillin I; Bre 2V, brevibacillin 2V;
Poly B, polymyxin B.

8,000 g. The supernatant was transferred to a 96-well plate, and
the absorbance was measured at a wavelength of 450 nm with
a Thermo Scientific VarioskanTM LUX multimode microplate
reader. The absorbance relative to the positive control, which was
treated with 10% Triton X-100, was defined as the percentage of
hemolysis. The 50% human blood cell hemolysis concentration
(HC50) of peptides was calculated as described in previous studies
(Reed and Muench, 1938).

Mammalian Cytotoxicity
The cytotoxicity of brevibacillins was evaluated on HepG2 cells
by using the XTT (Cell Proliferation Kit XTT, AppliChem) assay
(Roehm et al., 1991). HepG2 cells [in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum]
were seeded into 96-well plates and incubated at 37◦C with
5% CO2. After 24 h, the medium was replaced with a fresh
medium (DMEM with 2% FBS, 100 µl per well) containing
different concentrations of brevibacillins (Zhao et al., 2017).
After 24 h of incubation, the XTT reagent was added to the
cultures according to the manufacturer’s instructions, and the
plates were incubated at 37◦C for 2 h with 5% CO2. Subsequently,
the absorbance values were measured by using a VarioskanTM

LUX multimode microplate reader (Thermo Fisher Scientific)
at 485 nm (reference, 690 nm). The 50% cell toxicity (CC50)
of peptides was calculated as described in a previous study
(Reed and Muench, 1938).

Synergy Assay
The synergistic effect of brevibacillins with established antibiotics
was monitored using the checkerboard method (Doern, 2014).
Briefly, antibiotics were diluted in twofold series, while
brevibacillins were added at a certain final concentration of 1, 2,
or 4 mg/L. Indicator strains were added at a final concentration
of 5 × 105 cfu/ml. After incubation at 37◦C for 20 h, the
OD600 of plates was determined. The fractional inhibitory
concentration index (FICI) was calculated using the following
formula: FICI = (MIC compound A in combination with B / MIC
compound A) + (MIC compound B in combination with A / MIC

compound B). The FICI value suggests a synergistic (≤0.5),
addictive (>0.5–1), no interaction (1–4), and antagonism (>4)
effect of the two compounds (Doern, 2014).

Plasma Stability Assay
For plasma stability tests, brevibacillin and brevibacillin 2V were
lyophilized and resuspended in plasma (isolated from a healthy
human volunteer donor; ordered from Sanquin, Netherlands;
see text footnote 1) at a final concentration of 200 mg/L. After
that, the peptides were incubated with shaking (200 rpm) for 8 h
(this evaluation time was set based on a continuing study, which
showed that brevibacillins killed all S. aureus cells in 4 h) at 37◦C.
The samples were collected at desired time points (0, 1, 2, 4, and
8 h) and stored at −80◦C. After the collection of samples of the
last time point, the antimicrobial activity of all samples against
S. aureus (MRSA) was investigated by a spot-on-lawn assay as per
the method described above. The reduction in the size of the halo
was related to the degradation of the peptide (Li et al., 2021).

Quantification and Statistical Analyses
GraphPad Prism 7.0 was used to fit the data of hemolytic
assay and cytotoxicity assay in Figure 3. The experiments were
conducted in triplicate, and data are presented as the mean
value of triplicate experiments. Data Explorer Software was used
to analyze the MALDI-TOF data; Thermo Scientific Xcalibur
software was used to analyze the LC–MS/MS data. The statistical
significance of the data was assessed using Duncan’s multiple-
range test with the software SPSS Statistics 19.0. P-values less than
0.05 were considered to be statistically significant.

RESULTS

Characterization of Peptides Discovered
by Genome Mining
Many lipopeptide antibiotics that originate from Brevibacillus
spp. (Barsby et al., 2001, 2006; Yang et al., 2016; Yang and
Yousef, 2018; Wu et al., 2019) have been discovered. In a
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FIGURE 3 | Brevibacillins activities against eukaryotic cells. (A) Human erythrocytes were incubated with brevibacillins at concentrations ranging from 1 to 128 mg/L.
Their hemolytic activity was assessed by the release of hemoglobin. Cells treated without a tested compound were used as no lysis control. Cells treated with 10%
Triton X-100 were used as complete lysis control. The data are representative of three independent experiments. #HC50 is the concentration that causes 50%
hemolysis of human red blood cells. N.D., not determined. a,b,cSignificant differences exist when not the same letters are indicated in the HC50 column (p < 0.05).
*No hemolytic activity was observed for brevibacillin 2V at 128 mg/L and its HC50 > 128 mg/L. (B) Cytotoxicity of brevibacillins against HepG2 cells. HepG2 cells
were treated with brevibacillins at concentrations ranging from 2 to 64 mg/L. Cells treated without a tested compound were used as untreated control. After 24 h of
treatment, cell viability was determined by an XTT kit. The data are representative of three independent experiments. a,b,c,dSignificant differences exist when not the
same letters are indicated in the CC50 column (p < 0.05).

previous study, a cyclic lipopeptide, brevicidine, was discovered
from B. laterosporus DSM 25 by genome mining, which showed
an antimicrobial activity against Gram-negative pathogenic
bacteria (Li et al., 2018; Zhao et al., 2020b). More recently,
brevicidineB, a natural analog of brevicidine, was discovered
from B. laterosporus DSM 25, which showed an extended
target specificity, showing an antimicrobial activity against
both Gram-negative and Gram-positive pathogens (Zhao and
Kuipers, 2021). In the present study, we found, by genome
mining with the assistance of antiSMASH (Medema et al., 2011;
Blin et al., 2019), that the genome (NCBI GenBank accession:

GCA_002706795.1) of B. laterosporus DSM 25 contains a
gene cluster (NCBI GenBank accession: KY810814.1.) for the
synthesis of lipo-tridecapeptides (Figures 1A,B). B. laterosporus
DSM 25 produced several cationic peptides that were purified
by a CM SephadexTM C-25 column (GE Healthcare). After
HPLC purification (Supplementary Figure 1), MALDI-TOF
MS was used to measure the molecular weight of the purified
peptides. Four compounds with a mass between 1,550 and
1,600 Da were found, i.e., compound 1, 1,555 Da; compound 2,
1,569 Da; compound 3, 1,583 Da; and compound 4, 1,597 Da
(Supplementary Figures 1, 2), which potentially belong to
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TABLE 2 | Synergistic effect between brevibacillin 2V and antibiotics.

Microorganism Antibiotic Minimum inhibitory concentration (MIC; mg/L) at various brevibacillin 2V concentrationsa FICI

0 1 2 4

E. coli ATCC 25922 Nalidixic acid 2 0.5 0.5 0.125 0.313

Rifampicin 4 2 2 0.25 0.313

Amikacin 4 0.5 0.5 0.25 0.188

Azithromycin 2 1 0.5 0.06 0.281

A. baumannii ATCC17978 Nalidixic acid 32 16 16 16 0.531

Rifampicin 32 16 16 8 0.375

Amikacin 16 8 4 0.25 0.141

Azithromycin 16 8 8 8 0.531

P. aeruginosa LMG6395 Nalidixic acid 256 64 64 64 0.266

Rifampicin 32 16 16 16 0.516

Amikacin 2 0.5 0.5 0.5 0.266

Azithromycin 128 32 32 32 0.266

K. pneumoniae LMG20218 Nalidixic acid 32 16 16 16 0.531

Rifampicin 64 16 16 8 0.250

Amikacin 0.5 0.5 0.25 0.25 0.563

Azithromycin 16 16 16 16 1.031

aThe MIC was determined by broth microdilution.
FICI, fractional inhibitory concentration index [FICI = (MIC compound A in combination with B / MIC compound A) + (MIC compound B in combination with
A / MIC compound B)].
The FICI value suggests a synergistic (≤0.5), addictive (>0.5–1), no interaction (1–4), and antagonism (>4) effect of the two compounds. The italic font indicates the best
synergy effect among the tests.

the lipo-tridecapeptide family. Further characterization of these
peptides was performed by LC–MS/MS analysis, and the results
are shown in Figure 2 and Supplementary Figures 3, 4. The
structures of the four compounds were elucidated by using
known lipo-tridecapeptides as reference templates (Barsby et al.,
2001, 2006; Yang et al., 2016; Yang and Yousef, 2018; Wu et al.,
2019; Li et al., 2020). Two of these compounds are known
peptides, i.e., brevibacillin (compound 3) and brevibacillin V
(compound 2) (Yang et al., 2016; Wu et al., 2019), while the other
two compounds are novel lipo-tridecapeptides that we named
brevibacillin I (compound 4) and brevibacillin 2V (compound 1)
(Figure 1C). In previous studies, brevibacillin and brevibacillin
V showed a strong antimicrobial activity against Gram-positive
bacteria (Yang et al., 2016; Wu et al., 2019). To investigate
if the newly discovered brevibacillin I and brevibacillin 2V
have similar or different antimicrobial activity with the known
brevibacillins, we performed a spot-on-lawn assay using S. aureus
ATCC15975 (MRSA) as an indicator strain. Nisin was used as a
positive control. The results show that all brevibacillins have a
comparable antimicrobial activity to each other against S. aureus
(MRSA). In addition, they have a stronger antimicrobial activity
against S. aureus (MRSA) than the well-known lantibiotic nisin
(Supplementary Figure 5).

Brevibacillins Show a Strong
Antimicrobial Activity Against
Gram-Positive Bacterial Pathogens
After the spot-on-lawn assays have shown that brevibacillins
have a good antimicrobial activity against S. aureus (MRSA),
the antimicrobial activity of these lipo-tridecapeptides against

pathogenic bacteria was further evaluated by MIC assays. All
of the brevibacillins showed a strong antimicrobial activity
against tested Gram-positive pathogenic bacteria, with a MIC
value of 1–2 mg/L, including difficult-to-treat antibiotic-resistant
Enterococcus faecium, Enterococcus faecalis, and S. aureus
(Table 1). The similar antimicrobial activities indicate that the
varying amino acid residues in the different lipo-tridecapeptides
have no significant influence on their antimicrobial activity. In
addition, brevibacillins showed an antimicrobial activity against
Gram-negative pathogenic bacteria, yet these activities were
much lower compared to the antimicrobial activity against
Gram-positive bacteria (Table 1). These results are consistent
with previous studies which show that lipo-tridecapeptides
have an antimicrobial activity against Gram-positive bacteria
but have an insufficient antimicrobial activity against Gram-
negative bacteria (Barsby et al., 2001, 2006; Yang et al., 2016;
Wu et al., 2019).

Brevibacillin 2V Does Not Exhibit
Hemolytic Activity When Present at
128 mg/L
To assess in an initial test the safety of brevibacillins to human
beings or animals, the hemolytic activity of brevibacillins to
human blood cells and the cytotoxicity of brevibacillins to
a human liver cell line (HepG2) were monitored. For the
hemolytic activity assay, human blood cells were incubated
in the presence of brevibacillin concentrations ranging from
1 to 128 mg/L. After incubation at 37◦C for 1 h, the
OD450 of the supernatants was measured, and the hemolytic
activities of the brevibacillins were calculated as described

Frontiers in Microbiology | www.frontiersin.org 7 June 2021 | Volume 12 | Article 69372591

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


fmicb-12-693725 June 11, 2021 Time: 17:32 # 8

Zhao et al. Brevibacillin 2V, a Novel Antimicrobial Lipopeptide

in previous studies (Ling et al., 2015; Li et al., 2018).
Brevibacillin, brevibacillin V, and brevibacillin I showed a
significant hemolytic activity at concentrations that are two-
to fourfold higher than their MIC values (Figure 3A and
Table 1), with a half red blood cell hemolysis (HC50)
concentration of 18.8 ± 0.5, 73.1 ± 1.4, and 25.1 ± 3.9,
respectively. In addition, in the presence of either 64 mg/L
of brevibacillin/brevibacillin I or 128 mg/L of brevibacillin
V, human blood cells were completely lysed (Figure 3A).
In contrast, brevibacillin 2V showed no hemolytic activity
against human red blood cells at a high concentration of
128 mg/L (Figure 3A).

For cytotoxicity assays, HepG2 cells were incubated in the
presence of brevibacillin concentrations ranging from 2 to
64 mg/L. After 24 h of incubation, cell viability was determined
using an XTT kit. Under the experimental conditions used,
brevibacillin, brevibacillin V, and brevibacillin I showed a high
cytotoxicity to HepG2 cells with a half cell toxicity (CC50) value
of 5–10 mg/L (Figure 3B), which is only 2.5- to fivefold of
their MIC values against the bacterial pathogens (Figure 3B
and Table 1). However, brevibacillin 2V showed much lower
cytotoxicity than the other brevibacillins with a CC50 value of
45.5 mg/L against HepG2 cells, which is 23-fold higher than
its MIC values against bacterial pathogens (Figure 3B and
Table 1). In the presence of brevibacillin, brevibacillin V, or
brevibacillin I at a concentration of 16 mg/L, all of the HepG2
cells were killed. These results are consistent with a previous
study which shows that bogorol has high cytotoxicity with a
CC50 of below 8 mg/L (Li et al., 2018). Together these results,
with their high hemolytic activity, indicate that brevibacillin,
brevibacillin V, brevibacillin I, and bogorol are too toxic to
be developed as antibiotics for in vivo therapy. In contrast,
brevibacillin 2V showed no cytotoxicity at the relatively high
concentration of 32 mg/L (Figure 3B). Together with its non-
hemolytic activity and low cytotoxicity, brevibacillin 2V shows
a high potential, justifying its further study and development
as an alternative antibiotic for controlling antibiotic-resistant
bacterial pathogens.

Brevibacillins Show a Synergistic Activity
With Other Antibiotics Against
Gram-Negative Pathogenic Bacteria
Brevibacillins show a strong antimicrobial activity against Gram-
positive bacterial pathogens but have insufficient antimicrobial
activity against Gram-negative bacterial pathogens (Table 1).
To expand the antimicrobial potential of brevibacillins, we
investigated the synergistic activity of brevibacillins with
some antibiotics (nalidixic acid, azithromycin, rifampicin, and
amikacin) against Gram-negative pathogens. The synergistic
effect of peptides was evaluated by determining a FICI value,
which can indicate either a synergistic (≤0.5), addictive (>0.5–
1), no interaction (1–4), or antagonistic (>4) effect of the two
compounds (Doern, 2014). The results are shown in Table 2
and Supplementary Tables 2–4. Brevibacillin, brevibacillin
V, brevibacillin I, and brevibacillin 2V showed a synergistic
activity with the tested antibiotics against corresponding

Gram-negative pathogens. Most importantly, brevibacillins
showed the highest synergistic activity with amikacin against
Acinetobacter baumannii in all tests (Table 2 and Supplementary
Tables 2–4), with A. baumannii being one of the three
critical priority pathogens for R&D of new antibiotics (World
Health Organization, 2017). The MIC value of amikacin against
A. baumannii decreased by 32–64 folds in the presence of 4 mg/L
brevibacillins (Table 2 and Supplementary Tables 2–4). Together
with its non-hemolytic activity, low cytotoxicity, and the effective
low MIC values, brevibacillin 2V shows a high potential to be
developed as an adjuvant for other antibiotics to treat Gram-
negative bacterial pathogen infections.

Brevibacillins Show Good Stability in
Plasma
In view of the therapeutic development potential of brevibacillin
2V, the stability of brevibacillin 2V and brevibacillin (highest
yield among brevibacillins; to be used as a control to compare
with brevibacillin 2V) in human plasma was investigated,
using the method described in a previous study (Li et al.,
2021). Brevibacillins were incubated in human plasma, and the

FIGURE 4 | Antimicrobial activity of brevibacillin 2V brevibacillin against
Staphylococcus aureus (MRSA) after exposure to human plasma. The starting
concentration was 200 mg/L for both brevibacillin 2V and brevibacillin.
Samples were collected at 0, 1, 2, 4, and 8 h, and 6 µl of each sample was
loaded to a square plate containing S. aureus (MRSA). Bre 2V, brevibacillin 2V;
Bre, brevibacillin.
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reduction in antimicrobial activity was measured by spot-on-
lawn assays against S. aureus (MRSA). Brevibacillins showed
good stability in plasma during 4 h after exposure since no
reduction in the sizes of the halos was observed (Figure 4). After
8 h of exposure in plasma, the sizes of the halos for brevibacillin
2V and brevibacillin only decreased a little bit (halo diameter
decreased from 11 to 10 mm for brevibacillin 2V and from
11 to 10.5 mm for brevibacillin) (Figure 4). The good plasma
stability of brevibacillin 2V might be due to the presence of
non-canonical amino acids and D-amino acids, which are highly
resistant to proteases (Li et al., 2021). These results demonstrate
that brevibacillin 2V has good stability in plasma, which makes it
more attractive for development as an antibiotic candidate.

DISCUSSION

Genome mining is a practical approach for discovering bioactive
natural products from microorganisms (Montalbán-López et al.,
2021). Genome mining tools with different specific uses have
been developed, including BAGEL4 (van Heel et al., 2018),
antiSMASH (Blin et al., 2019), and RiPP-PRISM (Skinnider
et al., 2015). AntiSMASH is a well-known genome mining
tool for discovering NRPs with antimicrobial activity (Blin
et al., 2019). For instance, two non-ribosomally produced cyclic
lipopeptides, i.e., brevicidine and laterocidine, were discovered
by genome mining with the assistance of antiSMASH (Li
et al., 2018). In this study, a lipo-tridecapeptide synthetic
gene cluster was discovered from B. laterosporus DSM 25 by
genome mining with the assistance of antiSMASH (Medema
et al., 2011; Blin et al., 2019). Subsequently, antimicrobial lipo-
tridecapeptides were isolated and identified by following the
pipeline in Figure 5.

In this study, we isolated the predicted lipo-tridecapeptides
from the supernatant of B. laterosporus DSM 25 culture.
This allows an iron change-based CM SephadexTM C-25
column to be applied to purify the produced products since
lipo-tridecapeptides are cationic peptides. In contrast, lipo-
tridecapeptides were previously isolated from bacterial cells
(Barsby et al., 2001, 2006; Yang et al., 2016), which is more
difficult to process. Thus, the here found lipo-tridecapeptides
are much more readily purified than the previously reported
lipo-tridecapeptides. For elucidation of the purified lipo-
tridecapeptides structures, we used the previously reported
lipo-tridecapeptides as templates. Such template-based structure
elucidation approach has been successfully used in previous
studies to elucidate peptide structures (Barsby et al., 2006; Wu
et al., 2019). These results suggest that a template-based structure
elucidation is a helpful approach for elucidating the structures
of peptides that belong to the same type. All structures were
confirmed by MS.

Many lipo-tridecapeptides have shown an antimicrobial
activity against pathogenic bacteria, including antibiotic-resistant
S. aureus and Enterococcus spp. (Barsby et al., 2006; Yang et al.,
2016; Wu et al., 2019). However, the high hemolytic activity
of lipo-tridecapeptides has limited their potential for being
developed as therapeutics (Figure 3; Li et al., 2018). In this study,
one of the discovered novel lipo-tridecapeptides, brevibacillin
2V, showed no hemolytic activity at a high concentration
of 128 mg/L (Figure 3). Moreover, the hemolytic activity of
brevibacillins shows a positive correlation with their calculated
hydrophobicity, i.e., brevibacillin I > brevibacillin > brevibacillin
V > brevibacillin 2V (Figure 1C and Supplementary Figure 1).
These results demonstrate that brevibacillin 2V shows a high
potential to be further studied and developed as an alternative
antibiotic for controlling antibiotic-resistant bacterial pathogens.

FIGURE 5 | Pipeline for the development of novel non-ribosomally produced peptide (NRP)-based antimicrobials. Following the arrows, the process starts with the
identification of NRP clusters. Next, the predicted NRPs have to be produced, isolated, and characterized. Finally, the antimicrobial activity of the purified NRPs will
be determined.
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In addition, the positive correlation of hemolytic activity
and hydrophobicity provides a guideline for the synthesis
of lipo-tridecapeptide analogs in future studies. The use of
peptides as adjuvants for marketed antibiotics has attracted
the attention of several researchers. Cochrane and Vederas
(2014) reported that unacylated tridecaptin A1 acts as an
effective sensitizer of Gram-negative bacteria to other antibiotics.
More recently, Li et al. (2021) reported that outer-membrane-
acting peptides showed a synergistic activity with lipid II-
targeting antibiotics against Gram-negative pathogens. In the
present study, brevibacillins showed a synergistic activity
with marketed antibiotics against Gram-negative pathogens.
These results suggest that more antibiotics can be tested
for developing brevibacillins (at least, brevibacillin 2V) as
adjuvants for other antibiotics to treat Gram-negative bacterial
pathogen infections.

CONCLUSION

In conclusion, in this study, we characterized a novel lipo-
tridecapeptide, i.e., brevibacillin 2V, which was identified from
B. laterosporus DSM 25 by genome mining and subsequently
isolated and purified. Brevibacillin 2V has a strong antimicrobial
activity against antibiotic-resistant Gram-positive bacterial
pathogens, and it shows an effective synergistic activity with
other antibiotics against Gram-negative bacterial pathogens.
Notably, brevibacillin 2V has a much lower hemolytic activity
and cytotoxicity towards eukaryotic cells than previously
reported NRPs of the lipo-tridecapeptide family, including all
known brevibacillins, which makes it a promising candidate for
antibiotic development. In addition, brevibacillin 2V showed
good stability in human plasma. This study provides a novel
and promising antibiotic candidate (brevibacillin 2V) with low
hemolytic activity, which can be used either directly as it is or
serves as a template for further total synthesis and modifications.
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Searching for new antimicrobials is a pressing issue to conquer the emergence of
multidrug-resistant (MDR) bacteria and fungi. Antimicrobial peptides (AMPs) usually have
antimicrobial mechanisms different from those of traditional antibiotics and bring new
hope in the discovery of new antimicrobials. In addition to antimicrobial activity, stability
and target selectivity are important concerns to decide whether an antimicrobial peptide
can be applied in vivo. Here, we used a simple de novo designed peptide, pepD2,
which contains only three kinds of amino acid residues (W, K, L), as an example to
evaluate how the residues and modifications affect the antimicrobial activity against
Acinetobacter baumannii, stability in plasma, and toxicity to human HEK293 cells. We
found that pepI2 with a Leu→Ile substitution can decrease the minimum bactericidal
concentrations (MBC) against A. baumannii by one half (4 µg/mL). A D-form peptide,
pepdD2, in which the D-enantiomers replaced the L-enantiomers of the Lys(K) and
Leu(L) residues, extended the peptide half-life in plasma by more than 12-fold. PepD3
is 3-residue shorter than pepD2. Decreasing peptide length did not affect antimicrobial
activity but increased the IC50 to HEK293 cells, thus increased the selectivity index (SI)
between A. baumannii and HEK293 cells from 4.7 to 8.5. The chain length increase of
the N-terminal acyl group and the Lys→Arg substitution greatly enhanced the hemolytic
activity, hence those modifications are not good for clinical application. Unlike colistin,
the action mechanism of our peptides relies on negatively charged lipids rather than
lipopolysaccharides. Therefore, not only gram-negative bacteria but also gram-positive
bacteria can be killed by our peptides.
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INTRODUCTION

Over the last three decades, many microbial isolates resistant
to penicillins, cephalosporins, carbapenems, fluoroquinolones,
and aminoglycosides have been reported. The emergence of
multidrug-resistant (MDR) bacteria and fungi is a severe threat
to global human health. In 2017, the WHO published a warning
list of twelve antibiotic-resistant “priority bacteria families” that
have an urgent need for new antibiotics. During the recent
COVID-19 pandemic, the widespread use of broad-spectrum
antimicrobials and corticosteroids to treat patients, the use
of mechanical ventilation and prolonged hospitalization might
increase the risk for MDR pathogen infection. Antimicrobial
peptides (AMPs) have antimicrobial mechanisms different from
pre-existing small molecule antibiotics; hence, they can effectively
eliminate MDR pathogens and become potential alternatives
to combat superbugs (Hancock and Sahl, 2006; Deslouches
et al., 2013; Feng et al., 2013; Mahlapuu et al., 2016; Lei
et al., 2019; Mohan et al., 2019; Raheem and Straus, 2019;
Magana et al., 2020; Neshani et al., 2020; Upert et al.,
2020). Colistin, a peptide antibiotic against Gram-negative
bacteria, was discovered in the 1940s. Due to the emergence
of MDR bacteria, polymyxins (colistin and its derivatives) are
now clinically used as the last-line therapy for drug-resistant
bacterial infection despite the possibility of colistin-induced
acute kidney injury (Evans et al., 1999; Falagas et al., 2005;
Falagas and Kasiakou, 2006; Zavascki et al., 2007; Lim et al.,
2010; Gai et al., 2019; Yousfi et al., 2019). As a polycationic
peptide, colistin targets lipopolysaccharide (LPS) in the outer
membrane of Gram-negative bacteria, displaces divalent cations
(Ca2+ and Mg2+), changes membrane permeability, and
disrupts the bacterial membrane. However, colistin resistance
rapidly emerged by a change in the lipid composition in the
bacterial membrane to reduce its binding affinity with colistin
(Bialvaei and Samadi Kafil, 2015).

Natural AMPs are a self-defense mechanism of organisms.
In addition to antimicrobial activity, other functions, such
as antibiofilm, immunomodulation, anticancer, and anti-
inflammatory activities, have been reported for AMPs. They
can be linear or cyclized and in an α-helix, β-sheet, α/β mixed
form, or random coil structure (Bahar and Ren, 2013; Wang,
2015; Mahlapuu et al., 2016; Kumar et al., 2018). The net charge
of AMPs could range from −12 to +30, and the hydrophobic
content has a broad range as well (from 0 to 93%). Many
AMPs were designed in cerebro or in silico based on natural
AMPs (Blondelle and Houghten, 1991; Fjell et al., 2011; Luong
et al., 2020). Among them, a class of cationic, amphiphilic, and
α-helical peptides have received much attention. Many AMPs
in this class were designed and showed excellent antimicrobial
efficacy against Gram-positive and Gram-negative bacteria
(Blondelle and Houghten, 1992; Papo et al., 2002; Deslouches
et al., 2005, 2013). Moreover, because of the rapid direct
membrane-disruption mechanism of AMPs, the development of
resistance to AMPs is less likely (Mohan et al., 2019).

Acinetobacter baumannii, a rod-shaped Gram-negative
bacterium, has been ranked in the first tier in the WHO warning
list. As an opportunistic pathogen, it is one of the leading

causes of nosocomial infections worldwide (Almasaudi, 2018).
Recently, several designed peptides have shown promising
efficiency in eliminating A. baumannii in mice (Neshani et al.,
2020). An in silico designed 20-mer peptide, named �76,
showed high efficacy against carbapenem- and tigecycline-
resistant A. baumannii in a mouse intraperitoneal infection
model (Nagarajan et al., 2019). A cyclic peptide, ZY4 (17-mer),
redesigned and based on cathelicidin-BF, had low toxicity
and can suppress the dissemination of A. baumannii to
target organs (Mwangi et al., 2019). LysAB2 P3 (33-mer) was
modified from the C-terminal segment of the A. baumannii
phage endolysin LysAB2. It showed no toxicity against normal
eukaryotic cells, and its minimum bactericidal concentrations
(MBC) against standard A. baumannii ATCC 17978, 19606 and
clinically isolated colistin-resistant MDR A. baumannii were
8 µM (approximately 30 µg/mL). A single intraperitoneal
injection of LysAB2 P3 (7.5 mg/kg) 3 h after infection
can rescue 60% of the mice from A. baumannii infection
(Peng et al., 2017).

Recently, we de novo designed a peptide named pepD2
with the sequence WKKLKKLLKKLKKL, which has a trigonal
distribution of positive charges when a helical structure is
formed (unpublished data). Since many proteases have preferred
recognition residues or sequences, we simply used only three
residues in this peptide. Trp was used for peptide identification
and quantification. Lys was chosen as the positively charged
residue due to cost concerns. Leu was used since Leu favors
helix formation. The N-terminus of the peptide is acetylated, and
the C-terminus is amidated to avoid digestion by exopeptidases
in vivo. Using this peptide as a simple system and A. baumannii
as our target pathogen, we systematically evaluated how
changes in amino acid residues and end protection affected
the antimicrobial effects, hemolytic activity, cytotoxicity, and
stability of AMPs. The peptides used in this study are listed
in Table 1.

TABLE 1 | The antimicrobial peptides designed in this study.

Peptide Sequence

pepD2 Ac-WKKLKKLLKKLKKL-NH2

pepD3 Ac-WKKLKKLLKKL-NH2

pepV2 Ac-WKKVKKVVKKVKKV-NH2

pepI2 Ac-WKKIKKIIKKIKKI-NH2

pepR2 Ac-WRRLRRLLRRLRRL-NH2

pepO2 Ac-WOOLOOLLOOLOOL-NH2

pepdD2 Ac-Wkklkkllkklkkl-NH2

pepD2M Myr-WKKLKKLLKKLKKL-NH2

pepD2P Pal-WKKLKKLLKKLKKL-NH2

pepD2S Ste-WKKLKKLLKKLKKL-NH2

pepD3M Myr-WKKLKKLLKKL-NH2

pepD3O Oct-WKKLKKLLKKL-NH2

pepD3H Hex-WKKLKKLLKKL-NH2

pepD3B But-WKKLKKLLKKL-NH2

O, ornithine; Ac, acetyl; Myr, myristyl; Pal, palmitoyl; Ste, stearyl; Oct, octanoyl;
Hex, hexanoyl; But, butanoyl. The D-form amino acids are expressed as
lowercase letters.
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MATERIALS AND METHODS

Solid-Phase Peptide Synthesis
The peptides were synthesized by the Fmoc-polyamide
method on a PS3 peptide synthesizer (Protein Technologies,
Inc., AZ, United States) (Lin et al., 2016). Fmoc-amino
acid derivatives (0.4 mmol) (AnaSpec, CA, United States)
and O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HBTU) (0.4 mmol) were coupled on Rink
Amide AM resin (0.1 mmol) (200–400 mesh, Novabiochem,
Germany) in a solution of N-methyl morpholine/dimethyl
sulfoxide/dimethylformamide (DMF) (4.45/25/70.55% v/v/v).
The Fmoc group deprotection step was performed using 30%
(v/v) piperidine in DMF. N-terminal acetylation, butyrylation,
hexanoylation, octanoylation, myristylation, palmitoylation, and
stearylation were performed using four equivalents of acetic
anhydride, butyric acid, hexanoic acid, octanoic acid, myristic
acid, palmitic acid, or stearic acid, respectively, instead of an
Fmoc-amino acid derivative in the final synthetic step. Side
chain deprotection and peptide cleavage from the resin were
performed by stirring the resin in a cleavage cocktail containing
trifluoroacetic acid/water/ethanedithiol (95/2.5/2.5% v/v/v) at
room temperature for 2 h. The resin was then removed by
passing the reaction mixture through a G2 glass funnel. The
peptides in the filtrate were precipitated by adding ten volumes
of ice-cold methyl t-butyl ether (MTBE). The precipitate
was collected by centrifugation at 3,000 g for 15 min at 4◦C,
washed twice with ice-cold MTBE and dried under vacuum.
The crude peptides were purified by reversed-phase high-
performance liquid chromatography (RP-HPLC) using a C18
column (10 mm × 250 mm, 10 µm, SUPELCO, Sigma-Aldrich,
Germany) and identified by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry
(AutoFlex III smartbeam, Bruker, United States). The eluted
peptide solution was collected, lyophilized and stored in a
−30◦C freezer. To prepare the peptide stock solution, the
lyophilized peptide powder was dissolved in deionized water,
filtered through a 2-µm syringe filter to remove any aggregated
peptide, and then quantified by its UV absorption at 280 nm (ε of
tryptophan = 5,690 M−1 cm−1). The peptide stock solution can
be stored at−30◦C for approximately 4 months.

Determination of the Minimal
Inhibitory/Bactericidal Concentrations
Following CLSI guideline M07-A11, single bacterial colonies
of A. baumannii ATCC 17978 grown on Müller–Hinton agar
(MHA) plates were picked and inoculated in 4 mL of Müller–
Hinton broth (MHB) at 37◦C and shaken at 180 rpm for 4∼6 h.
The bacterial broth was diluted in the same medium to give
a cell density of 1∼2 × 108 CFU/mL (OD600 = 0.38∼0.4 for
A. baumannii) (Supplementary Figure 1; Dillon et al., 2020).
Then, the broth was diluted 20-fold. Peptides were dissolved
in water and filtered through a 0.2-µm filter to make a stock
solution. The peptide concentration was quantified by the UV280.
Then, the peptide solution was serially diluted in MHB to final
peptide concentrations of 1, 2, 4, 8, 16, and 32 µg/mL. One

hundred microliters of serially diluted peptide and 10 µL of
bacterial culture were mixed in a 96-well polystyrene plate. Each
well contained approximately 5 × 105 CFU/mL. The positive
control was a mixture of 100 µL of MHB and 10 µL of the
bacterial culture. The negative control was 110 µL of MHB. The
plates were incubated at 37◦C without shaking. The minimal
inhibitory concentration (MIC) was determined as the lowest
concentration of peptide at which no visible bacterial growth
occurred after incubation in MHB for 20 h. The bacterium-
peptide mixtures (the mixture without visible growth and the
mixture containing a two-fold lower peptide concentration than
the mixture without growth), positive control, and negative
control (3 µL each) were spotted on an MHA plate and incubated
at 37◦C for 24 h. The MBC was determined as the lowest peptide
concentration at which no colonies formed.

Peptide Stability in Plasma
EDTA-treated rat whole blood was centrifuged at 4◦C and 840× g
for 5 min, and then the blood cells were removed (Mwangi
et al., 2019). The supernatant was placed in an Eppendorf tube
and centrifuged at 4◦C and 13,000 rpm for 10 min to remove
lipids (white precipitate). The supernatant was filtered through
a 0.2-µm filter.

The peptide was dissolved in water and filtered through a
0.2-µm filter. The peptide concentration was quantified by the
UV280 to make a 1 mg/mL stock solution.

Fifteen microliters of peptide solution were mixed with 10 µL
of plasma at room temperature for 1 to 72 h. At the indicated
time, the peptide was analyzed by HPLC with a C18 column
using a linear gradient of 20–65% B over 15 min. Solution A:
5% acetonitrile plus 0.1% trifluoroacetic acid in water; solution
B: 0.1% trifluoroacetic acid in acetonitrile.

Hemolytic Assay
EDTA-treated rat whole blood was centrifuged at 840 × g for
3 min at 4◦C to separate the blood cells from the plasma, which
was removed (Zeitler et al., 2013). The blood cells were washed
three times with PBS, where the volume of PBS was the same as
that of the original blood, by gently turning the centrifuge tube
upside down. After washing, ten microliters of blood cells were
diluted 2,000-fold in PBS to count the cells. Finally, red blood cells
were diluted to 5× 108 cells/mL in PBS.

Peptides were dissolved in water and filtered through a
0.2-µm filter to make a stock solution. The peptide concentration
was quantitated by the UV280. The peptide solution was
diluted in PBS to different concentrations (five times the tested
concentrations). Twenty microliters of the peptide in PBS was
mixed with 80 µL of red blood cell solution in a 96-well plate
(V-bottom). The final peptide concentration was 16–256 µg/mL.
In the positive control group, 20 µL of 5% Triton X-100 was
added to the red blood cell solution for a final Triton X-100
concentration of 1%. For the negative control group, 20 µL of PBS
solution was added. The 96-well plate was incubated at 37◦C for
45 min. After centrifuging the 96-well plate at 1,500× g for 5 min,
30 µL of the supernatant was mixed with 100 µL of deionized
water in a 96-well plate (flat bottom). The concentration of heme
in each well was measured by the UV405 using an Infinite M1000
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pro (Tecan Austria GmbH, Austria). The hemolytic activity was
calculated using the following formula.

Hemolytic activity = [(F − F0)/(Ft − F0)] × 100%

F is the UV405 of the peptide-treated sample
F0 is the UV405 of the sample without peptide (negative
control)
Ft is the UV405 of the Triton-treated sample (positive control)

Cell Viability Assay
Cell viability assays were performed by using the CellTiter 96 R©

AQueous Non-Radioactive Cell Proliferation Assay (Promega,
United States), in which 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt
(MTS) can be reduced to purple-colored formazan by intact
cells. HEK293 cells in DMEM with 10% FBS were seeded in
a 96-well plate (200 µL; cell density 1.25 × 105 cells/mL) and
incubated overnight (Lin et al., 2013). The test peptide was
dissolved in water and filtered through a 0.2-µm filter. The
peptide concentration was quantitated by the UV280 to make a
5,120 µg/mL stock solution and then serially diluted in serum-
free DMEM. On the second day, the medium was replaced
with 100 µL of serum-free DMEM containing different peptide
concentrations and incubated for 1 or 24 h. Serum-free DMEM
without peptide was used as a negative control and medium
containing 1% Triton X-100 was used as a positive control. One
milligram of MTS powder was dissolved in 0.5 mL of Dulbecco’s
phosphate-buffered saline (DPBS). The MTS solution was
mixed with one-twentieth of a phenazine methosulfate (PMS)
solution (0.92 g/mL). To each well, 20 µL of the MTS/PMS
solution was added. After 3 h, the absorbance was measured
with an Infinite M1000 pro (Tecan Austria GmbH, Austria) at
a wavelength of 490 nm. Cell viability was calculated using the
following equation.

Cell viability = [(A − Ap)/(An − Ap)] × 100%

A is the UV490 of the peptide-treated sample
An is the UV490 of the sample without peptide (negative
control)
Ap is the UV490 of the Triton-treated sample (positive control)

Time-Kill Kinetics Assay
The time-kill kinetics measurement against A. baumannii (ATCC
17978) in blood was conducted following a protocol modified
from the literature (Nagarajan et al., 2019). Sixty-six microliters
of A. baumannii culture (OD600 ∼1.2; 3∼6 × 108 CFU/mL
in MHB) was diluted in 1,930 µL of rat whole blood (EDTA-
treated). Then, 4 µL of the peptide stock solution to be tested
(2,035 µg/mL in water) was added to make the final bacterial
cell number 107 CFU/mL and the final peptide concentration
4 µg/mL (assigned as tube A). At 2, 4, 6, 8, 10, 20, 30, 40, 50,
and 60 min, 100 µL of the bacteria/blood mixture was removed
from tube A and mixed with 100 µL of sterilized 2 M NaCl/50%
glycerol (twofold dilution, assigned as tube B). Tube B at time

points within 10 min was flash-frozen in liquid nitrogen to stop
AMP activity since we did not have enough time to perform the
following dilution. Ten microliters of the mixture from tube B
were mixed with 990 µL of sterilized 1 M NaCl (200-fold dilution,
assigned as tube C). Ten microliters of the mixture from tube C
was mixed with 90 µL of sterilized 1 M NaCl (2,000-fold dilution,
assigned as tube D). Finally, ten or one hundred microliters
of solution from each tube was plated on an MHA plate and
incubated at 37◦C overnight to count the colony number.

To test whether freezing in liquid nitrogen kills part of the
bacteria, pepdD2 was tested with and without freezing. To test
whether bacteria can be killed by endogenous AMPs in blood,
one negative control was set as the same amount of bacterial
culture diluted in PBS. Another negative control was set as the
same amount of bacterial culture diluted in rat blood without the
addition of any peptide. At 0 and 60 min, the bacterial number
was measured as described above.

To compare the killing rate of pepI2 and colistin sulfate
(Sigma, C4461), incubation was conducted in MHB at 37◦C with
shaking (180 rpm).

Biofilm Inhibition Assay
Acinetobacter baumannii was cultured in LB overnight at 37◦C
at 180 rpm and diluted to an OD600 of 0.004 (approximately
1∼2 × 106 CFU/mL). Fifty microliters of cell suspension and
50 µL of peptides serially diluted in MHB were added to a
growth-enhanced treated 96-well plate (TPP tissue culture plate
96F, Europe, Switzerland) and incubated at 37◦C without shaking
for 24 h. The positive control was the culture without peptide
and the negative control was MHB only. After incubation, the
planktonic cells were removed, and then each well was washed
with PBS and fixed with 99% methanol for 15 min. Crystal violet
solution (0.1% in water) was added to stain the biofilm for 10 min.
The wells were washed with water until the negative control
(without bacteria) was clear. To resolubilize the crystal violet,
95% ethanol was added, and after 10–15 min, the solubilized
crystal violet/ethanol solution was transferred to a new flat-
bottomed 96-well plate. The biofilm was quantitated by the
absorption of crystal violet at 600 nm using Infinite M1000 pro
(Tecan Austria GmbH, Austria) (Mwangi et al., 2019).

Biofilm Eradication Assay
Acinetobacter baumannii was cultured in LB overnight at 37◦C
at 180 rpm and diluted to an OD600 of 0.004 (approximately
1∼2 × 106 CFU/mL). Fifty microliters of cell suspension and
50 µL of MHB were added to a growth-enhanced treated 96-
well plate (TPP tissue culture plate 96F, Europe, Switzerland) and
incubated at 37◦C without shaking for 24 h to form a biofilm.
The overnight culture was removed and washed carefully with
sterilized water. One hundred microliters of serially diluted pepI2
was added to each well (final peptide concentrations of 2, 4, and
8 µg/mL) and incubated at 37◦C without shaking for 24 h. The
positive control was the culture without pepI2. Broths with or
without pepI2 were removed, and each well was washed carefully
with sterilized water. To evaluate whether this AMP can permeate
into the biofilm and reduce the number of A. baumannii, 100 µL
of MHB was added into each well and mixed by pipetting 10
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times. Then, MHB together with the suspended biofilm was
transferred into a tube containing 2.9 mL of MHB. These tubes
were incubated at 37◦C with vigorous shaking (180 rpm). At 0,
1, 2, 3, and 4 h post-inoculation, 100 µL of bacterial culture were
transferred to a flat-bottomed 96-well plate, and the cell density
of the cultures was quantified by the absorption at 600 nm using
Infinite M1000 pro (Tecan Austria GmbH, Austria) (Mwangi
et al., 2019).

Circular Dichroism Spectroscopy
Following a protocol modified from the literature (Nielsen
and Otzen, 2010), two kinds of liposomes, DOPC and
POPE/POPG (1:1, w/w), were prepared. DOPC (10 mg) and
POPE/POPG (12 mg) were individually dissolved in 1 mL of
chloroform/methanol (2/1, v/v) in a glass tube. The solvents were
evaporated under a purge of nitrogen gas to form a thin lipid
film on the glass surface. The tube was placed in a vacuum
overnight to completely obliterate the organic solvent. We used
either deionized water or 20 mM phosphate buffer/100 mM
NaCl (pH 7) to rehydrate the lipid film as follows. Six hundred
microliters of water or buffer was added to the glass tube, and
the solution was mixed using an Intelli-mixer (60 rpm, angle
of 45 degrees) for 1 h. Then, the mixture was frozen in liquid
nitrogen and thawed at 45◦C for 5 min. After five freeze-thaw
cycles, the liposomes were prepared by extruding the mixture
through a polycarbonate filter (with a 200-nm pore size) using
an Avanti Mini-Extruder (Avanti Polar Lipids, United States).
PepD3 was dissolved in water to generate a stock solution of
1,280 µg/mL. The pepD3 stock solution was mixed with an equal
volume of water or 2× buffer (40 mM phosphate buffer/200 mM
NaCl, pH 7) to make working solutions (peptide concentration
of 640 µg/mL). Twenty microliters of pepD3 working solution,
25 µL liposomes, and 155 µL of water or buffer were mixed (final
peptide concentration of 64 µg/mL) for CD measurement. CD
spectra between 190 and 260 nm were recorded on a J-815 CD
spectrometer (JASCO, Japan). The bandwidth was set to 1 nm,
and the step resolution was 0.5 nm. Each sample was scanned
twice to obtain the final CD spectrum.

Lipid Composition Analysis
Bacterial lipids were extracted by a modified Folch extraction
method (Folch et al., 1957; Jan et al., 2016). Bacterial cells
(109 CFU) were collected by centrifugation at 4,000 rpm and
4◦C for 10 min. The cell pellet was washed with PBS and then
resuspended in 600 µL of methanol/chloroform (2:1, v/v) in
an Eppendorf tube. The tube was sonicated in a water bath
for 30 min, centrifuged at 13,000 rpm at room temperature
for 1 min, and the supernatant (S1) was removed. The debris
was resuspended in 600 µL of methanol/chloroform (1:2, v/v)
and then sonicated and centrifuged as mentioned above. The
supernatant was collected and mixed with supernatant S1.
The combined supernatant was mixed with 240 µL of 0.9%
KCl. The bacterial lipid was in the lower layer. The lower layer
was carefully collected and dried by vacuum centrifugation
(Genevac DUO). The dry lipid was dissolved in 20 µL of
chloroform/methanol (1:1, v/v) and subjected to thin-layer
chromatography (TLC). Briefly, 1 µL of the lipid mixture and/or

35 µL of standard lipids were loaded onto a silica gel TLC
(5-cm width × 10-cm length, Silica gel 60 F254, Merck) and
developed with chloroform/methanol/water (7:3:0.5, v/v/v).
Spots were visualized with cerium molybdate stain (10% sulfuric
acid, 2.5% ammonium molybdate, and 1% ceric ammonium
sulfate aqueous solution) and heated to 90◦C. Finally, the lipids
on the TLC plate were identified by comparing their Rf values
with those of standard lipids. The following lipids were used as
standard lipids: 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol
[0.5 mM, PG(16:0)2, Sigma], 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine [0.5 mM, PE(16:0)2, Sigma],
1,2-dipalmitoyl-sn-glycero-3-phosphocholine [0.5 mM,
PC(16:0)2, Sigma], 1,2-dimyristoyl-sn-glycero-3-phosphoserine
[0.5 mM, PS(14:0)2, Sigma], and 1,2-dipalmitoyl-sn-glycero-3-
phosphate [0.5 mM, PA(16:0)2, Sigma]. The lipid extraction was
repeated twice, and the TLC separation was conducted three
times. The composition of each lipid was normalized to the total
lipid intensity on the TLC plate.

RESULTS

The MIC and MBC of our designed peptides against
A. baumannii were obtained by using the broth microdilution
method in the CLSI protocol. The bacterial cell number was
carefully counted, and a final cell density of 5 × 105 CFU/mL in
each well was used in the MIC test (Supplementary Figure 1).
The minimal peptide concentration at which no bacterial growth
was observed was taken as the MIC value. The culture after
peptide treatment was spotted on an MHA plate, and the peptide
concentration that could kill all the bacteria was defined as the
MBC. The MIC/MBC and hemolytic activity of these peptides
are shown and compared in Figure 1.

Substitution of Hydrophobic and
Positively Charged Residues
Both the MIC and MBC of pepD2 against A. baumannii were
8 µg/mL. When Leu was replaced by Val, the bactericidal
activity of pepV2 was significantly attenuated (Figure 1A). In
contrast, when Ile was used instead, the bactericidal activity
of pepI2 increased. Changing the positively charged residue
from Lys to Arg or Orn did not affect the antimicrobial
activity. However, unexpectedly, the hemolytic activity was
greatly increased when Arg was used (Figure 1B). In contrast,
pepV2, pepI2 and pepO2 had no detectable hemolysis at
peptide concentrations up to 256 µg/mL (the corresponding
red, green, and blue symbols overlap well in Figure 1B). PepI2
(using Ile instead of Leu) and pepO2 (using Orn instead of
Lys) have superior or similar bactericidal activity but lower
hemolytic activity than pepD2, making them better candidates for
clinical application.

Influence of D-Form Amino Acids
One major obstacle hampering the clinical application of AMPs
is peptide stability. The proteolytic mechanism of enzymes has
stereospecificity; therefore, a peptide composed of D-form amino
acids is resistant to enzyme digestion. Many studies have reported
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FIGURE 1 | The effect of amino acid substitutions and different N-terminus modifications on the antimicrobial activity and hemolytic activity of the AMPs. Upper
panel: changing hydrophobic and positively charged residues; middle panel: using different fatty acyl modifications and D-amino acids; lower panel: using short
chain-acyl groups for N-terminal modification. (A,C,E) The MIC and MBC values against A. baumannii 17978 displayed as a violin plot. Each concentration was
tested 3–4 times, and each time, three repeats were used. The median of the data is displayed as a line. (B,D,F) Hemolytic activity against rat red blood cells. Each
peptide concentration was tested in triplicate. The data are expressed as the mean ± SD.

that replacing L-amino acids with their D-isomers did not affect
the antimicrobial activity of the D-form peptides (Mohamed
et al., 2017), although the peptide cost increased. Notably, the
market price of Fmoc-D-Ile-OH is much higher than that of
Fmoc-D-Leu-OH. Considering the cost of D-amino acids, we
redesigned pepD2 to a D-form peptide, named pepdD2, in which
Lys and Leu were replaced by their D-form isomers while Trp
remained as an L-amino acid. Our results showed that pepdD2
has the same MIC and MBC as pepD2 (Figure 1C). Surprisingly,

the hemolytic activity of pepdD2 was lower than that of pepD2
(Figure 1D). Thus, pepdD2 is a safer choice than pepD2.

Longer Is Not Better
One important concern for peptide drugs is the price. Most
AMPs are produced by solid-phase peptide synthesis. The peptide
length is proportional to the synthesis cost. To save synthesis
costs, scientists have tried to determine the shortest active
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sequence from natural AMPs. For example, the MIC of LL-
37 against A. baumannii 19606 was 16 µg/mL. Removing the
first seven residues from LL-37, as in KS-30, yielded a twofold
improvement in the MIC against the same strain (MIC 8 µg/mL)
(Feng et al., 2013). However, the antimicrobial efficacy decreased
eightfold (MIC 256 µg/mL) in peptide KR-12, which contains
only 12 residues from the LL-37 sequence. Here, we produced
a shorter peptide, pepD3, which has three residues truncated
from the C-terminus of pepD2. PepD2 and pepD3 have a similar
percentage of positively charged residues (57% for pepD2 and
55% for pepD3). Comparing pepD2 and pepD3, decreasing the
peptide length did not significantly affect the bactericidal activity
against A. baumannii (Figure 1E). Moreover, the hemolytic
activity of pepD3 was lower than that of pepD2. At a peptide
concentration of 256 µg/mL, the hemolytic activity of pepD3 was
only 3.15%, while that of pepD2 was 9.6% (Figure 1F).

Effect of End Protection Groups
Many AMPs disrupt the membrane by direct interaction with
lipid molecules. Some membrane proteins are anchored to the
membrane by end modification with a fatty acyl group, such
as myristyl or palmitoyl groups. We chose three saturated fatty
acids, myristic acid, palmitic acid, and stearic acid, to interact
with the free amino group at the N-terminus of pepD2. The
resulting peptides pepD2M, pepD2P, and pepD2S, respectively,
could not inhibit the growth of A. baumannii at concentrations
lower than 32 µg/mL (Figure 1C). Moreover, the hemolytic
activities of these three peptides were very high, even at low
peptide concentrations (Figure 1D). The data suggested that fatty

FIGURE 2 | Stabilities of pepD2, pepdD2, pepD3, and pepI2 in rat plasma.
(A) HPLC profiles of pepdD2 and pepI2 incubated in rat plasma for the
indicated times are shown as examples. (B) Percentages of intact peptides
after different incubation times.

acyl modification increased the interaction between AMPs and
the mammalian plasma membrane and reversed the selectivity
between bacterial and mammalian membranes.

Colistin, also called polymyxin E, is synthesized by Bacillus
polymyxa subspecies colistinus. It is a cyclic heptapeptide with
a tripeptide side chain acylated by an 8-carbon (colistin A)
or 7-carbon (colistin B) acyl chain (Falagas and Kasiakou,
2006). Due to its nephrotoxicity, it is used as a last-resort
antibiotic against multidrug resistant Gram-negative bacteria
such as Acinetobacter species, Pseudomonas aeruginosa, Klebsiella
species, and Enterobacter species. Its bactericidal mechanism
relies on binding to the negatively charged lipid A portion of
lipopolysaccharides of Gram-negative bacteria. People have tried
to develop new polymyxins with lower renal toxicity and an
improved therapeutic index (Vaara, 2010, 2013, 2019; Velkov
et al., 2010; Brown and Dawson, 2017). Des-fatty acyl polymyxin
derivatives displayed substantially reduced antibacterial activity
and toxicity, suggesting that the acyl chain is crucial for its
killing effect (Katsuma et al., 2009). Here, we increased the chain
length of the acyl group at the N-terminus of pepD3 from C2 to
C4 (pepD3B), C6 (pepD3H), and C8 (pepD3O) individually to
optimize the ratio of bactericidal activity to hemolytic activity.
Unlike the long-chain fatty acyl group, the short-chain acyl
group did not change the MIC or MBC against A. baumannii
(Figure 1E). However, when the acyl chain length was increased
to 6C (pepD3H), a significant increase in hemolysis was observed
(Figure 1F). The hemolytic activity was proportional to the chain
length: C8� C6� C4 > C2 (Figure 1F).

FIGURE 3 | HEK 293 cytotoxicity from pepD2, pepdD2, pepD3, and pepI2.
(A) 1-h treatment and (B) 24-h treatment. The pepD3 and pepI2 data in panel
(B) are too close to be distinguished. Each concentration was tested
independently three times, and each time, three repeats were used. The data
are expressed as the mean ± SD.
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Peptide Stability
The half-life of a peptide in vivo determines its bioavailability.
In addition to renal clearance, there are many proteases and
peptidases in the body that can degrade AMPs. A short half-life
is an important cause of failure of AMPs in clinical applications.
Many AMPs that function in vitro cannot work properly in vivo
and can only be applied topically. Common strategies for
extending peptide stability include cyclization, modification, and
unnatural amino acid and D-amino acid replacement (Mathur
et al., 2016). For linear peptides, end protection is the easiest
way to protect the peptide from exopeptidase attack. Terminal
modification at one end and both ends of a linear peptide Lcf1
(RRWQWR) increased the half-life by twofold and threefold,
respectively. Many approved AMPs, such as colistin, daptomycin,
and gramicidin, are cyclic peptides that avoid proteolysis.
Cyclization extends the half-life of Lcf1 by 48-fold. Many studies
have shown that replacing L-amino acids with their D-form
isomers did not affect the bactericidal ability of AMPs but
extended their half-life in serum (Bessalle et al., 1990; Hamamoto
et al., 2002). For example, incorporation of D-amino acids

FIGURE 4 | Time-kill kinetics assay. (A) Time-kill curves of A. baumannii
17978 in blood after treatment with pepdD2 and pepI2. This experiment was
performed in ex vivo whole rat blood at room temperature without shaking.
A. baumannii (final concentration of 107 CFU/mL) was incubated with or
without peptide (4 µg/mL) for 60 min. At the indicated time points, an aliquot
of the sample was removed and diluted, and the remaining cell number was
counted by plating on MHA plates. The data are expressed as the
mean ± SD. (B) The time-kill curves of A. baumannii 17978 after treatment
with pepI2 and colistin sulfate in MHB. A. baumannii (final concentration of
107 CFU/mL) was incubated with or without peptide at 37◦C with shaking.
The peptide concentration was 4 µg/mL for both peptides.

increased the half-life of KSL approximately fourfold (Mathur
et al., 2016). Additionally, replacing arginine with α-amino-3-
guanidino-propionic acid (Agp) protected the peptide Sub3 from
fast degradation in serum (Knappe et al., 2010).

Considering efficacy and safety, the four most effective
peptides, pepD2, pepD3, pepI2, and pepdD2, were selected
to evaluate how the residue variations affect peptide stability.
We used reversed-phase HPLC to examine peptide integrity
in plasma over time. The results are shown in Figure 2.
Unsurprisingly, pepdD2 had the highest stability. Nearly 90%
of the peptide remained intact after incubation in rat plasma
for 3 days. PepD3 was degraded faster than the others in
the first 6 h. PepI2 was the most effective peptide in killing
A. baumannii, but its half-life was the shortest (11.18 h) among
all the tested peptides.

Cytotoxicity of AMPs
For clinical application, the selectivity between bacteria and
mammalian cells is another important consideration. In addition
to the hemolytic assay, the toxicity of the four best peptides,
pepD2, pepD3, pepI2, and pepdD2, to HEK293 cells after short-
term (1 h) and long-term (24 h) treatment was studied (Figure 3).
Notably, pepI2 had the best antimicrobial activity (Figure 1A)
and the lowest cytotoxicity (Figure 3). Its IC50 in HEK293 cells
was approximately 68 µg/mL. Its selectivity index (SI) between
HEK293 cells and A. baumannii was more than 17. Its SI
between RBCs and A. baumannii was much higher than 64 since
256 µg/mL pepI2 only causes 0.27% hemolysis (Figure 1B). The
D-form peptide pepdD2 had the longest half-life and was the
most toxic after 24 h of treatment.

Time-Kill Kinetics Assay
In addition to peptide stability in vivo, AMPs might lose their
activity due to binding to serum proteins in the body such as
albumin or lipoprotein. To determine whether our AMPs can
function well in the blood, a time-kill kinetic study in whole

FIGURE 5 | Lipid composition analysis of A. baumannii ATCC 17978 and
Enterococcus faecalis OR1RF ATCC 47077. The lipid composition of the TLC
images (Supplementary Figure 4) was analyzed by ImageJ software and
normalized to the total lipid intensity. Statistical analysis was performed by
Welch’s t-test (N = 3). ns, not significant, ∗∗∗P < 0.001.
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rat blood was conducted. The results showed that 90% of the
inoculum could be eliminated in the blood without adding any
peptide (green line in Figure 4A). This elimination is probably
due to the blood’s self-defense mechanisms, such as macrophage
attack or endogenous AMPs secreted by leucocytes. The D-form
peptide pepdD2 and the most effective peptide pepI2 were chosen
to study their bactericidal kinetics in ex vivo rat blood. Both
pepI2 and pepdD2 killed 99.99% of bacteria in the blood within
60 min. When the same amount of each peptide (4 µg/mL) was
used, pepI2 killed bacteria faster than pepdD2. This is because
this peptide concentration is exactly the MBC of pepI2 but the
1/2 the MBC of pepdD2. The experimental procedure followed
a procedure in the literature (Nagarajan et al., 2019), in which
the blood samples taken within the first 10 min were frozen
before plating because these initial samples could not be diluted
and plated within such a short period of time. Notably, the
CFU at 10 min was lower than that at 20 min (orange line in
Figure 4A). To examine whether freezing might kill some of
the bacteria, pepdD2 was tested without the freezing step (blue
line in Figure 4). The remaining bacterial number in the blood
without freezing was indeed at least 10 times higher than that in
the samples that had been frozen before plating on MHA plates
(comparison of the blue and purple lines in Figure 4A). A 20-
mer L-form peptide �76 caused a 5 log10-fold CFU reduction
in A. baumannii in human blood within 10 min at a peptide
concentration of 32 µg/mL (eightfold its MBC) (Nagarajan et al.,
2019). Our pepI2 had the same killing effect at eightfold lower
peptide concentrations.

To exclude the influence of the antimicrobial agents in the
blood (endogenous AMPs or leucocytes), the time-kill kinetics
of pepI2 were repeated in MHB and compared with the kinetics
results from colistin sulfate as shown in Figure 4B. Without
peptide, A. baumannii continued growing in MHB during
the 60 min of incubation. PepI2 killed A. baumannii faster
than colistin sulfate, which has an MIC of 2 µg/mL against
A. baumannii (Sato et al., 2018).

Antimicrobial Activity Is Related to the
Lipid Composition of Pathogens
Unlike polymyxins, our peptide could kill Gram(+) bacteria
such as Staphylococcus aureus and Staphylococcus epidermidis
(Supplementary Figure 2), suggesting that our peptides do
not function via LPS binding. When testing other Gram(+)
bacteria, we noticed that our peptides were not effective against
Enterococcus faecalis at the concentrations used (32 µg/mL
and lower). To examine whether the discrimination comes
from the bacterial membrane differences, the membrane
lipids of these two bacteria were extracted by methanol and
chloroform, and TLC was used to analyze the lipid composition
(Supplementary Figure 3). The data showed that E. faecalis
had much lower contents of phosphatidylethanolamine (PE) and
phosphatidylserine (PS) than A. baumannii (Figure 5).

Many AMPs have polycationic charges, which are thought to
be important to interact with the negatively charged lipid surface
of bacterial membranes, such as phosphatidylglycerol (PG). Leite
et al. (2015) reported that anionic PS enhanced the binding of

the antimicrobial peptide Polybia-MP1 to the membrane, and PE
increased the susceptibility to membrane disruption. Since the
major difference in membrane lipid composition between these
two bacteria resides in the PE content, we prepared two kinds
of liposomes with DOPC and a mixture of POPE/POPG (1:1,
w/w). These two liposomes were prepared in either deionized
water or 20 mM phosphate buffer/100 mM NaCl (pH 7) to
examine the salt effect. The CD spectra of pepD3 interacting
with these liposomes are shown in Figure 6. PepD3 was a
random coil in water (black line in Figure 6A). When pepD3
was mixed with the PE/PG liposomes in water, it was induced
to populate an α-helical structure (blue line in Figure 6A), and
the appearance of the sample became turbid. The data suggested
that pepD3 disrupted the lipid membranes. When the liposomes
were prepared in buffer, the peptide/PE/PG complex aggregated
and precipitated at the bottom of the Eppendorf tube, causing

FIGURE 6 | CD spectra of pepD3 interacting with different liposomes.
(A) PepD3 interacted with PE/PG liposomes prepared in water or in 20 mM
phosphate buffer and 100 mM NaCl, pH 7. (B) PepD3 interacted with the
DOPC liposomes prepared in water or in 20 mM phosphate buffer and
100 mM NaCl, pH 7. The peptide concentration in each sample was
64 µg/mL.
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TABLE 2 | Comparison of the designed AMPs in this study.

Peptide MIC/MBC
A. baumannii

17978 (µg/mL)

Hemolysis (%) at 256 µg/mL HEK293 IC50 (µg/mL) Half-life in plasma (h) Selectivity index (SI)a

1 h 24 h

pepD2 8/8 9.6 29.1 37.3 23.08 4.7

pepD3 8/8 3.15 49.5 68.1 19.13 8.5

pepV2 16/32 0.31

pepI2 4/4 0.27 68.5 66.8 10.86 16.7

pepR2 8/8 105.65

pepO2 8/8 0.23

pepdD2 8/8 2.9 40.2 20.6 289.6 2.6

pepD2M >32/x 93.63

pepD2P >32/x 83.45

pepD2S >32/x 60.70

pepD3O 8/8 86.03

pepD3H 8/8 54.07

pepD3B 8/8 7.89

“x” indicates that the MBC could not be measured due to an MIC > 32 µg/mL. Only four peptides with a low MBC and low hemolysis had their cytotoxicity and
half-life measured. aSI is equal to the HEK293 IC50 (24-h treatment) divided by MBC.

the solution to be transparent again. The CD spectrum showed
no remaining peptide in the solution (red line in Figure 6A).
In contrast, pepD3 could not interact with the DOPC liposomes
and remained as a random coil structure (Figure 6B). This
experiment indicated that our AMPs disrupt lipid membranes
with high PE/PG contents.

Because our AMPs kill bacteria via a direct interaction with
the membrane, they can efficiently prohibit biofilm formation
(Supplementary Figure 4A). However, these peptides could not
kill bacteria in the existing biofilms (Supplementary Figure 4B).
Our data suggested that the antimicrobial mechanism of
our peptides relies on the direct interaction between peptide
and lipid just like the lipid precipitation we observed in
the peptide/liposome reaction. We surmise that the working
mechanism of our AMPs is more likely the carpet model or
detergent-like model.

DISCUSSION

As drug resistance spreads globally and rapidly, AMPs provide
a solution to echo the need for novel drugs to defeat pathogens
resistant to the currently available antibiotics. AMPs have the
advantages of broad-spectrum antimicrobial activity and do not
easily induce microbial resistance. However, bioavailability in
organisms and the target selectivity between pathogens and host
cells are the main reasons that hamper the transition of AMPs
from bench to bedside. Currently, only a few AMPs are in clinical
trials, and many of them can only be applied topically instead of
via systemic administration (Fjell et al., 2011; Felício et al., 2017;
Magana et al., 2020).

Several groups have designed amphipathic K/L-rich peptides,
but many of these peptides have fairly high hemolytic activity
and low stability (Blondelle and Houghten, 1992; Papo et al.,
2002). A cyclic C(LLKK)2C peptide displayed MIC values of 40–
75 µg/mL against 20 strains of A. baumannii. Intraperitoneal

injection twice a day for 3 days rescued half of the mice infected
by carbapenem-resistant A. baumannii (Huang et al., 2012).
In this study, we report a series of de novo-designed peptides
and the effect of various substitutions and modifications on
their antimicrobial efficacy, stability, and safety. Our peptides
are linear peptides consisting of 11 or 14 amino acids. They
could be easily synthesized by solid-phase peptide synthesis.
The properties measured in this study are summarized in
Table 2. Replacing four Leu residues with four Val residues
increased the MBC value fourfold. Replacing six Lys residues
with six Arg residues greatly promotes the hemolysis of
red blood cells, suggesting that Arg is the key residue that
interacts with the mammalian cell membrane. N-terminus acyl
modification could greatly affect hemolytic activity, and the
hemolytic activity is proportional to the chain length of the
acyl group, where long and hydrophobic fatty acyl chains
prefer to interact with the mammalian cell membrane rather
than the bacterial cell membrane. In our peptide design,
Trp is used to assist peptide quantification. The Trp→Tyr
substitution slightly decreased the antimicrobial activity and
cytotoxicity (Supplementary Figure 5). In summary, pepI2
is the best AMP with the lowest MIC/MBC values and the
highest SI between kidney and bacterial cells. PepdD2 is
the most stable AMP in plasma, but its higher cytotoxicity
than its parent peptide pepD2 might be due to its stability.
Both peptides could eliminate 99.99% of A. baumannii in
the blood within 1 h at a peptide concentration of only
4 µg/mL. Their mechanism of action is different from that
of colistin; hence, they might be useful to combat colistin-
resistant strains.
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A Corrigendum on

A Systematic Study of the Stability, Safety, and Efficacy of the de novoDesigned Antimicrobial

Peptide PepD2 and Its Modified Derivatives Against Acinetobacter baumannii

by Chen, S.-P., Chen, E. H.-L., Yang, S.-Y., Kuo, P.-S., Jan, H.-M., Yang, T.-C., Hsieh,
M.-Y., Lee, K.-T., Lin, C.-H., and Chen, R. P.-Y. (2021). Front. Microbiol. 12:678330.
doi: 10.3389/fmicb.2021.678330

In the original article, there was an error. “Gram(–) bacteria” was written where “Gram(+) bacteria”
should have been used.

A correction has been made to Results, Antimicrobial Activity is Related to the Lipid

Composition of Pathogens, paragraph 1:
“Unlike polymyxins, our peptide could kill Gram(+) bacteria such as Staphylococcus aureus and

Staphylococcus epidermidis (Supplementary Figure 2), suggesting that our peptides do not function
via LPS binding. When testing other Gram(+) bacteria, we noticed that our peptides were not
effective against Enterococcus faecalis at the concentrations used (32µg/mL and lower). To examine
whether the discrimination comes from the bacterial membrane differences, the membrane lipids
of these two bacteria were extracted by methanol and chloroform, and TLC was used to analyze
the lipid composition (Supplementary Figure 3). The data showed that E. faecalis had much
lower contents of phosphatidylethanolamine (PE) and phosphatidylserine (PS) than A. baumannii
(Figure 5).”

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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Fine-Tuning of Alkaline Residues on
the Hydrophilic Face Provides a
Non-toxic Cationic α-Helical
Antimicrobial Peptide Against
Antibiotic-Resistant ESKAPE
Pathogens
Xudong Luo1,2, Xiangdong Ye1,2, Li Ding1,3, Wen Zhu1, Pengcheng Yi1, Zhiwen Zhao1,
Huanhuan Gao1, Zhan Shu1, Shan Li1, Ming Sang4, Jue Wang1, Weihua Zhong5 and
Zongyun Chen1,2*

1 Institute of Biomedicine and Hubei Key Laboratory of Embryonic Stem Cell Research, College of Basic Medicine, Hubei
University of Medicine, Shiyan, China, 2 Hubei Key Laboratory of Wudang Local Chinese Medicine Research, Hubei
University of Medicine, Shiyan, China, 3 Department of Clinical Laboratory, Dongfeng Hospital, Hubei University of Medicine,
Shiyan, China, 4 Central Laboratory of Xiangyang No. 1 People’s Hospital, Hubei University of Medicine, Shiyan, China,
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Antibiotic-resistant ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species) has become a serious threat to public health worldwide.
Cationic α-helical antimicrobial peptides (CαAMPs) have attracted much attention
as promising solutions in post-antibiotic era. However, strong hemolytic activity and
in vivo inefficacy have hindered their pharmaceutical development. Here, we attempt to
address these obstacles by investigating BmKn2 and BmKn2-7, two scorpion-derived
CαAMPs with the same hydrophobic face and a distinct hydrophilic face. Through
structural comparison, mutant design and functional analyses, we found that while
keeping the hydrophobic face unchanged, increasing the number of alkaline residues
(i.e., Lys + Arg residues) on the hydrophilic face of BmKn2 reduces the hemolytic activity
and broadens the antimicrobial spectrum. Strikingly, when keeping the total number of
alkaline residues constant, increasing the number of Lys residues on the hydrophilic
face of BmKn2-7 significantly reduces the hemolytic activity but does not influence the
antimicrobial activity. BmKn2-7K, a mutant of BmKn2-7 in which all of the Arg residues
on the hydrophilic face were replaced with Lys, showed the lowest hemolytic activity and
potent antimicrobial activity against antibiotic-resistant ESKAPE pathogens. Moreover,
in vivo experiments indicate that BmKn2-7K displays potent antimicrobial efficacy
against both the penicillin-resistant S. aureus and the carbapenem- and multidrug-
resistant A. baumannii, and is non-toxic at the antimicrobial dosages. Taken together,
our work highlights the significant functional disparity of Lys vs Arg in the scorpion-
derived antimicrobial peptide BmKn2-7, and provides a promising lead molecule for
drug development against ESKAPE pathogens.

Keywords: ESKAPE pathogens, antibiotic resistance, cationic α-helical antimicrobial peptide, hydrophilic face,
lysine vs arginine, hemolytic activity, in vivo efficacy
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INTRODUCTION

Bacterial resistance to traditional antibiotics is a serious threat
to human health. The majority of antibiotic-resistant infections
are caused by the ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species)
(Pendleton et al., 2013). Recently, the WHO listed these bacteria
as the key pathogens against which novel antimicrobial agents are
urgently needed (Tacconelli et al., 2018).

Cationic α-helical antimicrobial peptides (CαAMPs) are
typically short defensive peptides that are widely distributed
in various animals, such as scorpions (Harrison et al., 2014),
wasps (Konno et al., 2016) and frogs (Patocka et al., 2019),
and many of them showed direct antimicrobial activity against
various pathogens. CαAMPs are amphiphilic molecules with
a high content of positively charged residues (Lys and Arg)
and hydrophobic residues in their sequences (Fjell et al., 2011;
Mahlapuu et al., 2016; Ciumac et al., 2019). CαAMPs can fold
into amphiphilic α-helices upon insertion into negatively charged
bacterial plasma membranes, where they form various kinds
of lipophilic pores that induce membrane disruption, cellular
metabolite leakage, and eventually bacterial death (Fjell et al.,
2011; Mahlapuu et al., 2016; Ciumac et al., 2019). From this mode
of action, CαAMPs kill bacteria rapidly and have a much lower
tendency to produce bacterial resistance, which makes CαAMPs
attractive alternatives to conventional antibiotics.

Although hundreds of CαAMPs were originally identified,
significant drawbacks, such as strong hemolytic activity
and in vivo inefficacy, have hindered their pharmaceutical
development (Mahlapuu et al., 2016; Ghosh et al., 2019; Magana
et al., 2020). In recent studies, many attempts have been made to
improve the performance of CαAMPs. These strategies involve
re-engineering natural CαAMP sequences by site-directed
mutation (Ahmad et al., 2009; Irazazabal et al., 2016; Li et al.,
2016; Jiang et al., 2020), fragmentation (Luo et al., 2021) or
chemical modification (Zarina and Nanda, 2014; Nayak et al.,
2018; Mourtada et al., 2019; Mwangi et al., 2019; Li et al., 2020),
computational approaches based on natural templates and
statistical analysis (Loose et al., 2006; Nagarajan et al., 2018,
2019), or designing de novo sequences by using simple alkaline
vs hydrophobic amino acid combinations (Deslouches et al.,
2005, 2013; Hu et al., 2011; Lakshmaiah Narayana et al., 2020).
However, partly due to the complexity of the structure-activity
relationships, which are derived from the sequence diversity
of the peptides, progress in CαAMP optimization is still very
limited and few CαAMPs have successfully achieved FDA
approval (Greber and Dawgul, 2017; Ghosh et al., 2019; Torres
et al., 2019).

BmKn2 is a 13-mer naturally occurring CαAMP that was
identified in the scorpion Mesobuthus martensii Karsch. This
peptide possesses strong hemolytic activity and merely shows
antimicrobial activity against gram-positive bacteria, such as
S. aureus. BmKn2-7, which has lower hemolytic activity and
a broadened antimicrobial spectrum, is a mutant of BmKn2
(Cao et al., 2012). For the design of optimized AMP, we first
investigated the structural basis that determines the distinct

functional performances of BmKn2 and BmKn2-7. Our results
revealed that an increase in the number of alkaline residues
(Lys and Arg) on the hydrophilic face can result in reduced
hemolytic activity and a broadened antimicrobial spectrum, but
the difference in the Lys vs Arg combination may significantly
influence the hemolytic activity of the peptide. Based on this,
we designed a series of BmKn2-7-derived peptides that share
the same hydrophobic face but contain different Lys vs Arg
combinations on the hydrophilic face. Strikingly, we found
that replacement of Arg with Lys on the hydrophilic face
does not influence the antimicrobial activity of the peptide
but can significantly reduce its hemolytic activity. The peptide
BmKn2-7K, in which all of the Arg residues were replaced
with Lys residues on the hydrophilic face, showed the lowest
hemolytic activity.

The antimicrobial potential of BmKn2-7K was evaluated
thereof. In vitro experiments demonstrated that BmKn2-7K
exhibits potent antimicrobial activity via a membrane-lytic
mechanism against a series of clinically isolated antibiotic-
resistant ESKAPE pathogens, including gram-positive bacteria
such as methicillin-resistant S. aureus (MRSA), methicillin-
resistant S. epidermidis (MRSE), E. faecalis and E. faecium,
and gram-negative bacteria such as extended-spectrum β-
lactamase (ESBL)-producing E. coli, carbapenem-resistant (CRE)
or multidrug-resistant (MDR) P. aeruginosa, CRE and MDR
A. baumannii and CRE K. pneumoniae. In vivo experiments
showed that BmKn2-7K is non-toxic at antimicrobial dosages
and displays potent antibacterial efficacy against both penicillin-
resistant S. aureus and CRE- and MDR A. baumannii. In short,
our work highlights the significant functional disparity of Lys vs
Arg in the scorpion-derived antimicrobial peptide BmKn2-7, and
provides new clues for the development of novel antimicrobials
against drug-resistant ESKAPE pathogens.

MATERIALS AND METHODS

Peptide Synthesis and Bioinformatic
Analysis
All peptides were synthesized and purified by ChinaPeptides
Corporation (Shanghai, China) by solid-phase methods using
standard N-9-fluorenylmethyloxycarbonyl (Fmoc) chemistry
(Colombo, 1982). The molecular weights were measured
by electrospray ionization mass spectrometry (ESI-MS,
TripleTOF 5600, AB Sciex, United States). Peptide purity
(>95%) was determined by reverse-phase high-performance
liquid chromatography (RP-HPLC) with a Kromasil 100-
5C18 column (4.6 mm × 250 mm) at 220 nm at a flow rate
of 1.0 ml/min, using a linear water/acetonitrile gradient
that contained 0.1% trifluoroacetic acid. Peptides were
stored as lyophilized powders before use. The theoretical
molecular weights, isoelectric points (pI) and grand average
of hydropathicity (GRAVY) were calculated online using the
ProtParam tool1 (Gasteiger et al., 2003). The helical-wheel
plots, net charge and hydrophobic moments were calculated

1https://web.expasy.org/protparam/
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online using the HeliQuest server2 (Gautier et al., 2008). The
three-dimensional structure projections were predicted online
using the I-TASSER server3 (Yang and Zhang, 2015).

Circular Dichroism
The secondary structural content of the peptide was measured by
circular dichroism (CD) spectroscopy. Peptides were dissolved
in either distilled H2O or 2,2,2-trifluoroethanol (TFE, Aladdin)
solutions to achieve a concentration of 150 µg ml−1. The
CD spectra (λ190−250 nm) were obtained at 25◦C on a J-820
spectropolarimeter (Jasco, Tokyo, Japan) using a quartz cell
with a 1 mm light path. Three scans were recorded for each
sample. The mean residue molar ellipticity was calculated from
the original CD data by the equation as described (Yang et al.,
2019):

θ = (θobs ∗ 1000) /
(
c ∗ l ∗ n

)
where θ is the mean residue molar ellipticity, θobs is the

observed ellipticity corrected relative to the buffer, c is the peptide
concentration (mM), l is the path length (mm), and n is the
number of residues of the peptide.

Hemolytic Activity Determination
Fresh human red blood cells (hRBCs) were collected in a
sterile borosilicate glass tube covered with sodium citrate as the
anticoagulating agent. Then, the cells were washed three times
with 0.9% sodium chloride via centrifugation (1,000 × g, 4◦C,
5 min) and prepared in a sterile 96-well polypropylene plate to
achieve a final concentration of 4% (v/v). Two-fold dilutions of
the peptides were prepared in 0.9% sodium chloride to 100 µl
and mixed with equal volumn of hRBC suspension to final
peptide concentrations ranging from 12.5 to 200 µg ml−1. After
co-incubation at 37◦C for 1 h, the samples were centrifuged
(2,000× g, 4◦C, 20 min), and the supernatant (100 µl) was taken
for optical density (OD540) measurements (Asample). The hRBCs
assayed with 0.9% sodium chloride (Ablank) or 1% Triton X-100
(Apositive) were applied as 0% and 100% hemolysis, respectively.
Three independent experiments were performed and the percent
hemolysis was calculated according to the following equation
(Yin et al., 2012; Li et al., 2016):

Hemolysis (%) = 100 ∗ (Asample − Ablank)/(Apositive − Ablank)

Bacterial Strains
The bacteria used in this study included the standard strains
S. aureus ATCC29213 and ATCC25923, E. faecalis ATCC29212,
E. coli ATCC25922 and ATCC35218, A. baumannii ATCC19606,
K. pneumoniae ATCC700603 and P. aeruginosa ATCC27853,
these strains were were purchased from the China Center of
Type Culture Collection (CCTCC). The antimicrobial activities
of the peptides were also determined against clinically isolated
strains S. aureus 4188, 9124, 1176, S. epidermidis 9092, 6943,
888, E. faecalis 901, E. faecium 898, E. coli 2678, 2687, K.
pneumoniae 9126, P. aeruginosa 9014, 9042, and A. baumannii

2https://heliquest.ipmc.cnrs.fr/
3https://zhanglab.ccmb.med.umich.edu/I-TASSER/

906, 13012, 13079, 9068, these strains were acquired from Taihe
Hospital, Hubei University of Medicine. The drug sensitivities
of the clinical isolates to the antibiotics were determined by the
Kirby-Bauer test (Chinnambedu et al., 2020).

Minimum Inhibitory Concentration
Determination
The MIC determination was performed using the broth
dilution method according to the guidelines of the Clinical
and Laboratory Standards Institute (CLSI) (Cao et al., 2012;
Mourtada et al., 2019). Briefly, the bacterial cells were incubated
in Mueller-Hinton broth (MHB, Oxoid) at 37◦C and 150 rpm,
after overnight incubation, the bacteria were transferred to new
broth until the exponential phase of growth (OD630 = 0.4). After
that, the bacteria were diluted with fresh MHB to 160 µl and
prepared in a sterile 96-well polypropylene plate to achieve a
final concentration of 6.25 × 105 colony forming units (cfu) per
ml. Two-fold dilutions of the peptides in 0.9% sodium chloride
(40 µl) were added to each well to achieve the final peptide
concentrations ranging from 1.25 to 80 µg ml−1. After co-
incubation at 37◦C for 20 h, each MIC was determined by optical
density (OD630) measurements as the minimum concentration of
peptide with no detectable bacterial growth. All experiments were
repeated at least three times.

To study the influence of physiological ions on the
antimicrobial activities of the peptides, The MICs of the peptides
were also determined against the standard bacterial strains
cultured in MHB containing various salts at their physiological
concentrations (150 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 2 mM
CaCl2, 6 µM NH4HCO3, and 4 µM FeCl3) (Ma et al., 2016).

Time-Killing Kinetics
Time-dependent killing abilities of the peptide were evaluated
against S. aureus ATCC29213. Briefly, the bacteria were cultured
in MHB at 37◦C and 150 rpm until the log phase of growth. Then,
the bacteria (1 × 106 cfu ml−1) were co-incubated with a series
of 1, 2 or 4 × MIC peptide in a sterile 96-well plate at 37◦C and
150 rpm. Aliquots of the samples were taken at different time
points (0, 5, 15, 30, and 60 min), diluted appropriately, and spread
on Mueller-Hinton agar. The surviving colonies were determined
after the cells were cultured overnight. The bacteria treated with
4×MIC melittin was used as a positive control.

Membrane Permeabilization
Membrane permeabilization caused by the peptide was
determined by propidium iodide (PI, Thermo Fisher) uptake
assays as described previously (Luo et al., 2021). Briefly,
mid-log phase bacteria S. aureus ATCC29213 was collected
by centrifugation (6,000 × g, 4◦C) and washed three times
with phosphate-buffered saline (PBS). Next, the bacterial cells
were diluted to OD630 = 0.1 and prepared in a sterile 96-well
polypropylene plate. After mixing with 2 µM PI, a series of
concentrations of the peptide (1, 2 or 4 × MIC) were added
into each well, and fluorescence was immediately recorded on
a Molecular Devices SpectraMax i3x (excitation wavelength:
535 nm, emission wavelength: 617 nm). All experiments were
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FIGURE 1 | Structural variations between the scorpion cationic α-helical antimicrobial peptide (CαAMP) BmKn2 and BmKn2-7. The three-dimensional structures and
the helical-wheel plots were obtained by using the I-TASSER and HeliQuest servers, respectively. Residues of the hydrophilic faces are marked with one letter
abbreviations and side chains are shown in the ribbon structures. In the helical-wheel plots, residues marked in blue and yellow represent positively charged alkaline
and hydrophobic amino acids, respectively. Residue marked in purple represents Ser. Residues marked in gray represent Gly and Ala.

TABLE 1 | Physicochemical parameters of the peptides designed from BmKn2.

Peptides Sequence MWa (Da)
(Cal./Obs.)

zb pIc GRAVYd <µ H>e

BmKn2 FIGAIARLLSKIF-NH2 1447.8/1447.8 3 11.0 1.592 0.824

Kn2(G3K) FIKAIARLLSKIF-NH2 1518.9/1519.0 4 11.2 1.323 0.824

Kn2(A4R) FIGRIARLLSKIF-NH2 1532.9/1533.0 4 12.0 1.108 0.806

Kn2(S10R) FIGAIARLLRKIF-NH2 1516.9/1517.0 4 12.0 1.308 0.806

Kn2(G3K_A4R) FIKRIARLLSKIF-NH2 1604.1/1604.1 5 12.0 0.838 0.866

Kn2(G3K_S10R) FIKAIARLLRKIF-NH2 1588.1/1588.1 5 12.0 1.038 0.873

Kn2(A4R_S10R) FIGRIARLLRKIF-NH2 1602.0/1602.1 5 12.3 0.823 0.845

BmKn2-7 FIKRIARLLRKIF-NH2 1673.2/1673.1 6 12.3 0.554 0.908

aMolecular weight (MW): the predicted values (Cal.) were consistant with the measured ones (Obs.).
bNet charge (z).
c Isoelectric point (pI).
dGrand average of hydropathicity (GRAVY).
eHydrophobic moments (<µ H>).
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FIGURE 2 | Design, hemolytic and antimicrobial activity analyses of BmKn2 analogs. (A) Helical-wheel projections of BmKn2, BmKn2-7 and the designed peptides.
(B) The percent hRBC hemolysis at 25 µg ml-1 was determined for BmKn2, BmKn2-7 and the designed peptides. The absorbance of the supernatants was
measured at 540 nm to evaluate the release of hemoglobin. (C) The antimicrobial activities (MIC in µg ml-1) were determined against Staphylococcus aureus
ATCC29213 and Escherichia coli ATCC25922. All experiments were repeated at least three times.

repeated three times. The data were normalized against the
fluorescence values of the bacteria treated with 4×MIC melittin
which was used as a positive control.

Membrane Depolarization
The effect of the peptide on membrane depolarization
was monitored by measuring the fluorescence of DiSC3-
5 (Sigma-Aldrich), a membrane potential sensitive probe
(Suzuki et al., 2003; Venkatesh et al., 2017). Briefly, mid-
log phase bacteria S. aureus ATCC29213 were harvested by
centrifugation (6,000 × g, 5 min), washed twice with N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES)
buffer (5 mM HEPES, 20 mM glucose, 100 mM potassium
chloride, pH 7.4), and diluted with the same buffer to achieve an
OD630 of 0.05. Then the bacteria were incubated with DiSC3-5
(0.4 µM) in the dark for 90 min to achieve a stable reduction in

fluorescence. After the addition of a series of concentrations of
the peptides (1, 2 or 4 × MIC), fluorescence was immediately
measured on a microplate reader (Molecular Devices SpectraMax
i3x) with an excitation wavelength of 622 nm and an emission
wavelength of 670 nm. All experiments were repeated three
times. The data were normalized against the fluorescence values
of the bacteria treated with 4 ×MIC melittin which was used as
a positive control.

Transmission Electron Microscopy
For transmission electron microscopy (TEM) observation,
S. aureus ATCC29213 were cultured in MHB to achieve an
OD630 = 0.2. Then, the bacteria were treated with 1 × MIC
peptide for 0.5 h (150 rpm and 37◦C). After that, the bacterial
cells were harvested (10,000 × g, 4◦C, 5 min) and fixed with
2.5% glutaraldehyde (Sigma-Aldrich) (Ma et al., 2016). The
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morphologies of the bacteria were observed by using an FEI
Tecnai G2 20 TWIN transmission electron microscope.

Cytotoxicity
The cytotoxicity of the peptide was determined against mouse
fibroblast cells L929 and human embryonic kidney cell 293T
(HEK293T). Briefly, the cells were seeded at a density of
8,000 cells per well in a 96-well plate and cultured for
24 h in Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco),
2 mM L-glutamine, 100 U ml−1 penicillin, 100 mg ml−1

streptomycin (1% P/S, InvitrogenTM), and at 37◦C in a 5% of
CO2 atmosphere. Then, different concentrations of the peptide
(0, 10, 20, 30, and 40 µg ml−1) were added into each well
and co-incubated with the cells for 24 h. After 2 h incubation
with 10 µM 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium (CCK-8, Yeasen, China), the
cytotoxicity of the peptide was determined by measuring the
optical density at 450 nm (Wu et al., 2014; Li et al., 2020).

In vivo Systemic Toxicity
Healthy ICR mice (male, 6–8 weeks old, ∼30 g) were used
to determine the in vivo systemic toxicity of the peptide
(Chen et al., 2013). The mice were randomly divided into six
groups (n = 10). Five cohorts were intraperitoneally injected with
a single dose of 10, 20, 40, 80, and 160 mg kg−1 body weight of
the peptide dissolved in PBS. The mice injected with PBS were
used as control. The survival of mice was inspected for 7 days. All
surviving mice were euthanized at the end of the experiments.

For histopathological examination, each group of ICR mice
(n = 6) was injected intraperitoneally with PBS or with a single
dose of 40 mg kg−1 body weight of the peptide. At 1, 2, and 7-day
post-injection, the mice were euthanized, and the liver, kidney
and spleen were collected and fixed with 4% formaldehyde for
haematoxylin and eosin staining.

Peritonitis Models
Healthy ICR mice (male, 6–8 weeks old, ∼30 g) were used
to evaluate the in vivo antimicrobial activity of the peptide.
Overnight-cultured bacteria were transferred to new broth and
cultured to the log phase of growth. Then, the bacteria were
collected and washed three times with PBS by centrifugation
(6,000× g, 4◦C, 5 min). The mice were intraperitoneally injected
with a single dosage of 5× 107 cfu of S. aureus 4188 (or 6.25× 107

cfu of A. baumannii 906) suspended in PBS to establish the
mouse peritonitis models. For each bacteria, one cohort (n = 10)
was euthanized at 0.5 h post-infection and the bacterial load in
the peritoneal fluid was determined to ensure the development
of the peritonitis model. Other cohorts (n = 10) were treated
intraperitoneally with a single dosage of the peptide or treated
with PBS which was used as a placebo. The survival of the mice
was recorded for 7 days.

To confirm the antimicrobial efficacy of the peptide, the
bacterial loads in the peritoneal fluid of the mice treated with
the peptide were determined. Briefly, the infected mice were
randomly sub-grouped into three cohorts (n = 6). One cohort
of the mice was euthanized at 0.5 h post-infection, which was

used as control. Other cohorts of the mice were treated with the
peptide or PBS at the same time point. After 4 h treatment, the
mice were euthanized and soaked in 75% ethanol for 5 min. Then,
the peritoneum was washed by injecting 5 ml of PBS, followed by
gentle massaging and peritoneal fluid extraction. The fluid was
diluted appropriately and spread on Mueller-Hinton agar. The
bacterial loads were determined after overnight incubation.

Statistic Analysis
The data obtained were analyzed using the software GraphPad
Prism 5.0. The statistical variances between each group were
evaluated by one-way ANOVA, followed by the Tukey’s post hoc
test. Significant variances are marked with asterisks (∗P < 0.05,
∗∗P < 0.01 and ∗∗∗P < 0.001).

RESULTS

Increasing the Number of Lys or Arg
Residues on the Hydrophilic Face
Reduces the Hemolytic Activity of
BmKn2 and Broadens Its Antimicrobial
Spectrum
In order to design AMP with optimized performance, we
investigated BmKn2, a naturally occurring AMP which was
reported to exhibit good antimicrobial activity against gram-
positive bacteria but exhibits strong hemolytic activity, and its
analog BmKn2-7, which displays better antimicrobial and lower
hemolytic activities (Cao et al., 2012). As shown in Figure 1 and
Table 1, no compositional variation on the hydrophobic face of
the peptides was observed between the BmKn2 and BmKn2-7,
but Gly3, Ala4 and Ser10 on the hydrophilic face of BmKn2 were
replaced with Lys, Arg and Arg in BmKn2-7, respectively.

Based on this, six mutants were designed. The first
sub-group includes Kn2(G3K), Kn2(A4R) and Kn2(S10R),
in which Gly3, Ala4 and Ser10 of BmKn2 was mono-
substituted with the corresponding residues in BmKn2-7. The
second sub-group includes Kn2(G3K_A4R), Kn2(G3K_S10R)
and Kn2(A4R_S10R), in which Gly3, Ala4 and Ser10 in BmKn2
were double-substituted with the corresponding residues in
BmKn2-7 (Table 1 and Figure 2A). With an increasing number
of alkaline residues (Lys or Arg) on the hydrophilic face, the
net charge of these peptides increases step by step from +3
(BmKn2) to +6 (BmKn2-7), and the pI value increases from 11.0
(BmKn2) to 12.3 (BmKn2-7); while the hydrophobic moments
slightly increases from 0.824 (BmKn2) to 0.908 (BmKn2-7), the
mean hydrophobicity value of the peptides dramatically reduces
from 1.592 (BmKn2) to 0.554 (BmKn2-7) (Table 1). To evaluate
their antimicrobial and hemolytic activities, all peptides were
then synthesized, and the molecular weights of the synthesized
peptides were measured by ESI-MS to show consistency with the
corresponding predicted peptides (Table 1). By using RP-HPLC,
the purities of the synthesized peptides were determined to be
greater than 95% (Supplementary Figure 1).

The hemolytic activities of the peptides were determined
against hRBCs. Figure 2B shows the hemolytic activities of
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TABLE 2 | Physicochemical parameters of the peptides designed from BmKn2-7.

Peptides Sequence MWa (Da)
(Cal./Obs.)

zb pIc GRAVYd <µ H>e

BmKn2-7 FIKRIARLLRKIF-NH2 1673.2/1673.1 6 12.3 0.554 0.908

BmKn2-7K FIKKIAKLLKKIF-NH2 1589.1/1589.1 6 10.6 0.692 0.905

BmKn2-7R FIRRIARLLRRIF-NH2 1729.2/1729.2 6 12.6 0.462 0.911

Kn2-7(R4K) FIKKIARLLRKIF-NH2 1645.1/1645.1 6 12.0 0.600 0.908

Kn2-7(R7K) FIKRIAKLLRKIF-NH2 1645.1/1645.1 6 12.0 0.600 0.907

Kn2-7(R10K) FIKRIARLLKKIF-NH2 1645.1/1645.1 6 12.0 0.600 0.907

Kn2-7(R4K_R7K) FIKKIAKLLRKIF-NH2 1617.1/1617.1 6 11.3 0.646 0.906

Kn2-7(R4K_R10K) FIKKIARLLKKIF-NH2 1617.1/1617.1 6 11.3 0.646 0.907

Kn2-7(R7K_R10K) FIKRIAKLLKKIF-NH2 1617.1/1617.1 6 11.3 0.646 0.907

Kn2-7(K3R) FIRRIARLLRKIF-NH2 1701.2/1701.2 6 12.5 0.508 0.909

Kn2-7(K11R) FIKRIARLLRRIF-NH2 1701.2/1701.2 6 12.5 0.508 0.909

aMolecular weight (MW): the predicted values (Cal.) were consistant with the measured ones (Obs.).
bNet charge (z).
c Isoelectric point (pI).
dGrand average of hydropathicity (GRAVY).
eHydrophobic moments (<µ H>).

BmKn2, BmKn2-7 and the mutants at a concentration of
25 µg ml−1. Compared to BmKn2 (91.8%), the percent
hemolysis of the mono-substituted mutants Kn2(G3K) and
Kn2(S10R) were determined to be 69.0% and 50.9%, respectively,
but Kn2(A4R) caused 100% hemolysis at this concentration.
Interestingly, the percent hemolysis of double-substituted
mutants Kn2(G3K_A4R) and Kn2(A4R_S10R), which were
determined to be 8.3% and 18.0%, respectively, are very
close to that of BmKn2-7 (6.9%). However, the percentage
of hemolysis of Kn2(G3K_S10R) was determined to be 77.5%
at this concentration, which is much higher than that of
Kn2(G3K_A4R) and Kn2(A4R_S10R).

The MICs of the mutants were determined against S. aureus
(gram-positive) and E. coli (gram-negative), two representative
bacterial species that were widely used in the previous reports
(Cao et al., 2012; Mourtada et al., 2019; Zhao et al., 2021). As
shown in Figure 2C, all of them showed potent activity against
the gram-positive bacterium S. aureus ATCC29213 (MIC: 5–
10 µg ml−1). Except for BmKn2 (MIC > 80 µg ml−1) and
Kn2(G3K) (MIC: 40 µg ml−1), all the other peptides showed
good antimicrobial activity against the gram-negative bacterium
E. coli ATCC25922 (MIC: 10–20 µg ml−1).

Taken together, these results suggest that the increase in the
number of alkaline residues on the hydrophilic face of BmKn2
reduces the hemolytic activity of the peptide and broadens its
antimicrobial spectrum. Interestingly, different combinations of
Lys and Arg on the hydrophilic face may significantly influence
the hemolytic activity of the peptide.

Arg → Lys Substitution on the
Hydrophilic Face Significantly Reduces
the Hemolytic Activity of BmKn2-7
Without Influencing Its Antimicrobial
Activity
No optimized AMP better than BmKn2-7 was obtained by
the investigations describled above, but the results suggest that

alkaline residue composed hydrophilic face is a better choice for
the performance of the peptide. Naturally occurring CαAMPs
are rich in Lys or Arg with an occurrence frequency of 9.52%
and 5.86%, respectively (Wang et al., 2016), but their role
in CαAMPs is largely unknown. In order to further optimize
BmKn2-7 and obtain deeper knowledge of the effects of Lys and
Arg on the hemolytic and antimicrobial activity of CαAMPs,
a series of BmKn2-7 mutants were designed. First, all Arg
residues on the hydrophilic face of BmKn2-7 were substituted
with Lys to give mutant BmKn2-7K, and vice versa, BmKn2-
7R was obtained (Table 2 and Figure 3A). Then, based on
the sequence variations between BmKn2-7 and BmKn2-7K, as
well as BmKn2-7 and BmKn2-7R, eight variants were obtained
(Table 2 and Figure 3A). With an increasing number of Lys
residues on the hydrophilic face, the net charge of these peptides
remains constant (+6), which might be own to the incapability
of the HeliQuest server to distinguish the difference between
the side chain of Lys vs Arg; but the pI value decreases from
12.6 (BmKn2-7R) to 10.6 (BmKn2-7K), as predicted by the
online ProtParam tool; no obvious variation in amphiphilicity
was observed, as indicated with the hydrophobic moment values,
but the mean hydrophobicity value of the peptides increases from
0.462 (BmKn2-7R) to 0.692 (BmKn2-7K) (Table 2). All peptides
were then synthesized. By ESI-MS, the molecular weights of
the synthesized peptides were measured and determined to be
consistent with the corresponding predicted ones (Table 2). By
using RP-HPLC, the purities of the synthesized peptides were
determined to be greater than 95% (Supplementary Figure 2).

The hemolytic activities of the synthesized peptides were
determined against hRBCs. The peptides were no longer
toxic at 25 µg ml−1 and a higher dose was necessary to
demonstrate a distinct trend. So, the percent hemolysis of
BmKn2-7, BmKn2-7K, BmKn2-7R and the other mutants were
comparatively investigated at the concentration of 100 µg ml−1.
Interestingly, Kn2-7(K3R) shows the strongest hemolytic activity
(89.3% hemolysis), followed by BmKn2-7R (73.1% hemolysis)
(Figure 3B). The percent hemolysis of BmKn2-7 and BmKn2-7K
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FIGURE 3 | Design, hemolytic and antimicrobial activity analyses of BmKn2-7 analogs. (A) Helical-wheel projections of BmKn2-7, BmKn2-7K, BmKn2-7R and the
other designed peptides. (B) The percent hRBC hemolysis at 100 µg ml-1 was determined for BmKn2-7 and the designed peptides, and the numbers of Arg and
Lys residues of each peptide were shown. (C) The antimicrobial activity (MIC in µg ml-1) was determined against S. aureus ATCC29213 and E. coli ATCC25922. All
experiments were repeated at least three times.

were determined to be 41.0% and 12.2%, respectively (Figure 3B).
Generally, Arg → Lys substitutions on the hydrophilic face
of BmKn2-7 significantly reduce the hemolytic activity of the
peptide (Figure 3B).

We then tested the antimicrobial activity of these peptides.
As shown in Figure 3C, the MICs of these peptides against
S. aureus ATCC29213 were in the range of 2.5–5 µg ml−1, which
were more potent than those of E. coli ATCC25922 (MICs: 10–
20 µg ml−1). However, no obvious variation was found between
BmKn2-7, BmKn2-7K, BmKn2-7R and the other mutants,
suggesting that Arg → Lys substitutions on the hydrophilic
face of BmKn2-7 have no obvious impact on the antimicrobial
activity of the peptide.

BmKn2-7K Exhibits Potent Antimicrobial
Actvity Against Antibiotic-Resistant
ESKAPE Isolates
The above results indicate that BmKn2-7K retains the promising
antimicrobial activity while has the lowest hemolytic activity
among the tested peptides. To further evaluate its antimicrobial

potential, MIC determination was performed against a series
of clinically isolated antibiotic-resistant ESKAPE strains. For
comparison, the MIC values of BmKn2, BmKn2-7 and BmKn2-
7R were also measured. As shown in Table 3, these peptides
exhibit potent and comparable activity against most of the tested
gram-positive bacteria, including MRSA and MRSE, the MICs
of the peptides against these bacteria strains were in the range
of 2.5–5 µg ml−1. These peptides show good and comparable
antimicrobial activity against E. faecalis and E. faecium, the MICs
were determined to be 5–10 µg ml−1 (Table 3).

For the gram-negative bacteria tested, except for A. baumannii
(MICs: 5–10 µg ml−1), the natural peptide BmKn2 is inactive
to other tested gram-negative pathogens (Table 4). For ESBL-
producing E. coli, CRE- and MDR P. aeruginosa, CRE- and MDR
A. baumannii, BmKn2-7K and BmKn2-7R (MICs: 2.5–10 µg
ml−1) showed potent and better antimicrobial activity than that
of BmKn2-7 (MICs: 5–20 µg ml−1) (Table 4). All the three
peptides showed potent and comparable antimicrobial activity
against CRE K. pneumoniae (MICs: 10 µg ml−1) (Table 4).

Taken together, these results demonstrated that Arg → Lys
substitution has no significant influence on the antimicrobial
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TABLE 3 | Minimum inhibitory concentrations of BmKn2-7K against clinically isolated gram-positive pathogens.

Strains S. aureus S. epidermidis E. faecalis E. faecium

ATCC
25923

4188 9124 1176 9092 6943 888 ATCC
29212

901 898

Resistance MRSAa MRSEb MRSE

Penicillin - R R R R R R - S R

Tetracycline - S S S R S S - - R

Gentamicin - S S S R R S - R R

Erythromycin - S R R R R S - R R

Cefoxitin - R R R R R I - - -

Oxazocilline - S R S R R S - - -

Levofloxacin - S S S R I R - - R

Rifampin - S S S S S S - R R

MICs of the peptides (µg ml−1)

BmKn2-7K 5 2.5 2.5 2.5 5 2.5 2.5 5 10 5

BmKn2-7R 5 5 2.5 2.5 2.5 5 2.5 10 5 2.5

BmKn2-7 5 5 2.5 5 2.5 5 2.5 5 10 5

BmKn2 5 5 5 2.5 5 5 2.5 10 10 10

Melittin 5 2.5 2.5 5 2.5 2.5 2.5 2.5 2.5 5

aMethicillin-resistant S. aureus (MRSA).
bMethicillin-resistant S. epidermidis (MRSE); ‘-,’ not determined; ‘S’ represents susceptibility; ‘I’ represents intermediate efficacy and ‘R’ represents resistance.

activity of BmKn2-7, and suggest the potential of BmKn2-7K for
combating antibiotic-resistant ESKAPE pathogens.

Salt Sensitivity of BmKn2-7K
The peptide BmKn2-7K showed the lowest hemolytic activity
among these peptides and exhibits potent antimicrobial activities
against a wide range of ESKAPE pathogens. There are many
kinds of cations in the physiological solution, so we further
evaluated the effects of these cations on the antimicrobial
activity of BmKn2-7K. As shown in Supplementary Table 1,
for most of the tested bacterial strains, the addition of the
cationic ions had no obviously negative effect on the antibacterial
activity of the peptide.

Antimicrobial Mechanism of BmKn2-7K
Based on the above results, the mode of action of BmKn2-
7K was investigated. As suggested by the previous reports
(Fjell et al., 2011; Mahlapuu et al., 2016), the bacterial-killing
process of CαAMPs generally starts with the formation of
amphiphilic α-helix upon its adsorption to the bacterial
membrane through electrostatic attraction, followed by the
formation of various pores that led to membrane disruption,
cellular metabolite leakage, and eventually bacterial death.
To explore whether BmKn2-7K can fold into α-helix rich
conformation, the secondary structure contents of the
peptide was measured by CD spectroscopy. As shown
in Figure 4A, BmKn2-7K exhibited only a negative peak
centered at 198 nm in aqueous solution, indicating a randomly
coiled structure; while the peptide exhibited a large positive
peak centered at 195 nm and two negative bands centered
at 208 and 222 nm in 30% or 70% TFE solutions, which

mimics the hydrophobic environment in the bacterial plasma
membrane (Cao et al., 2012). The results indicate that BmKn2-
7K could fold into α-helical structure in the appropriate
membrane environment.

Then, time-killing kinetics were determined against
S. aureus ATCC29213 to evaluated whether BmKn2-7K has
fast bacteria-killing ability. As shown in Figure 4B, the results
demonstrated an increased killing rate with an increased
BmKn2-7K concentration. Almost all of the bacteria were killed
within 0.5 h as they were treated with 4 × MIC BmKn2-7K,
and the sterilization curve was very close to that of bacteria
incubated with 4 × MIC melittin, a representative membrane-
targeting CαAMP that was used here as a positive control
(Raghuraman and Chattopadhyay, 2007).

To determine whether BmKn2-7K can induce pore structure
formation in the plasma membrane, PI uptake kinetics were
determined. PI is a nucleic acid binding probe that can only
permeate damaged plasma membrane, thus this probe was
commonly used to evaluate the pore formation ability of AMPs
(Mishra et al., 2019; Luo et al., 2021). As shown in Figure 4C,
rapid and dose-dependent increases of PI fluorescence were
observed upon the addition of BmKn2-7K, indicating that
peptide treatment induced the formation of pore structures in
the bacterial membrane. Peptide caused damage to the bacterial
cell membrane was further evaluated by using the membrane
potential sensitive probe DiSC3-5, this probe is quenched in
intant bacterial cells, but it can be released out from the
cells to produce fluorescence when the cytoplasmic membrane
potential is disturbed (Toyomizu et al., 2002; Suzuki et al.,
2003; Venkatesh et al., 2017). As shown in Figure 4D, when
the bacterial cells were treated with BmKn2-7K, instantaneous
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TABLE 4 | Minimum inhibitory concentrations of BmKn2-7K against clinically isolated gram-negative bacteria.

Strains E. coli P. aeruginosa A. baumannii K. pneumoniae

ATCC35218 2678 2687 ATCC
27853

9014 9042 ATCC
19606

906 13012 13079 9068 ATCC
700603

9126

Resistance ESBLa ESBL CREb,
MDRc

CRE,
MDR

CRE,
MDR

CRE,
MDR

CRE,
MDR

CRE

Imipenem - S S - R S - R R R R - R

Meropenem - S S - I S - R R R R - S

Levofloxacin - R R - R R - R R R R - S

Amikacin - S S - R S - S R R R - S

Ceftazidime - S R - R S - R R R R - S

Ampicillin - R R - R R - R R R R - R

Ticarcillin/clavulanic acid - I R - R S - S R R R - S

Piperacillin/tazobactam - S S - R S - S R R R - S

MICs of the peptides (µg ml−1)

BmKn2-7K 10 10 5 10 5 5 2.5 2.5 2.5 5 2.5 10 10

BmKn2-7R 10 10 5 10 2.5 10 2.5 2.5 2.5 5 5 10 10

BmKn2-7 10 20 10 10 10 20 5 5 5 5 10 10 10

BmKn2 >80 >80 >80 >80 >80 >80 10 10 10 10 5 >80 >80

Melittin 5 5 2.5 2.5 5 5 5 2.5 2.5 2.5 2.5 5 5

aExtended-spectrum β-lactamases (ESBL).
bCarbapenem-resistant (CRE).
cMultidrug-resistant (MDR); ‘-,’ not determined; ‘S’ represents susceptibility, ‘I’ represents intermediate efficacy, and ‘R’ represents resistance.
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FIGURE 4 | Antibacterial mechanism of BmKn2-7K. (A) CD spectra of BmKn2-7K (150 µg ml-1) in ddH2O, 30% and 70% TFE solutions. (B) Time-killing kinetics of
BmKn2-7K against S. aureus ATCC29213. The surviving bacterial cells were determined by counting the clonies on the agar after overnight incubation.
(C) Normalized PI fluorescence of S. aureus ATCC29213 treated with BmKn2-7K. (D) Normalized DiSC3-5 fluorescence of S. aureus ATCC29213 treated with
BmKn2-7K. In Figures 4B–D, the peptide concentrations were 0 × MIC (circle), 1 × MIC (square), 2 × MIC (upward triangle) or 4 × MIC (downward triangle). The
sample treated with 4 × MIC melittin (diamond) was presented as the positive control. The data represent average ± standard error of three independent
experiments. (E,F) Transmission electron microscopy (TEM) analysis of untreated S. aureus ATCC29213 and (G,H) the bacteria incubated with 1 × MIC BmKn2-7K
for 0.5 h. (F,H) represent pictures of (E,G) (red box) with greater magnification.
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and concentration-dependent increases of DiSC3-5 fluorescence
were observed, indicating peptide-caused losses of membrane
potential of the bacterial cells.

The mechanism of BmKn2-7K was also investigated by
using TEM. Compared with untreated S. aureus (Figure 4E),
blockage of bacterial division was observed in the BmKn2-7K-
treated sample, and the number of intact bacteria in the sample
treated with BmKn2-7K reduced dramatically (Figure 4G). Most
importantly, the untreated bacteria had an intact morphology
(Figure 4F), but obvious membrane fracture, ablation, and
cell content leakage were observed in BmKn2-7K-treated
bacteria (Figure 4H). Taken together, these results demonstrated
that BmKn2-7K kills the bacteria via a membrane-lytic
mechanism.

Safety Profile of BmKn2-7K
To evaluate the in vivo toxicity of BmKn2-7K, the effects of
BmKn2-7K on cell viability was firstly determined against the
cells HEK293T and mouse fibroblast cells L929. The peptide was
non-toxic to HEK293T at the concentration up to 40 µg ml−1

(Figure 5A), and only showed minor cytotoxicity to L929 cells at
this concentration (Figure 5B). The in vivo toxicity of BmKn2-
7K was determined in an healthy ICR mouse model (male, 6–8
weeks old, ∼30 g). As shown in Figure 5C, all mice injected
with BmKn2-7K up to 40 mg kg−1 body weight survived for
7 days, 60% of the mice injected with BmKn2-7K at dose of 80 mg
kg−1 body weight survived for 7 days, and all mice injected with
BmKn2-7K at dose of 160 mg kg−1 body weight died within
24 h. These data indicate that the median lethal dose (LD50)
of BmKn2-7K exceeds 80 mg kg−1 body weight (Figure 5D).
To further evaluate the safety of the peptide, histopathological
examinations of liver, spleen and kidney were performed in
mice injected with BmKn2-7K at dose of 40 mg kg−1 body
weight. As shown in Figure 5E, the tissues of liver, spleen and
kidney displayed normal and intact morphologies at 1, 2, and
7 days post-treatment, and no necrosis or drug-induced injury
was observed, demonstrating that BmKn2-7K is non-toxic at this
dosage.

In vivo Antimicrobial Efficacy of
BmKn2-7K
Staphylococcus aureus is one of the most notorious gram-
positive bacterium that causes various lethal hospital-acquired
infectious diseases (Chen and Huang, 2014; Dayan et al., 2016).
To determine the in vivo antimicrobial efficacy of BmKn2-
7K, ICR mice (male, 6–8 weeks old, ∼30 g) were inoculated
intraperitoneally with 5× 107 cfu of penicillin-resistant S. aureus
strain 4188 suspended in PBS to establish the mouse peritonitis-
sepsis model. Treatment was performed at 0.5 h post-infection
with a single intraperitoneal injection of BmKn2-7K (20 mg
kg−1 body weight). The mice were monitored for 7 days. As
shown in Figure 6A, all mice in the cohort treated with PBS
(negative control) died within 24 h, but all mice treated with
BmKn2-7K survived the study period and behaved normally.
The antimicrobial efficacy was also evaluated by quantifying the
bacterial load in the peritoneal fluid of the mice. As shown in

Figure 6B, no significant variation of the bacterial load was
observed in the cohort treated with PBS (5.73 × 106 cfu ml−1

compared with 4.45 × 106 cfu ml−1 at the starting point).
However, the bacterial load in the cohort treated with 20 mg kg−1

body weight of BmKn2-7K decreased significantly to 2.73 × 105

cfu ml−1 at 4 h post-treatment (P < 0.001).
The gram-negative bacteria A. baumannii has become a

serious threat to public health worldwide due to the remarkable
ability to survive in various healthcare environments and its
increasing resistance to a wide range of antibiotics (Willyard,
2017; Wong et al., 2017). Therefore, we also investigated the
in vivo antimicrobial efficacy of BmKn2-7K by using a mouse
peritonitis model infected with CRE- and MDR- resistant
A. baumannii 906 at dose of 6.25 × 107 cfu. As shown in
Figure 6A, only 30% of the mice survived one day after
A. baumannii injection, but 90% of the mice which treated with
BmKn2-7K at dose of 25 mg kg−1 body weight survived for 7 days
and no abnormal behavior was observed for the surviving mice.
The bacterial load in the peritoneal fluid was also determined.
As shown in Figure 6C, the bacteria proliferated rapidly in
the abdominal cavity of the mice within the study period, as
the viable clones increased from 3.13 × 106 cfu ml−1 (0.5 h
post-infection) to 3.09 × 107 cfu ml−1 (4.5 h post-infection)
(P< 0.01). Compared to the group treated with PBS, the bacterial
load in the cohort treated with 25 mg kg−1 body weight of
BmKn2-7K dramatically decreased to 1.45 × 105 cfu ml−1 at 4 h
post-treatment (P < 0.001). Taken together, these results suggest
that BmKn2-7K has good in vivo antimicrobial activity.

DISCUSSION

Cationic α-helical antimicrobial peptides are potential
alternatives to traditional antibiotics for combating bacterial
resistance, but bottlenecks such as strong hemolytic activity
and in vivo inefficacy hinder their therapeutic development
(Mahlapuu et al., 2016; Ghosh et al., 2019). Here, by investigating
the two scorpion-derived peptides BmKn2 and BmKn2-7,
we found that: i. keeping the hydrophobic face of BmKn2
unchanged, and increasing the number of alkaline residues
(Lys or Arg) on the hydrophilic face reduces the hemolytic
activity of the peptide and broadens its antimicrobial activity;
ii. replacing Arg with Lys on the hydrophilic face significantly
reduces the hemolytic activity of BmKn2-7 without influencing
its antimicrobial activity; and iii: BmKn2-7K, in which all Arg
residues were replaced with Lys on the hydrophilic face of
BmKn2-7, displays the lowest hemolytic activity.

The plasma membrane of bacteria mainly consists of
negatively charged lipids, including phosphatidylglycerol,
cardiolipin, and phosphatidylserine; further, teichoic acid
(gram-positive) and lipopolysaccharide (gram-negative) exist
on the cell surface (Silhavy et al., 2010; Teixeira et al., 2012).
This leads to a negative charge on the bacterial surface that
can attract CαAMPs through electrostatic interactions (Fjell
et al., 2011). Similar to other naturally occurring CαAMPs
identified in scorpions, such as pantinins (Zeng et al., 2013)
and lausporins (Zhao et al., 2021), the antimicrobial activity
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FIGURE 5 | Safety profile of BmKn2-7K. (A,B) The cytotoxicities of the peptide were determined against HEK293T and L929. The data represent
average ± standard error of three independent experiments. *P < 0.05; ns. represents “no significance.” The statistical significance between the groups was
analyzed using one-way ANOVA followed by Tukey’s post hoc test to correct for multiple comparisons. (C) Kaplan-Meier plot for the survival of ICR mice treated with
BmKn2-7K. (D) The survival rates of mice after treating with different doses of BmKn2-7K. Each cohort of ICR mice (n = 10) was injected intraperitoneally with a
single dose of BmKn2-7K at concentrations ranging from 10 to 160 mg kg−1 body weight, followed by survival inspection for 7 days. Mice without peptide injection
were set as the normal control. (E) Histopathological examination of ICR mouse liver, kidney and spleen sections. Each cohort of mice (n = 6) were injected
intraperitoneally with a single dose of 40 mg kg−1 mouse body weight BmKn2-7K, and the mice were euthanized at 1, 2, and 7 days after treatment and stained
with haematoxylin-eosin for observation. Mice without peptide injection were set as the normal control. The bar represents 20 µm.
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FIGURE 6 | In vivo antimicrobial efficacy of BmKn2-7K. (A) Survival curves of infected mice after treatment with BmKn2-7K. Each cohort of ICR mice (n = 10) was
infected with 5 × 107 cfu of S. aureus 4188 (or 6.25 × 107 cfu of A. baumannii 906) and cultured for 0.5 h to establish the lethal peritoneal infection model. Drug
treatments were performed with a single dose of 20 (or 25) mg kg-1 body weight BmKn2-7K for the S. aureus 4188 (or A. baumannii 906) infected model,
respectively. (B) Quantitative determination of bacterial loads in the peritoneal fluid of S. aureus infected ICR mice (n = 6). (C) Quantitative determination of bacterial
loads in the peritoneal fluid of A. baumannii infected ICR mice (n = 6). The logarithm value of the number of viable bacteria from each mouse was plotted as individual
dots, error bars represent the standard deviation from the mean within each cohort, **P < 0.01; and ***P < 0.001; ns. represents “no significance”. The statistical
significance between the groups was analyzed using one-way ANOVA followed by Tukey’s post hoc test to correct for multiple comparisons.

FIGURE 7 | Structural and functional comparison of BmKn2-7K and BmKn2-7R. (A) No significant difference in the MIC values was observed between BmKn2-7K
and BmKn2-7R. (B) Compared with BmKn2-7R, BmKn2-7K shows much lower hemolytic activity. (C) Compared with BmKn2-7R, BmKn2-7K shows a distinct
structure surface view and side chain orientations on the hydrophilic face.

of BmKn2 is mostly restricted to gram-positive bacteria,
such as S. aureus (Figure 2C). Interestingly, mutants such
as Kn2(A4R) and Kn2(S10R), which were obtained by
replacing Ala4 and Ser10 with Arg, respectively, showed
good activity against gram-negative bacteria E. coli ATCC25922
(Figure 2C). On the other hand, no significant variation
in antimicrobial activity was observed among BmKn2-7
analogs, such as BmKn2-7K and BmKn2-7R, both of which
contain five alkaline residues (Figures 3C, 7A). Previous
reports have shown that the antimicrobial activity of CαAMPs

can be enhanced by replacing other residues with Lys or
Arg, and this strategy is often employed in the designing of
optimized peptides (Bessalle et al., 1992; Dou et al., 2017;
Mourtada et al., 2019; Yang et al., 2019; Strandberg et al.,
2020). Our study, consistent with these reports, suggested
that electrostatic interactions between peptides and the cell
surface of bacteria may be the critical determinant for their
antimicrobial activity.

Many reports have also suggested that increasing the
number of alkaline residues in the sequence of CαAMPs
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may be helpful to reduce their hemolytic activity, an
increase in alkaline residues might lead to decreased
hydrophobicity, which can attenuate the hydrophobic
interactions between the peptide and the hRBC membrane
(Dathe et al., 2001; Jiang et al., 2008; Li et al., 2016). By
structural comparison, mutant design and function analyses,
we demonstrated that while keeping the hydrophobic face
unchanged, increasing the number of alkaline residues on
the hydrophilic face of BmKn2 can reduce the hemolytic
activity of the peptide (Figure 2B). However, significant
variations in hemolytic activity were observed among the
peptides, such as for Kn2(G3K_A4R), Kn2(G3K_S10R)
and Kn2(A4R_S10R), which contain the same number
of alkaline residues (Figure 2B). Our results further
indicated a context-dependent and complicated profile of
the effects of alkaline residues on the hemolytic activity of
Cα AMPs.

Perhaps the most striking finding in the present work
is that the hemolytic activity of BmKn2-7K is much lower
than that of BmKn2-7R (Figures 3B, 7B), which suggested
that Lys and Arg play distinct roles in determining the
hemolytic activity of CαAMPs. Natural CαAMPs are rich
in Lys or Arg with an occurrence frequency of 9.52% and
5.86%, respectively (Wang et al., 2016), offering positively
charged peptide characteristics (Bhunia et al., 2011; Gao and
Zhu, 2018; Stone et al., 2019). In previous reports, proteins
containing Lys or Arg at their active site can exhibit distinct
physiological activity. This phenomenon has been found in
cellular processes such as enzyme recognition, protein-RNA
interaction and ion channel-toxin recognition (Wheatley and
Holyoak, 2007; Berecki et al., 2014; Ukmar-Godec et al.,
2019). However, to our knowledge, no study has explored
the different roles of Lys vs Arg in CαAMPs. In our present
work, we uncovered the distinct roles of Lys and Arg in
determining the hemolytic activity of the CαAMP BmKn2-
7. The disparity of Lys vs Arg in determining the hemolytic
activity might result from their distinct interaction patterns.
In fact, although both Lys and Arg are alkaline residues
and carry the same charge (+1) at physiological pH, the
positively charged groups at the terminus of the side chain of
Lys or Arg have a distinct chemical nature. The side chain
of Arg contains a guanidine group (pKa: 12.48), whereas
the side chain contains an ε-amino group in Lys (pKa:
10.53). Lys can interact with other chemical group through
methylene or ε-amino groups, the electron cloud is localized
to the ε-amino group with weak directional preferences,
whereas Arg contacts with other molecules through guanidine
group, in which the electron cloud is delocalized over the
planar guanidinium group with stronger directional preferences
(Dougherty, 1996; Baud and Karlin, 1999), offering Arg the
strong ability to interact with aromatic groups and form
hydrogen-bonds (Gallivan and Dougherty, 1999; Kumar et al.,
2018). Moreover, the modeled three-dimensional structures
revealed distinct surface landscapes of BmKn2-7K and BmKn2-
7R, and the side chain orientations of the charged residues
on the hydrophilic face differ greatly (Figure 7C). On the
other hand, the cell membrane of hRBCs consists of various

kinds of zwitterionic lipids, i.e., phosphatidylethanolamine,
phosphatidylcholine, sphingomyelin and cholesterol (Teixeira
et al., 2012), which should be another important factor
that influences CαAMP-hRBC interactions. Therefore, the
mechanism underlying the different performances of BmKn2-7K
and BmKn2-7R in hemolysis should be complicated, and further
investigations will be necessary to address this directly.

BmKn2-7K is active against antibiotic-resistant ESKAPE
bacteria, including MRSA, MRSE, ESBL-producing E. coli, CRE
or MDR P. aeruginosa, CRE and MDR A. baumannii, and
CRE K. pneumoniae, indicating that BmKn2-7K has broad-
spectrum antimicrobial activity (Tables 3, 4). We also carried
out various experiments to understand the bacterial killing
mechanism of BmKn2-7K. BmKn2-7K kills bacteria quickly and
induces rapid membrane disruption and cell content leakage
(Figure 4). Most importantly, by using a mouse peritonitis model,
BmKn2-7K was found to show potent antimicrobial efficacy
not only against the clinically isolated penicillin-resistant gram-
positive pathogen S. aureus, but also against CRE- and MDR-
resistant A. baumannii and is non-toxic at antimicrobial dosages
(Figures 5, 6). Taken together, our data indicate that BmKn2-
7K seems to be a promising antimicrobial drug lead for future
therapeutic development.
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The security issue of human health is faced with dispiriting threats from multidrug-
resistant bacteria infections induced by the abuse and misuse of antibiotics. Over
decades, the antimicrobial peptides (AMPs) hold great promise as a viable alternative
to treatment with antibiotics due to their peculiar antimicrobial mechanisms of action,
broad-spectrum antimicrobial activity, lower drug residue, and ease of synthesis and
modification. However, they universally express a series of disadvantages that hinder
their potential application in the biomedical field (e.g., low bioavailability, poor protease
resistance, and high cytotoxicity) and extremely waste the abundant resources of AMP
database discovered over the decades. For all these reasons, the nanostructured
antimicrobial peptides (Ns-AMPs), based on a variety of nanosystem modification,
have made up for the deficiencies and pushed the development of novel AMP-based
antimicrobial therapies. In this review, we provide an overview of the advantages of Ns-
AMPs in improving therapeutic efficacy and biological stability, reducing side effects,
and gaining the effect of organic targeting and drug controlled release. Then the
different material categories of Ns-AMPs are described, including inorganic material
nanosystems containing AMPs, organic material nanosystems containing AMPs, and
self-assembled AMPs. Additionally, this review focuses on the Ns-AMPs for the effect
of biological activities, with emphasis on antimicrobial activity, biosecurity, and biological
stability. The “state-of-the-art” antimicrobial modes of Ns-AMPs, including controlled
release of AMPs under a specific environment or intrinsic antimicrobial properties of
Ns-AMPs, are also explicated. Finally, the perspectives and conclusions of the current
research in this field are also summarized.

Keywords: antimicrobial peptide, inorganic nanoparticles, organic nanoparticles, self-assembly, controlled drug
release

INTRODUCTION

Antibiotics were considered as one of the most important weapons in the treatment of bacterial,
fungal, and some other infectious diseases. During the 1940s, they have saved millions of lives and
have prolonged the life span for a couple of years (Durand et al., 2019; Gajdács, 2019). However, the
injudicious use of antibiotics in clinical treatment and other fields is threatening worldwide safety
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aspects on health seriously because of the growing drug
resistance. When microbes are treated with antimicrobial agents,
it has been amply reported that the development of bacterial
resistance can be performed in a number of ways. In addition
to producing β-lactamases, altering drug binding sites, or
penetrating cell membrane, microbes can also utilize the quorum
sensing (QS) to induce the formation of biofilm, preventing the
interaction with antimicrobials (Kalia et al., 2019; Parasuraman
et al., 2020). At the same time, irrational and inappropriate use
of antibiotic in many fields such as healthcare, agriculture, and
biomedicine contributed to advantages for resistant microbes
to emerge, spread, and persist (Holmes et al., 2016; Ma
et al., 2020). Colistin is considered to be the last line of
defense against pathogen infections caused by the carbapenem-
resistant Enterobacteriaceae due to the prevailing wisdom of
low probability of chromosomal-mediated drug resistance in
the bacterial family (Ma et al., 2020). MCR-1 is a new gene
found in nature that makes bacteria resistant to polymyxin,
and it is responsible for plasmid-mediated colistin resistance.
Furthermore, many reports have identified that this transmissible
resistance mechanism is rapidly distributed (McGann et al., 2016;
Stoesser et al., 2016). Hence, the golden age for antibiotics to treat
pathogenic infection is over, and the lookout for new alternatives
to antibiotics is pressing.

For decades, considerable efforts have been devoted to the
development of novel antimicrobials to replace the crucial role
of antibiotics. Antimicrobial peptides (AMPs), also termed host
defense peptides (HDPs), are small proteins with 2 to 100 amino
acids in length with antimicrobial, antiviral, and antineoplastic
activity (Lazzaro et al., 2020; Wang et al., 2020). The sequence
component simplicity of AMPs makes them light on evolving
de novo. Some tertiary structures (e.g., defensins) have evolved
continuously in species as diverse as microbes to plants, to
vertebrates, and invertebrates, and remain appreciable against
many pathogens (Broekaert et al., 1995; Gordon et al., 2005;
Shafee et al., 2017). Furthermore, AMPs neutralize the bacterial
endotoxins, impair the effect of inflammation and repair wound
tissue by accelerating angiogenesis and re-epithelialization.
More importantly, Spohn et al. found that resistance levels
induced by AMP controls were significantly lower than the
resistance levels evoked by antibiotic controls (Spohn et al.,
2019). These advantages further indicated the potential of AMPs
as substitution of antibiotics (Yang et al., 2019; He et al.,
2020). Mechanistically, the stereotypical mechanism of AMP
action includes the following three steps, largely preventing the
occurrence of bacterial resistance: First, the cationic of AMPs
exerts a binding process with the negatively charged surfaces
of Gram-negative (outer membrane) or Gram-positive (cell
wall) bacteria (Figures 1A,B). Then AMPs start to accumulate
on the bacterial membrane surface and adopt their stable
secondary structure (Figure 1C). Last, as the increase in peptide-
to-lipid ratio on the bacterial membrane, the hydrophobic
region of AMPs gradually interacts with phospholipid heads
on the bacterial membrane. When a threshold concentration
is reached, AMPs would disrupt the bacterial membrane
through the formation of open pores, causing cell lysis. The
specific membrane disruptive actions are shown in Figure 1D.

(Bechinger and Gorr, 2017; Juthani et al., 2019; Zhang W. et al.,
2020). However, new pieces of evidence about bacterial resistance
to AMPs are about to overturn this model. It has been
demonstrated that the Gram-negative bacteria can decrease the
negative charge of the membrane surface by the incorporation
of 4-aminoarabinose (Ar4N) or palmitoylation in lipid A,
preventing the interaction with AMPs. It may suggest that
the membrane disruptive mechanism is not the reason why
AMPs restrain the evolution of bacterial resistance. The latest
results found that except for the interaction with bacterial
membrane, AMPs may act intracellularly, including inhibition
of DNA/RNA or protein synthesis (Scocchi et al., 2016). Thus,
the multisite antimicrobial action of AMPs contributes to rapid
sterilization so that the acquisition of AMP resistance becomes
tough (Bechinger and Gorr, 2017).

Unfortunately, like other peptide drugs, AMPs also have
some obstacles that hindered their efficacy in vivo: (a) AMPs
are natural substrates for gastrointestinal degradation, thus,
limiting oral bioavailability, (b) they exhibit cytotoxicity
at higher concentration and immunogenicity, and (c)
bioavailability of peptide drugs are also limited due to rapid
metabolism through kidneys and liver (Smart et al., 2014;
Walkenhorst, 2016). For these reasons, very few clinical trials
have involved peptide drugs.

Recent studies have focused on nanotechnology to remedy
the drawbacks of traditional free AMPs. Nanoparticles (NPs) are
ultra-small particles in the size range of 0.1 to 100 nm, and their
size is almost the same as antibodies, nucleic acids, and proteins
in biomolecules. Depending on the easily modified and flexible
physicochemical properties, NPs have reflected targeted therapy
and excellent antimicrobial properties (Zhang W. et al., 2014;
Otari et al., 2017, 2019; Patel et al., 2019a). Due to the high
surface-to-volume ratios of NPs, the contact surface between NPs
and bacteria membranes was increased, which resulted in the
destruction of the cell permeability and physiological functions
of membranes, then the disruption of cellular functions caused
by interacting with intracellular proteins and DNA, generating
reactive oxygen species (ROS) (Li et al., 2017; Torres et al.,
2019; Zheng et al., 2019). Hence, the peculiar antimicrobial
mechanisms of NPs are employed to kill pathogens quickly and
further reduce, or are less prone to, bacteria resistance by multiple
antibacterial models. In addition to enhancing the inherent
antimicrobial properties of antimicrobials, controlled self-
assembled nanostructures can be used as drug carriers to improve
the retention and permeability effect (EPR) and achieve the effect
of direct administration toward the target organ (Azzopardi et al.,
2013). At infection spots, certain substances (such as protease
and endotoxin) released by the bacteria trigger inflammatory
mediators and activate immune responses that impair barrier
function and widen gaps, leading to the concentration of NPs
(Abdulkhaleq et al., 2018; Fenaroli et al., 2018). Therefore, NPs
have become remarkable tools for targeted imaging, diagnosis,
medical therapy, while imparting applications in healthcare, food
safety, and agricultural production sciences (Dong et al., 2016).
From an applied point of view, nanotechnology can be used to
make AMPs form nanoparticles to overcome the disadvantages
of AMPs, such as decreased renal clearance and proteolysis,
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FIGURE 1 | The interactions between antimicrobial peptides (AMPs) and bacterial membranes; (A) AMPs are attracted with the negatively charged surfaces of
Gram-negative (outer membrane) or Gram-positive (cell wall) bacteria by electrostatic attraction; (B) AMPs exerts a binding process with the lipopolysaccharide (LPS)
of Gram-negative or lipoteichoic acid (LTA) of Gram-positive bacteria; (C) AMPs start to accumulate on the bacterial membrane surface and adopt their stable
secondary structure; (D) AMPs insert into lipid bilayer and exert various membrane disruptive models of AMPs: toroidal models (D1), barrel-stave model (D2) carpet
model (D3). the membrane is demonstrated by two colors: green represents the phospholipid head and yellow represents the tail. The AMPs are shown in the curve,
highlighted in blue. Reproduced with permission (Wang et al., 2019b). Copyright 2018, Wiley.

extended half-life, and increased target selectivity (Huh and
Kwon, 2011; Martin-Serrano et al., 2019; Walvekar et al., 2019).

Hence, we provide here an overview of different nanosystems
formed on the basis of AMPs. Based on a variety of nanosystem
modifications, nanostructured antimicrobial peptides (Ns-
AMPs) could be categorized into three parts: inorganic material
nanosystems containing AMPs, organic material nanosystems
containing AMPs, and self-assembled AMPs. The specific
classification and description are shown in Figure 2.

INORGANIC MATERIAL NANOSYSTEMS
CONTAINING ANTIMICROBIAL
PEPTIDES

Metal Nanoparticles With Conjugated
Antimicrobial Peptides
Metal nanoparticles (MNPs) have emerged as promising
antimicrobial vectors against ESKAPE pathogens in the last
decades due to their potent therapeutic potential, readily
adjustable shape and size, manageable drug delivery and release,
and less probability of microbial resistance (Gupta et al.,
2021). The studies about MNPs with conjugated AMPs are
versatile and can be categorized into gold nanoparticles (Zheng
et al., 2019), silver nanoparticles (Gao et al., 2020), alumina
nanoparticles (Torres et al., 2019), ruthenium nanoparticles
(Huang et al., 2017), copper nanoparticles (Ishida et al., 2020),

hybrid nanoparticles, etc., depending on the types and state
of metal nanoparticles (Yang et al., 2020). Among all MNPs,
silver (Ag) and gold (Au) nanoparticles with conjugated AMPs
have been widely studied and used due to their appealing
antimicrobial activity.

Silver nanoparticles (AgNPs) have been considerably applied
in the antimicrobial field based on the strong absorption
function against microbes (Hamida et al., 2020). However,
because of the instability of AgNPs in an aqueous solution,
the silver ions released by AgNPs also cause cytotoxicity of
eukaryotes dramatically (Cho et al., 2013). Thus, most studies
have modified the AgNPs via conjugated peptides to improve the
biosafety in vivo.

Gao et al. (2020) recently described that the AgNPs protected
by the P-13 (KRWWKWWRRCECG) can efficiently deal with
pathogens (Escherichia coli, Staphylococcus aureus, and Bacillus
pumilus) with the minimum inhibitory concentrations (MICs) up
to 7.8 µg/ml. The P-13@AgNPs exhibited excellent antimicrobial
activity, and the MIC values of P-13 and AgNPs against tested
pathogens were about 2–64 times higher than that of P-
13@AgNPs. Meanwhile, the P-13@AgNPs significantly reduced
the NIH-3T3 cell cytotoxicity caused by intrinsic AgNPs,
reflecting the better potential for clinical treatment (Figure 3).
With a similar approach, Falanga et al. (2020) studied the
cytotoxicity of the pristine AgNPs and indolicidin-decorated
AgNPs, suggesting that AgNPs evoke cytotoxicity seriously
depending on their surface chemistry. Still, the AgNPs decorated
by peptide-indolicidin (ILPWKWPWWPWRR) can improve
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FIGURE 2 | The specific classification and description of nanostructured antimicrobial peptide (Ns-AMPs). The Ns-AMPs could be classified into inorganic material
nanosystems containing AMPs, organic material nanosystems containing AMPs, and self-assembled AMPs. Among them, the inorganic material nanosystems
containing AMPs also can be classified into metal nanoparticles with conjugated AMPs and carbon nanotubes with conjugated AMPs. The organic material
nanosystems containing AMPs can be divided into polymeric material nanosystems containing AMPs, liposome nanosystems containing AMPs, cyclodextrin
nanosystems with encapsulated AMPs, and nucleic acid nanosystems with conjugated AMPs. The self-assembled AMPs could be classified into aromatic stacking,
ionic-complementary force, intermolecular hydrogen bonding, hydrophobicity interaction.

the surface properties of AgNPs, significantly reducing the
cytotoxicity. Additionally, except for stable conjugation between
AgNPs and AMPs, D’Souza et al. (2020) executed the Ag ion-
controlled release system by inserting an unnatural amino acid,
3′-pyridyl alanine (3′-PyA), into the peptide sequence. The
addition of the Ag ions enables peptides to form a stable hydrogel
nanostructure, inducing the encapsulation of Ag(I) in an aqueous
solution. The results showed that the L9(3′-PyA)-Ag hydrogels
[(3′-PyA)LRLRLRL(3′-PyA)] could efficiently kill E. coli and
S. aureus, and its antimicrobial properties are roughly the same
as Ag(I). As the minimal release of Ag ions is less than 4%, the
L9(3′-PyA)-Ag hydrogels hardly cause toxicity and hemolysis on
fibroblasts and red blood cell.

Gold nanoparticles (AuNPs) are one of the most
representative inorganic materials. They have attracted
more attention in immunoassay application, fluorescence
imaging, specific delivery of siRNA, and targeting cancer cells
in vivo due to their versatile structural properties and optical
characteristics (Peng et al., 2016; Pranantyo et al., 2019; Liu
et al., 2020). Meanwhile, in contrast to AgNPs with high
cytotoxicity, the high stability and chemical inertness of the
AuNPs exhibit an excellent biocompatibility, and it has been
documented that the AuNPs with a size below 2 nm displayed
the antimicrobial activity via bacterial membrane destruction,
DNA damage, and the production of reactive oxygen species
(ROS) (Zheng et al., 2018). Thus, it has inspired to further

explore the functionalized bactericidal properties of AuNPs
coated with antimicrobials (Jin et al., 2016; He et al., 2019;
Makowski et al., 2019).

Otari et al. designed an Au–peptide–alginate biohydrogel
containing AuNPs, alginate cross-linked polymer, and
thermostable nisin that could form spherical nanostructure with
peptides-nisin presenting on their surfaces. The biohydrogel
exhibited effective antimicrobial activity against pathogens
(S. aureus, B. cereus, and E. faecalis) and synergistic antimicrobial
effect with AuNPs. Furthermore, the biohydrogel displayed
catalytic activity in reducing 4-nitrophenol and hexacyanoferrate
(III), demonstrating that it is an ideal example of rapid,
green, and cost-effective approaches for synthesizing metal
nanoparticles (Otari et al., 2016). In addition, Casciaro et al.
(2017) described an AuNP–AMP conjugate as shown in Figure 4.
Esc(1-21) (GIFSKLAGKKIKNLLISGLKG-NH2), a derivative
of the frog skin AMP esculentin-1a, is attached to AuNPs
through poly(ethylene glycol) to overcome high toxicity and
low stability. The results showed that the AuNPs@Esc(1-21)
hardly generated toxicity toward human keratinocytes and
exhibited better resistance to proteolytic digestion. In particular,
compared with those of free peptide, the antibacterial activity
of AuNPs@Esc(1-21) against P. aeruginosa increased 15-fold.
Additionally, the conjugation of AuNPs with AMPs has proven
to be an efficient strategy to protect against bacterial infections.
Hybrid nanostructures (DAP–AuNP) formed by bonding
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FIGURE 3 | Mechanisms for antimicrobial properties of P13@silver nanoparticles (AgNPs) (cytotoxicity and antimicrobial activity). The peptide P13 increases the
distance between AgNPs and cells, which significantly reduces the cytotoxicity. Meanwhile, the peptide P-13 improves the cationic on the surface of AgNPs,
promoting the interaction of P-13@AgNPs with bacteria membrane, causing the death of microbes.

FIGURE 4 | The composition of gold nanoparticles (AuNPs)@Esc(1-21).

between AuNPs and daptomycin (Dap, a cyclic lipopeptide
AMPs) maintained inherent sterilization properties and
triggered excellent synergistic effect toward methicillin-resistant
S. aureus (MRSA) simultaneously (Zheng et al., 2019). The
results of the antibacterial mechanism confirmed that localized
Dap in the internal nanostructure would form more and larger
holes on the bacterial membrane, leading to the rapid entry
of Dap–AuNP into bacterial cells. Then, Dap–AuNC further
induces ROS accumulation by motivating the bacterial DNA
damage, ultimately leading to the death of the pathogens.

Taken together, the cytotoxicity development of AgNPs is a
huge impediment for clinical applications. It is a positive strategy
that the conjugate of AMPs with AgNPs efficiently impaired

the cell toxicity of mammals through the surface modification
of AgNPs, and the delayed release of Ag(I) continued the
inherent excellent antimicrobial properties, simultaneously.
Furthermore, some literature (Yang et al., 2020) reported that
AMPs combined with AgNPs and AuNPs to form AMP–
Au/AgNP hybrid nanocages, further weakening cytotoxicity.
Interestingly, most recent studies demonstrated that MNPs
and AMPs have a strong synergistic effect against a variety
of pathogens (Albada and Metzler-Nolte, 2017; Huang et al.,
2017; Pal et al., 2019). Therefore, the appropriate combination
of AMPs with MNPs to treat multidrug-resistant bacteria and
increase the abundance of antibacterial drugs will be the future
development trend.

Carbon Nanotubes With Conjugated
Antimicrobial Peptides
Carbon nanotubes (CNTs), formed by coaxial rolled-up tubular
lamellae of graphene, have been proven to be the most promising
carbon-based materials in medicine and electronic aspects,
based on the unique structure and physicochemical properties.
Generally, the lamellae of CNTs have a different number of
plies, which can be categorized into single-walled (SWCNT)
and multi-walled (MWCNT) (Iijima, 1991; Bianco et al., 2005).
With the emergence of bacterial resistance induced by antibiotic,
the combination of CNTs with AMP agents has attracted lots of
attention in biopharmaceutical fields. It has been documented
that the surface of CNTs can decorate various functional groups
and provides binding sites, thus, improving the dispersibility
and biocompatibility of uploaded drugs (Zhang et al., 2012).

Frontiers in Microbiology | www.frontiersin.org 5 August 2021 | Volume 12 | Article 710199132

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


fmicb-12-710199 August 9, 2021 Time: 17:9 # 6

Yang et al. Various Nanostructured Antimicrobial Peptides

Pradhan et al. (2017) reported that SM-CNTs conjugated to
LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES)
or indolicidin by the use of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide and N-hydroxysuccinimide (EDC-NHS)
conjugation protocol to impair side effects. The results
demonstrated that the two-peptide conjugation with CNT
was 1,000-fold lower than the dosage of free AMPs required
for intracellular biological functions, suggesting that SM-
CNTs improved the immune-modulatory efficacy of LL-37
and indolicidin, while efficiently reducing the dosage of
peptide agents. Additionally, CNTs had been employed to
absorb and load different types of the drug due to their large
specific surface area and length (Liu et al., 2007). Xu M. et al.
(2020) designed multifunctional conductive macroporous
nanocomposite hydrogels (MNHs) formed by CNTs and
gelatin methacryloyl through air-in-water emulsion template
to retain the regeneration of soft tissue and load AMP-HHC36
(KRWWKWWRR) with bactericidal capacity. The cell assay
in vitro revealed that the NE-4C neural stem cells still conducted
spreading and differentiation in MNHs. Meanwhile, the MNHs
released the AMPs continuously, and its release concentration
can efficiently kill S. aureus, exhibiting significantly antimicrobial
properties and wound healing efficiency in vivo.

Based on their characteristics, CNTs have many advantages,
but the biosafety problem in vivo also needs to be considered due
to its designation as a 2B type carcinogen. The knowledge systems
about the decorated methods of surface and self-performances
of CNTs are still deficient. Table 1 summarizes the information
related to inorganic material nanosystems containing AMPs
described in this section.

ORGANIC MATERIAL NANOSYSTEMS
CONTAINING ANTIMICROBIAL
PEPTIDES

It has been documented that nanotechnology is utilized to
carry or modify AMPs, which can significantly enhance the
therapeutic effect of peptides (Faya et al., 2018). The organic
materials coating or covalently connecting with AMPs through
a flexible design turned out to provide firm, porous, and
regular shielding structures, which had a number of advantages,
including the improvement of antibacterial activity, protease
stability, biological safety, targeted ability, and controllable
pharmacokinetic characteristics (Nordström and Malmsten,
2017). Nowadays, there are many polymers such as natural
or synthetic polymers, biodegradable polymers, liposomes,
cyclodextrins, DNA, etc. These abundant organic materials
provide reliable support for different applications of AMPs
(Martin-Serrano et al., 2019; Patel et al., 2019b; Kalia et al.,
2021). Here, a summary of the current situation of the
organic material nanosystems containing AMPs was given,
with particular emphasis on related biological effects of AMP-
containing formulations and the interactions of the inner
systems. Table 2 summarizes the information related to organic
material nanosystems containing AMPs described in this section.

Polymeric Material Nanosystems
Containing Antimicrobial Peptides
High polymer is a kind of macromolecule formed by repeated
linking of specific structural units, with outstanding mechanical
properties and stability, such as naturally occurring chitosan,
hyaluronic acid, dextran, and polyethene glycol, poly(lactide-co-
glycolide) (PLGA) synthesized by modern chemical techniques
(Sun H. et al., 2018). Polymeric material nanosystems containing
AMPs have many advantages of remarkable biocompatibility
and biodegradability, controlled drug release, and lower
toxicity of degradation products (Joseph et al., 2017) by
which AMPs can acquire a broad development prospect in
modern medicine, including wound dressings, implant coatings,
tissue engineering, especially providing new hope for drug-
resistant bacteria treatment, by combining into functional
polymers to form nanoparticles, nanofibers, multilayers,
even hydrogels, vesicles, and micelles. Here, we analyzed the
latest typical cases and summarized the remaining challenges
and unsolved problems in polymeric material nanosystems
containing AMPs.

Due to the uncontrollable interaction between AMPs and
polymers, most polymeric material nanosystems containing
AMPs are compelled to manifest reduced antimicrobial
efficiency. Kumar et al. (2015) found that after conjugating
to hyperbranched polyglycerol with different peptides, MICs
of Aurein 2.2 (GLFDIVKKVVGALC) against S. aureus and
S. epidermidis both decreased from 16 and 32 µg/ml to 110 and
120 µg/ml, respectively. Polymer attached to the N-terminal of
AMPs is more likely to form nanostructures, but antimicrobial
activity is also affected by modifications to the active sites of
AMPs (Wei et al., 2017). However, impressive studies have
demonstrated that AMPs could maintain their antimicrobial
activity in the nanosystems. Jiang et al. (2018) expanded
traditional nanofiber membranes from 2D to 3D, loading and
releasing LL37, to retain its original activity. In addition to
encapsulation, conjunction could also cause the same result.
LL-37-derived peptides (GFKRIVQRIKDFLRNLV) decreased
the antimicrobial activity with methoxy PEG analog within
24 h, but increased cell selectivity and serum protease activity
(Gong et al., 2017). Some materials, such as PLGA, can fully
release a variety of active substances with simpler designs
(Vijayan et al., 2019). Although the antimicrobial activity
of AMP-K4 (KKKKPLFGLFFGLF) encapsulated in PLGA
nanosystem was slightly weakened, the growth factor in this
nanosystem efficiently promoted angiogenesis. High activity
of AMP-HHC10 (H-KRWWKWIRW-NH2) was covalently
combined with PEG hydrogel to form a mimetic with stable
antibacterial activity after treatment with protease for 24 h
(Cleophas et al., 2014).

Generally, polymeric material nanosystems containing AMPs
slightly decreased the antibacterial activity of AMPs, but it is
not worth paying excessive attention to this regard because the
packaging characteristic and large size of the polymeric material
nanosystems containing AMPs efficiently protect AMPs from
capturing and clearing by the reticuloendothelial system and
interference of salt ions or protease, improving their effective
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TABLE 1 | Most representative examples of inorganic material nanosystems containing antimicrobial peptides (AMPs).

AMP Sequence Combined
materials

Antimicrobial
activity

Tested
microorganisms

Special functions References

P-13 KRWWKWW
RRCECG

AgNPs MIC:
7.8–15.6 µg/ml

E. coli, S.
aureus, P.
aeruginosa, B.
pumilus

Reduces the cytotoxicity on
mouse fibroblast NIH-3T3
cells, has broad-spectrum
antimicrobial activity

Gao et al.,
2020

Indolicidin ILPWKW
PWWPWRR

AgNPs − − AgNPs coated with
indolicidin delays the
Ag + release and reduces
the toxicity for D. magna,
R. subcapitata, and plant
seeds

Falanga et al.,
2020

L9 (3′-
PyA)LRLRLRL(3′-
PyA)

AgNPs Eliminates the
bacterial cells
(OD600 < 0.1)

E. coli and
S. aureus

Has broad-spectrum
antimicrobial activity, no
cytotoxicity fibroblast
NIH-3T3 cells, has
antimicrobial synergistic
effect between L9 and
AgNPs

D’Souza et al.,
2020

Daptomycin − AuNPs Daptomycin
with a
concentration
of 10 µg/ml
eliminates all of
the
bacterial cells
after an
incubation of
1 h

MRSA Has antimicrobial
synergistic effect between
daptomycin and AuNPs

Zheng et al.,
2019

Esc(1-
21)

GIFSKLAGKKIKN
LLISGLKG-NH

2

AuNPs and
poly(ethylene
glycol)

MBC:
0.08 µM/ml

P. aeruginosa No cytotoxicity to human
keratinocytes, has
resistance to proteolytic
digestion, has the ability for
eradication of biofilm

Casciaro et al.,
2017

PEP CACWQVSRRRRG AuNPs AuP@TAT/PEP
with content of
peptide about
2.5% eliminates
the bacterial
cells after 25 h
incubation
(OD600 < 0.06)

E. coli and
S. aureus

Can be used as a carrier for
in vivo gene, activation in
tissue regeneration,
promotes the gene
transfection efficiency in rat
mesenchymal stem cells

Peng et al.,
2016

CopA3 LLCIALRKK-
NH2

AuNPs and
ginsenoside CK

− − Ameliorates LPS-induced
nitric oxide and reactive
oxygen species production
and suppresses the mRNA
and protein expression of
pro-inflammatory cytokines
in macrophages. inhibited
the activation of the nuclear
factor-κB (NF-κB) and
mitogen-activating protein
kinase (MAPK) signaling
pathways NF-κB

Liu et al., 2020

LL-37 LLGDFFRKSKEKI
GKEFKRIVQRIKDFL
RNLVPRTES

CNTs MIC:
0.02 µg/ml

Salmonella
typhimurium

Enhances antimicrobial
activity

Pradhan et al.,
2017

HHC36 KRWWKWWRR CNTs and
gelatin
methacryloyl

− S. aureus Promotes the spreading
and differentiation of NE-4C
neural stem cells

Xu M. et al.,
2020

half-life and stability in vivo. Moreover, the nanosystem with the
ability to control drug release promotes the drug concentration

at the desired infection site, thereby indirectly improving
antibacterial effects of the AMPs in vivo (Qi et al., 2017). The
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TABLE 2 | Most representative examples of organic material nanosystems containing AMPs.

AMP Sequence
of AMPs

Combined ways Combined
materials

Antimicrobial activity Tested
microorganisms

Special
functions

References

Aurein
2.2

GLFDIVKK
VVGALC

Conjugation Hyperbranched
polyglycerol

MIC: 110 and 120 µg/ml. S. aureus and
S. epidermidis

− Kumar et al.,
2015

K4 KKKKPLF
GLFFGLF

Conjugation PLGA K4 with concentration of
100 µg/ml inhibits the
bacterial growth by 40%
and 30%, respectively.

S. aureus and
P. aeruginosa

Has the
function of drug
sustained
release

Vijayan et al.,
2019

HHC10 H-KRWWK
WIRW-NH2

Conjugation PEG − S. aureus,
S. epidermidis,
and E. coli.

Improves
stability in
human serum

Cleophas et al.,
2014

KLAK CGGGKLAK
LAKKLAKLAK

Conjugation Chitosen-PEG − S. aureus Delays the AMP
release,
targeted
gelatinase-
positive
bacterial
species

Qi et al., 2017

OH30 KFFKKLKN
SVKKRAK
KFFKKPRV
IGVSIPF

Encapsulation Carboxymethyl
chitosan

The OH30 and CMCS at
proportion by weight 1:2,
which kills the bacteria
growth nearly 100% within
24 h

E. coli. Has the
function of drug
sustained
release,
enhances cell
migration and
promotes
wound healing,
induces IL10
expression

Sun T. et al.,
2018

17BIPHE2 − Encapsulation Pluronic
F127/PCL Poly
(εcaprolactone)

The bacteria colonies of
four strains was reduced
with 3.2, 3.6, 3.8, and
3.6-log, respectively, after
incubation with 17BIPHE2
for 2 h.

MRSA,
K. pneumoniae,
A. baumannii,
and
P. aeruginosa

Has the
function of drug
sustained
release, has no
cytotoxicity to
skin cells and
monocytes,
could eliminate
the bacterial
biofilms

Su et al., 2019

SET-
M33

(KKIRV
RLSA)4K2

KβA-OH

Encapsulation Dextran MIC: 16 µg/ml P. aeruginosa Improves the
residence time
and keeps the
concentration
of AMPs in the
lungs, reduces
toxicity toward
macrophages
and epithelial
cells

Falciani et al.,
2020

Nisin ITSISLCT
PGCKTGA
LMGCNMKTA
TCHCSIHVSK

Encapsulation [Poly (l-lactide)-
graft-chond
roitin sulfate
(PLLA-g-CS)
copolymers]

Average inhibition zones
(mm) = 16–17.6

S. aureus and
E. coli

Has the
function of drug
sustained
release. No
cytotoxicity to
human dermis
fibroblast cells

Ghaeini-
Hesaroeiye
et al., 2020

S32 PAMAM-
(LV)32

Conjugation Poly(amido
amine)
dendrimers
(PAMAM)

MIC: 0.04–0.21 µM/ml E. coli,
P. aeruginosa,
and Klebsiella
pneumoniae

Improves the
stability in
serum and
divalent cations
at physiological
concentrations

Lam et al.,
2016

DJK-5 D(VQWRA
IRVRVIR)

Encapsulation Hyaluronic acid − P. aeruginosa Reduces the
cytotoxicity of
epithelial tissue

Kłodzińska
et al., 2019

(Continued)
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TABLE 2 | Continued

AMP Sequence of
AMPs

Combined ways Combined
materials

Antimicrobial
activity

Tested
microorganisms

Special functions References

RBRBR RBRBR (B is
l-4-phenyl-
phenylalanine)

Encapsulation Chitosan Log CFU/ml of
S. aureus
treated with
5 mg/ml was
2.72–4.7

S. aureus, MRSA Has the capacity of
controlled drug release,
reduces toxicity of human
red blood cells, and
eliminates biofilm

Almaaytah
et al., 2017

Peptide + 2/
peptide + 5

GLKEI
FKAGLGSL
VKGIAAHVAS/
GLKRIFKS
GLGKLVK
GISAHVAS

Encapsulation Liposomes
coated with
Eudragit E-100

MICpeptide+2:
1.25 µM/ml
MICpeptide+5:
5 µM/ml

E. coli and
L. monocytogenes

Enhances the antimicrobial
activities of peptide + 2 and
peptide + 5.

Cantor et al.,
2019

DPK-060 GKHKNKGKKN
GKHNGWKWWW

Encapsulation LNCs,
ML-LNCs, and
cubosomes in
poloxamer gel

MMC (minimum
microbicidal
concentration):
1.2–2.4 µg/ml

S. aureus − Håkansson
et al., 2019

AP114 GFGCNGP
WNEDDLR
CHNHCKSIK
GYKGGYCAKG
GFVCKCY

Encapsulation Cubic glycerol
monooleate/water
and hexagonal
glycerol
monooleate/oleic
acid/water

MIC: 4–8 µg/ml S. aureus and
MRSA

Has the capacity of
controlled drug release

Boge et al.,
2016

MccJ25 GGAGHVPE
YFVGIGTPISFYG

Encapsulation Double-coated
(pectin/WPI)
liposomes

− − Has the capacity of
controlled drug release,
improves its stability in
gastrointestinal digestion

Gomaa et al.,
2017

HD5-myr ATCYCRTGRCA
TRESLSGVCE
ISGRLYRLCCR-
myr

Conjugation N-terminal with
alkyl tail

MBC: 6.25–
12.5 µg/ml

MRSA, E. coli,
A. baumannii,
P. aeruginosa,
and
K. pneumoniae

Has broad-spectrum
antimicrobial activity,
reduces cytotoxicity

Lei et al., 2018

WMR2PA WGIRRILK
YGKRSAAAA
AAK(C19)

Conjugation C-terminal with
alkyl tail

WMR2PA with
concentration
of 50 µM/ml
has 40% and
70% inhibition
rates against
P. aeruginosa,
C. albicans,
respectively

P. aeruginosa,
C. albicans

Eliminates bacterial biofilm,
improves protease stability

Lombardi et al.,
2019b

K9 (C16)WILAAGGG
KKKKKKKKK-
TAT

Conjugation N-terminal with
alkyl tail

MIC:
27–40 µM/ml

E. coli, S. aureus,
B. subtilis,
P. aeruginosa,
and MRSA

Has broad-spectrum
antimicrobial activity,
penetrates the
blood–brain-barrier to
inhibit bacterial infection

He et al., 2018

(C16)YEALRVA
NEVTLN

Conjugation Alkyl tail − − Has the function of drug
sustained release

Castelletto
et al., 2017

LyeTxI IWLTALKFLGK
NLGKHLA
LKQQLAKL

Encapsulation β-CD MIC: 7.81–
15.62 µg/ml

Periodontopathic
bacteria

Eliminates bacterial biofilm
and prevents bacterial
biofilm development

Cruz Olivo
et al., 2017

Alamethicin − Encapsulation γ-CD MIC:
4.1563 mg/ml

L. monocytogenes Increases alamethicin
solubility and
biocompatibility, has been
applied for controlled
release delivery of AMPs

Zhang et al.,
2018

AMPs L12 LKKLLK
KLLKKL

Conjunction Polyanionic
DNA

MBC: 8 µM/ml E. coli, S. aureus,
and MRSA

Has been applied for
controlled release delivery
of AMPs, has
anti-inflammatory action,
has cell selectivity for
human dermal fibroblasts
and HaCaT cells

Obuobi et al.,
2019
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controlled drug release is deemed as the most common entry
point to deal with prominent biofilm colonization on medical
materials and to treat chronic wound infection. According to the
therapeutic target of sustained-release nanosystems, they can be
divided into three categories to date.

One is targeting and controlled release to kill infectious
pathogens in vivo. The sensitivity to microbes is ensured
by adding the enzyme digestion site in the nanosystems.
For example, the polymer–peptide conjugates composed by
chitosan backbone, AMP–KLAK (CGGGKLAKLAKKLAKLAK)
and poly(ethylene glycol)-tethered enzyme-cleavable peptide
could form spherical nanoparticles. Upon encountering bacteria
that secretes the gelatinase, the poly(ethylene glycol)-tethered
peptide is stripped from the nanosystem so that the polymer–
peptide conjugates spontaneously transform from spherical
nanoparticles to fibrous. The exposed AMP–KLAK exhibits
antimicrobial activity, ultimately target killing the pathogens (Qi
et al., 2017). The specific illustration is shown in Figure 5.

The second category targets pathological organs and
tissues in the body, such as skin wounds, lungs, and
intestinal tract, through novel administration, an emerging
category of research known as targeted release in vivo.
Sun T. et al. (2018) encapsulated the king cobra AMP–
OH30 (KFFKKLKNSVKKRAKKFFKKPRVIGVSIPF) into
carboxymethyl chitosan nanoparticles and controlled release
for at least 24 h, which significantly facilitated wound healing.
Pluronic F127/17BIPHE2-PCL core-shell nanofibers induced
sustained release of human cathelicidin peptide 17BIPHE2 for
4 weeks, with better antimicrobial activity over MRAS (Su et al.,
2019). Skin wounds are easy to administer, but the lungs of
patients with pneumonia often face two issues: short duration of
action and low concentration of drugs in the lesion. The aerosol
system formed by AMPs-SET-M33[(KKIRVRLSA)4K2KβA-OH]
and single-chain dextran nanoparticles markedly prolonged
the residence time and increased the concentrations of drugs
in the lungs (Falciani et al., 2020). Since the lungs contact
with the air directly, AMPs can be delivered through aerosols
better. Therefore, when polymer nanosystems are considered as
drug-delivery systems, the concept of design should be related to
the characteristics of organs. Another common target organ is
the intestinal tract apart from lung and skin wounds. When the
drug enters the intestine, the concentration of drugs decreases
because of the acidic environment of the stomach, which is
also a serious issue. Smart morphological changes caused by
pH or temperature allow for specific delivery (Feng et al.,
2021). A dual-responsive nanocarrier developed from [poly
(l-lactide)-graft-chondroitin sulfate (PLLA-g-CS)] copolymer
nanogels could release 25% to 98% nisin according to the
changes of pH and temperature in the mimic environment of the
gastrointestinal tract (Ghaeini-Hesaroeiye et al., 2020).

Last, polymer nanosystems can target organs as well as
target non-organ implants in vivo, such as bone grafts, implants
(Chen et al., 2016), and catheters (Raman et al., 2014). With
the emergence of drug-resistant bacteria, biofilms attached
to implants in vivo become increasingly difficult to remove,
increasing the risk of infection. Polymer nanosystems can adapt
to the complex environment in the body, forming multilayers that

attach to the implant and continuously release AMPs to eliminate
biofilms, thereby alleviating infection.

Additionally, polymeric nanosystems can improve the stability
of AMPs. Lam et al. (2016) designed a star-shaped peptide
(Figure 6) polymer nanoparticles polymerized with lysine and
valine as polymers that exhibited good antimicrobial activity
against serum and physiological salt concentrations (Lam et al.,
2016). High cytotoxicity is the primary reason that hinders the
application of AMPs, and polymer nanosystems can limit the
dissociation of AMPs, hide the hydrophobic regions, weakening
the binding capacity with the eukaryote membrane. The
toxicity of the anti-biofilm AMP-DJK-5 [D(VQWRAIRVRVIR)]
encapsulated by hyaluronic acid nanogels was four times lower
than that of monomer peptides (Kłodzińska et al., 2019).
However, none of the options is set in stone, and some designs
can increase antimicrobial properties and obtain controlled
drug release capabilities simultaneously. Almaaytah et al. (2017)
designed a chitosan-based nanoparticle with AMP-RBRBR that
can release AMPs for 14 days while reducing the toxicity
of mammalian cells at the same time. Compared with the
negative control, the antibacterial kinetics results was reduced
by 5-log, and biofilm formation was inhibited about 98%
(Almaaytah et al., 2017).

Different types of macromolecular polymers and their
respective characteristics (such as pH sensitivity of sodium
alginate) make them the most thoroughly studied, flexible, and
functional among all Ns-AMPs. AMPs can be covalently linked
to the polymer as a whole or coated by the polymer, with the
principle to improve the antimicrobial activity, stability, and
biological safety by forming a stable structure in the physical
and chemical environment, increasing the local concentration
of AMPs and protecting the hydrophobic region. In addition,
the selection of different polymer materials to achieve controlled
release of drugs addresses the issue of sustained antimicrobial
activity against drug-resistant bacteria and biofilms, as well
as targeting organs in vivo. At present, the interaction of
AMPs, polymers, and the environment is a difficult point.
Personally, the development of intelligent and transformable
polymer nanosystems for in vivo application will be the focus
of this research.

Lipids Nanosystems Containing
Antimicrobial Peptides
Lipid nanosystems include liposomes and lipopeptides.
Liposomes are nanoscale hollow spherical artificial vesicles
composed of one or multiple concentric lipid bilayers and
range in size from 50 to 450 nm, encapsulating a hydrophilic
compartment (Bozzuto and Molinari, 2015). Liposomes
can be classified by the lamellarity, including unilamellar
vesicles (ULVs), multilamellar vesicles (MLVs), and liquid
crystalline nanoparticles (LCNPs). ULVs is very suitable
for the encapsulation of hydrophilic drugs due to the
large aqueous core, and MLVs tend to carry low soluble
drugs (Immordino et al., 2006). Liposomes are similar
to cell membranes and can carry a variety of substances,
making them an almost ideal drug delivery system. Because

Frontiers in Microbiology | www.frontiersin.org 10 August 2021 | Volume 12 | Article 710199137

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


fmicb-12-710199 August 9, 2021 Time: 17:9 # 11

Yang et al. Various Nanostructured Antimicrobial Peptides

FIGURE 5 | Illustration of the polymer–peptide conjugates and the principle of gelatinase-induced morphology transformation.

FIGURE 6 | Synthesis of SNAPPs (Lam et al., 2016). Copyright 2016,
Macmillan Publishers Limited, part of Springer Nature.

liposome formulation has been commercialized or are in
clinical trials, numerous applications of liposomes have
been reported, such as antibiotics, anticancer, gene therapy
(Chen C. et al., 2019; Narita et al., 2019), and some drugs
like DepoCyt R©, DaunoXome R©, and Marqibo R© (anti-cancer)
(Flühmann et al., 2019).

Antimicrobial peptides are encapsulated in the hydrophilic
core of ULVs and MLVs, hindering the interaction of AMPs
with bacterial membrane, displaying antimicrobial activity only
when they are released from liposomes. Therefore, adjusting the
controlled-release rate of AMPs is vital for exerting antimicrobial

capacity (Hosta-Rigau et al., 2013), and the solutions to the
above issues are described as follows: First, selecting reasonable
hydrophobic AMPs is a way to regulate the controlled-release
rate of AMPs due to the high permeability of liposomes to
hydrophobic drugs. Cholesterol insertion then improved the
rigidity of liposomes and enhanced the encapsulation effect of
AMPs, further delaying the sustained release rate of AMPs.
Similarly, liposome membranes combine with other molecules
such as PEG and DNA, can achieve other functions, such as
biosensing drug carriers.

Interestingly, liposomes can improve the antimicrobial
activity of AMPs in non-membrane disruption mechanisms.
For example, peptide-ParELC3 encapsulated by rhamnolipid-
based liposomes exhibits better antibacterial activity than the
non-membrane disruption mechanism peptide-ParELC3 because
rhamnolipid-based liposomes can be integrated into bacterial
membrane smoothly. Peptide-ParELC3 derived from ParE toxin
is carried through bacterial membrane to target topoisomerase,
resulting in bacterial death. The primary structure of peptide-
ParELC3 (acetyl-80PALVVAIFHERMDLMARLSER100-NH2) is
shown in Figure 7 (Sanches et al., 2021). In addition, the
combination of liposomes and cationic nanomaterials promotes
the antibacterial properties of AMPs. It has been proven
that compared with free peptide, the antibacterial activity of
liposomes containing Peptide + 2 and Peptide + 5 can increase
by approximately 2,000 times after being coated with a cationic
polymer (Eudragit E-100) (Cantor et al., 2019).

As a special type of liposomes, liquid crystalline nanoparticles
(LCNPs) consist of lipid bilayers, such as cubosomes and
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FIGURE 7 | Primary structure of synthetized peptides (εAHX = ε-aminocaproic acid).

hexosomes, folded to acquire 2D and 3D structures with
water channels interwoven with each other. In general,
antimicrobial activity can decrease after AMP encapsulation.
For example, the antimicrobial effect of cubosomes loaded
with peptide AP114 (Boge et al., 2016) and DPK-060
(GKHKNKGKKNGKHNGWKWWW) (Boge et al., 2017;
Håkansson et al., 2019) against S. aureus and E. coli was almost
constant. Compared with LL-37 with broad-spectrum activity,
cubosomes loaded with LL-37 displayed a narrow-spectrum
bacterial effect, which were only active against Gram-negative
strains (Boge et al., 2019).

Although the antimicrobial activity of AMPs decreases, the
stability and selectivity of cells can be improved after liposome
encapsulation. Liposome encapsulation can protect AMPs
from enzymatic degradation and interference between salt ions
and serum before reaching target tissues, such as tumor or
infection site. Therefore, a high concentration of AMPs can
be released in target tissues to achieve good therapeutic effects
(Akbarzadeh et al., 2013). The degradation rate of double-
coated (pectin/WPI) liposomes containing AMPs-MccJ25
(GGAGHVPEYFVGIGTPISFYG) in 2 h was lower than that
of single coated or non-coated liposomes, which encapsulate
the AMPs, reducing the contact of AMPs with healthy cells in
the blood circulation, thereby, reducing the toxicity of AMPs
(Bozzuto and Molinari, 2015; Gomaa et al., 2017). Peptide-
ParELC3 derived from ParE toxin in rhamnolipid-based
liposomes had no cytotoxicity to HepG2 cells, even at 1.3 and
50 µmol/L (Sanches et al., 2021). The toxic peptide melittin can
cause allergic reaction and pain. Mao et al. found that melittin
encapsulated in poloxamer 188 and nanoliposomes could reduce
inflammation and allergy significantly, killing hepatocellular
carcinoma (Mao et al., 2017).

Lipopeptides are formed by covalently binding AMPs to alkyl
chains. Some studies have shown that lipopeptides significantly
promote antimicrobial activity and eliminate bacterial biofilms
due to enhanced hydrophobicity. Meanwhile, the alkyl chain of
lipopeptides provides a hydrophobic core, triggering lipopeptides
to self-assemble, thereby improving the stability of proteases
and serums (He et al., 2018; Lei et al., 2018; Stachurski et al.,
2019). However, it has been reported that the conjugated
position of alkyl chain with peptide sequence is also crucial
to the antimicrobial activity of AMPs. Alkyl chains attached

to the C-terminus of antimicrobial peptides are always more
effective than those to N-terminus of AMPs because alkyl
chains block action sites of AMPs. In addition, lipopeptides also
gain other additional capabilities, such as cell penetration or
pH sensitivity by binding to functional fragments (Guo et al.,
2010; Castelletto et al., 2017). Some typical examples are listed
below. Compared with peptide HD5, C-terminally myristoylated
HD5 (ATCYCRTGRCATRESLSGVCEISGRLYRLCCR-myr)
assembled into nanobiotics had broad-spectrum bactericidal
activity in vitro, which improved the destruction ability
to E. coli and MRSA cell wall and membrane (Lei et al.,
2018). For short peptides, Stachurski et al. studied that short-
chain lipopeptides could form surfactant-like structure and
preferentially targeted and penetrated microbial membranes
causing potent antimicrobial activity (Stachurski et al., 2019).
Lipopeptides can also improve the stability of proteases
and eliminate biofilms. Lombardi et al. (Lombardi et al.,
2019a,b) described a stable nanofiber formed by combining
the C-terminus of hagfish peptide WMR with lipopeptides
significantly inhibited the formation of P. aeruginosa and
C. albicans biofilm (Figure 8). The nanofiber remained stable
in trypsin after incubation for 4 h, but WMR was rapidly
hydrolyzed into two peptide fragments after another 1 h
(Lombardi et al., 2019b).

After being attached to some functional segments,
lipopeptides performed additional functions, such as penetration
and pH sensitivity of cells. Bi et al. linked cell-penetrating peptide
TAT and fatty acids to C- and N-terminal of non-alysine K9
[(C16)WILAAGGGKKKKKKKKK-TAT], respectively, with
an exposed TAT shell, which could penetrate the blood–brain
barrier and enter the bacteria to treat brain infection (He et al.,
2018). Lipopeptides loaded with hydrophobic drugs can be
released at specific pH values. Guo et al. constructed a fabric
consisting of polyhistidine and polyarginine conjugated with
cholesterol, which loaded the hydrophobic anticancer drug DOX.
At a pH of 7.4, the fabric was inseparable, which could release
DOX at pH 5. Additionally, the morphology of lipopeptides will
be changed by pH value. It has been reported that the N terminus
of the bioactive motif peptide block (YEALRVANEVTLN)
conjugated to dodecyl, tetradecyl, or hexadecyl lipid chains
could self-assemble into beta-sheet nano-tapes above the critical
aggregation concentration. At a pH of 10, 1 wt% lipopeptide
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FIGURE 8 | Illustration of the nanostructure of lipopeptide and its special function (Lombardi et al., 2019b). Copyright 2019, American Chemical Society.

solution formed long, straight fibers. After the injection of
1 M HCl, peptide residues could become independent and
stable hydrogels due to changes in the electrostatic charge
(Castelletto et al., 2017).

In summary, both liposomes and lipopeptides contribute
to the stability of AMPs. Liposomes can be considered as
an ideal drug delivery system because of their remarkable
biocompatibility and drug encapsulation ability, while
lipopeptides have environmental sensitivity, which can
significantly improve the antimicrobial activity of AMPs.
Thus, lipopeptides are the most common covalent modification
of AMPs. However, there are still issues to be solved in lipid
nanosystems, including strong toxicity of lipopeptides and weak
antimicrobial activity of liposomes. Furthermore, the controlled
release of AMPs in liposomes and the molecular design of
multifunctional lipopeptides also appear to be tremendous
potential for being proceeded with.

Cyclodextrin Nanosystems With
Encapsulated Antimicrobial Peptides
Cyclodextrin is a cyclic oligosaccharide produced by amylose in
the action of cyclodextrin glycosyltransferase, including α-CD, β-
CD, and γ-CD, containing 6, 7, and 8 glucose units, respectively.
CD is a slightly conical circular ring with hydrophilic outer
edge and hydrophobic inner cavity, combining with organic and
inorganic molecules, to form nanosystems. It can improve the
stability, solubility, and dissolution rate of hydrophobic materials,
reducing the side effects of peptides and achieving the controlled
drug release effect, with an antibacterial and anti-inflammatory
effect, such as the ingredients in aloe vera gum (Zhang et al., 2018;
Gao et al., 2019; Lu et al., 2019; Xu Y. et al., 2020). Therefore, CD
has been used in the field of cosmetic, medicine, and food, with
great value in the field of AMP coating.

α-CD-based polypseudorotaxane hydrogels are novel
functional materials with excellent biocompatibility, thixotropic
nature, and reversible and stimuli-responsiveness properties
(Domiński et al., 2019). Cruz Olivo et al. (2017) found that

the associating compound LyeTxI/β-cyclodextrin (βCD) had a
better eliminating effect on multispecies biofilms than that of
free LyeTxI (IWLTALKFLGKNLGKHLALKQQLAKL). Zhang
et al. (2018) encapsulated alamethicin (ALM) with γ-CD in a 1:1
molar ratio and that of MICs was 0.429 mg/ml.

Although CD derivatives have acquired satisfactory results
as effective drug carrier materials at the laboratory level, their
practical clinical application still faces many challenges, including
biological toxicity, application range, and so on. Effective loading
rate and green chemistry during synthesis are imminent issues
(Tian et al., 2020).

Nucleic Acid Aptamer Nanosystems With
Conjugated Antimicrobial Peptides
Nucleic acid aptamers, known as chemical antibodies, are unique
3D structures composed of 20–80 nucleotides with specific
targeting ability, high binding affinity, low immunogenicity,
and easy modification. AMPs could be embedded into RNA or
single-stranded DNA molecules to form nucleic acid aptamer-
functionalized systems, which have been extensively applied in
various fields (Röthlisberger et al., 2017).

Over decades, it has been discovered that DNA molecules
form multidimensional nanostructures through self-assembly,
and connect with various biomolecules to form 2D and
3D structures (Fu et al., 2019). AMP-L12 (LKKLLKKLLKKL)
combined with polyanionic DNA nanostructures can form a
cross-linked DNA nanostructure hydrogel (Figure 9), with
significant bacteriostatic activity against S. aureus and MRSA
and nuclease-sensitive degradability to control drug release
effect. On the other hand, the cross-linked DNA nanostructures
have strong anti-inflammatory effects, which can accelerate
wound healing (Obuobi et al., 2019). Overall, the cross-
linked DNA nanostructures reported in this study might be
novel functional wound dressings, with promising prospects
for delivering antimicrobial peptides. However, only a few
aptamer-functionalized systems have been successfully used in
clinical and industrial applications (Ding et al., 2017).
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FIGURE 9 | Schematic representation of the composition of nucleic acid aptamer hydrogel with conjugated AMPs.

SELF-ASSEMBLED ANTIMICROBIAL
PEPTIDES

Molecular self-assembly refers to the spontaneous formation
of well-ordered structures from less ordered states (solution,
unfolded conformations, disordered aggregate, etc.), which
are driven by thermodynamic and kinetic conditions as a
consequence of mutual non-covalent interactions of molecules
themselves (Whitesides et al., 2005; Yan et al., 2010; Lombardi
et al., 2019a). After undergoing mutual non-covalent interactions,
including hydrogen bonds, electrostatic interactions, aromatic
stacking, hydrophobic forces, and Van der Waals forces,
molecules usually form hierarchal structures with minimal
energy state (Han et al., 2010; Yan et al., 2010). Although
these non-covalent and individual forces are relatively weak (2–
250 kJ mol−1), when combined, they can generate highly stable
self-association and tune the morphology and function of the
assemblies (Lombardi et al., 2019a).

Self-assembly occurs spontaneously and ubiquitously in
nature, which is critical for vital movement. Examples are
represented by DNA double-helix or biological membranes
(Mouritsen, 1998; Douglas et al., 2009) and proteins that fold
into secondary and tertiary structures (Lentz et al., 2000).
Meanwhile, recent studies on innate immunity have also found
that some peptides could form ordered nanostructures to
interact with bacterial membranes or entrap bacteria to form
sediment (Figure 10) (Yeaman and Yount, 2003; Chairatana
and Nolan, 2017; Li et al., 2021). Wehkamp J. et al. (Chu
et al., 2012; Schroeder et al., 2015; Chairatana et al., 2016)
reported that human α-defensin 6 (HD6), a 32-aa cysteine-
rich peptide, is stored in Paneth cells (specialized secretory
epithelial cells) granules as an 81-residue pro-peptide (proHD6)
(Bevins, 2013). When the intestinal mucous tissues were
invaded and stimulated by gastrointestinal pathogens (Listeria
monocytogenes and Salmonella typhimurium), the proHD6 was
secreted from Paneth cells and further digested by trypsin at
the colon lumen, forming the mature activated HD6. These
data confirmed that in addition to killing specific microbes
in the intestinal environment, HD6 could contribute to self-
assembly to form higher-order oligomers termed “nanonet” that
binds the protein receptors of the bacterial membrane, entraps
intestinal pathogens (L. monocytogenes and S. typhimurium),

and efficiently prevents intestinal pathogen invasion at the
mucosal site. Upon aggregation, the HD6–pathogen complex
subsequently convenes other immune cells, such as recruited
neutrophils, for clearance or direct excretion, thereby triggering a
synergistic effect to prevent bacterial resistance. Mechanistically,
Phoom C. et al. (Chairatana and Nolan, 2014) described that
the hydrophobic index is pivotal in inducing HD6 self-assembly
to form the nanonet structure, especially the F2A and F29A
mutants of HD6. The replacement of phenylalanine of the 2nd
and 29th sites by alanine damaged the transformation of its
nanofiber structure so that HD6 failed to aggregate microbes
and lost the entrapping action against gastrointestinal pathogens.
Thus, the nanonet structure formed by self-assembled HD6
illuminates the ancient and special antimicrobial mechanism of
organism immunity systems and simultaneously unmasks the
huge application potential of self-assembled functions of AMPs.

In the further insight into self-assemblies of AMPs, in
contrast to other building blocks, many investigations discovered
that peptide-based supramolecular assemblies have other
advantages, including inherent antibacterial activity, preferable
biocompatibility, and biodegradability, the simple additional
modification of chemistry and biology, the ease of “bottom–up”
fabrication, and multiple functions capable of stimuli-responsive
recognition (Yan et al., 2010; DeFrates et al., 2018). From
an applied point of view, peptides also represent attractive
building blocks because of the excellent physical properties
such as adhesiveness and flexibility (Unzueta et al., 2015,
2017; López-Laguna et al., 2020). Thus, the review elucidated
related literature about the self-assembled AMPs with the
improvement of antimicrobial properties. Table 3 summarizes
the main representative examples related to self-assembled AMPs
described in this section.

Diphenylalanine (FF)
As the core recognition motif of the β-amyloid polypeptide,
diphenylalanine nano-assemblies are of great clinical interest.
Meanwhile, it was identified that diphenylalanine is the most
minimalistic nature motif of the peptide-based antimicrobial
building block to this day. The pioneering work of Schnaider
et al. (2017) demonstrated that diphenylalanine formed
unbranched nanotubes while inhibiting the growth of E. coli
at 125 µg/ml, triggering the upregulation of stress-response
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FIGURE 10 | The phenomenon of bacterial entrapment caused by AMP-SAP in vitro (Li et al., 2021). Copyright 2021 by the BioMed Central.

regulons, damaging bacterial morphology and resulting in
membrane disturbance. Furthermore, tissue scaffolds with
antimicrobial capabilities are successfully generated by the
incorporation of diphenylalanine into biocompatible matrices.
Still, the antimicrobial activity of diphenylalanine is relatively
weak. Appropriate modifications should be carried out to
develop more effective diphenylalanine-based antimicrobial
agents. Such modifications may include the incorporation of
high aromatic moieties, such as 9-fluorenylmethoxycarbonyl
(Fmoc) or naphthalene (Nap). The increase in aromaticity
enhances structural integrity due to the excellent self-assembling
properties. Debnath et al. (2010) reported that Fmoc-protected
molecules featuring a C-terminal pyridinium (Py+) moiety
self-assembled into hydrogels (fibers). They displayed moderate
antimicrobial activity against both Gram-positive and Gram-
negative bacteria. Among all the Fmoc-based amphiphiles,
Compound 2 (Fmoc-F-Py+) exhibited the most potent
antimicrobial activity within 20–50 µg/ml, regardless of the
nature of bacteria. However, the inhibitory activity of Compound
4 (Fmoc-FF-Py+) against E. coli (150 µg/ml) was similar to that
of diphenylalanine (Phe–Phe, 125 µg/ml). Also, amphiphile
4 (Fmoc-FF-Py+) displayed the lowest MICs (10 µg/ml)
against S. aureus (Debnath et al., 2010). When it comes to
naphthyl-capped cationic peptides, as anti-biofilm coatings for
medical devices, NapFFKK hydrogels prominently eradicated
the viable S. epidermidis biofilm by 94% (Laverty et al., 2014).
In addition to the incorporation of high aromatic moieties,
modification of terminal functional groups to amino (-NH2),
the carboxylic acid (-COOH) was also carried out. Peptide
nanotubes (NH2-FF-COOH) exhibited slightly cell toxicity
and effective antimicrobial activity against both planktonic
bacteria and biofilm, which eliminated total biofilm at 10 mg/ml
against S. aureus (3 log10 CFU/ml). Unfortunately, NH2-
FF-COOH was lacking against mutual biofilms of E. coli
(Porter et al., 2018).

Surfactant-Like Self-Assembled
Antimicrobial Peptides (Surfactant-Like
Peptides)
In addition to the stacking interaction described above, the
amphipathic nature of the molecules is another significant
controlling factor for the self-assembling process of AMPs,
which is characterized by the distributed manner of hydrophobic

and cationic residues (Zhang W. et al., 2020). Furthermore,
the availability of the nanostructure depends on the content
of hydrophobicity, as the decrease in the hydrophobicity
leads to undesirable nanostructure. Therefore, the well-ordered
nanostructures can be obtained by tuning the hydrophobic
interaction to keep the hydrophilic–lipophilic balance (Löwik
et al., 2005). These peptides are named surfactant-like peptides
(SLPs) or lipid-like peptides, which possess a hydrophilic head
with one or two hydrophilic residues at the C-terminus with
positively charged residues (lysine and arginine) or negatively
charged residues (aspartic acid and glutamic acid), and a
hydrophobic tail composed of consecutive hydrophobic residues
at the N-terminus, e.g., alanine, glycine, valine, and leucine
(Vauthey et al., 2002; Zhao and Zhang, 2006; Zhang J.H.
et al., 2014). In water or aqueous solutions, the amphiphilic
properties of SLPs contributed to the formation of distinct
nanostructures, such as nanoparticles, nanofibers, nanorods,
or nanotubes (Santoso et al., 2003; Hauser and Zhang, 2010;
Zhao et al., 2010; Hamley, 2011; Castelletto et al., 2014;
Dehsorkhi et al., 2014; Hamley et al., 2016). Meanwhile,
the presence of cationic head groups endows SLPs with
antimicrobial capabilities. As self-assembly brings about the
concentrating distribution of antimicrobial monomer, SLPs are
considered potential antimicrobial agents. The general formula
of SLPs was XmZn (X = hydrophobic residue; Z = cationic
residue; m = 3, 6, or 9; n = 1 or 2), which exhibited
different antimicrobial activities and nanostructures by tuning
the ratio between different blocks. In the AmK series, the
increased length of hydrophobic tail of SLPs is highly consistent
with the improved antimicrobial activity and self-assembly
propensity. Hence, the size and shape of the aggregation
transition are from loose peptide stacks of A3K to long
nanofibers of A6K to short and narrow nanorods of A9K. The
antimicrobial activity of A9K is more effective against both
E. coli DH5R and S. aureus than A3K and A6K. Gratifyingly,
A9K is much more sensitive to DPPG (a mammalian cell
membrane model) than DPPC (bacterial membrane model).
Thus, although A9K has a long hydrophobic tail, A9K has no
toxicity to hRBCs over the concentration range for effective
antimicrobial activity (Chen C. et al., 2010). Similar to A9K,
A9K2 pronounces potent antimicrobial activity against Gram-
negative and Gram-positive microorganisms and extremely
low mammalian cell cytotoxicity. Hence, A9K2 hydrogel is
considered a potential biomedical material due to its potent

Frontiers in Microbiology | www.frontiersin.org 15 August 2021 | Volume 12 | Article 710199142

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


fmicb-12-710199 August 9, 2021 Time: 17:9 # 16

Yang et al. Various Nanostructured Antimicrobial Peptides

TABLE 3 | Most representative examples of self-assembled AMPs.

AMP Sequence Self-assembling Antimicrobial
activity

Tested microorganisms Special functions References

Diphenylalanine
peptide

FF Aromatic stacking MIC: 125 µg/ml E. coli It is the smallest model for
antibacterial
supramolecular polymers

Schnaider
et al., 2017

Fmoc-peptide
gelator

Fmoc-FF-Py + Aromatic stacking MIC: 10 µg/ml S. aureus − Debnath et al.,
2010

Fmoc-peptide
gelators

NapFFKK Aromatic stacking − E. coli and S. epidermidis Reduces the viable
S. epidermidis biofilm by
94%

Laverty et al.,
2014

Tripeptide DLFF Aromatic stacking − E. coli, Klebsiella
pneumoniae, and S. aureus

Shows the antibiotic
delivery capacity, has a mild
antimicrobial activity against
the Gram-negative strains

Marchesan
et al., 2013

HHC-10 KRWWKWIRW-
NH2

Aromatic stacking MIC: 8 µM/ml S. aureus Causes aggregation of
bacteria at higher
concentrations

Bagheri et al.,
2020

A9K AAAAAAAAAK Hydrophobic forces A9K with
concentration
of 0.1 mg/ml
inhibits the
bacterial
growth after an
incubation of
1 h (survival
rate < 20%)

E. coli and S. aureus − Chen C. et al.,
2010

RA9R RAAAAAAAAAR Hydrophobic forces The
concentration
to 0.1 wt%
RA9R reduces
the CFU with
2.6, 3.4, and
4.0 orders of
magnitude for
microbes
tested,
respectively,
after 24 h
incubation

S. aureus, P. aeruginosa,
and P. syringae

− Edwards-Gayle
et al., 2019

RADA16-
Tet213

RADARADARA
DARADA-
KRWWKWWRRC

Electrostatic
interactions and
hydrophobic forces

RADA16-
Tet213 with
concentration
of 1 mg/ml
eliminates the
bacterial cells
after 12 h
incubation
(OD600 < 0.3)

S. aureus Has been applied for
controlled release delivery
of AMPs, promotes the
proliferation of bone
mesenchymal stem cells

Yang et al.,
2018

KLD-3R RRRKLDL
KLDLKLDL

Electrostatic
interactions and
hydrophobic forces

MIC:
5—6 µM/ml

E. coli, S. aureus,
B. subtilis, P. aeruginosa

Improves osteogenic
property and enhances
bone regeneration in vivo in
a fracture model.

Tripathi et al.,
2015

K3W (QL)6K2 KKKWQLQLQ
LQLQLQLKK

Intermolecular
hydrogen bonding
and hydrophobic
forces

MIC:
5—20 µM/ml

E. coli, P. aeruginosa,
S. aureus, and S.
epidermidis

Reduces the cytotoxicity on
mouse bone
marrow-derived
monocytes, improves the
stability in trypsin and
chymotrypsin solutions

Lam et al.,
2016

Octapeptide IKFQFHFD Intermolecular
hydrogen bonding,
electrostatic
interactions,

MIC: 3 mg/ml
at pH 5.5

S. aureus Shows the multiple drug Wang et al.,
2019a

(Continued)
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TABLE 3 | Continued

AMP Sequence Self-assembling Antimicrobial
activity

Tested microorganisms Special functions References

hydrophobic
forces, and
aromatic stacking

delivery capacity, exhibits acidic
pH-switchable broad-spectrum
antimicrobial effect via a
mechanism involving cell wall
and membrane disruption

P11-28/29 QQRFEWEFEQQ-
NH2//OQOFO
WOFOQO-NH2

Intermolecular
hydrogen bonding,
electrostatic
interactions, and
aromatic stacking

P11-28/29 with
concentration
of 10 mg/ml
inhibits the
bacterial
growth after an
incubation of
48 h (bacterial
growth < 50%)

P. gingivalis, S. sanguinis Shows the antibiotic delivery
capacity, enables to strengthen
the osteogenic differentiation of
human dental follicle stem cells

Koch et al.,
2019

Human
α-defensin 6
(H25W)

AFTCHCRRS
CYSTEYSYGTCT
VMGINWRFCCL

− MIC: 32 µg/ml Bifidobacterium
adolescentis

Entraps microbes and prevent
invasive gastrointestinal
pathogens such as Salmonella
enterica serovar Typhimurium
and Listeria monocytogenes
from entering host cells

Chu et al.,
2012;
Schroeder
et al., 2015

bactericidal properties and excellent adhesion and spreading
capability to mammalian cells. When speaking of the AmR
series, both A6R and A9R displays multifunctional self-
assembly and bioactivity properties (Castelletto et al., 2018).
Especially, A9R possessed bacterial activity against challenging
clinical microorganisms, while the formation of β-sheet fibers
promote the formulation of nanostructured soft materials,
ranging from hydrogel formation to emulsion stabilization
(Castelletto et al., 2019).

Beyond the layout of XmZn, peptide bola-amphiphiles are
another class of surfactant-like peptides, which incorporate
a hydrophilic group at either end of the relatively long
hydrophobic chain (Edwards-Gayle et al., 2019). The double-
head of bola amphiphiles leads to the increase in solubility
and the possibility of forming obvious external hydrophilic
surfaces (Fuhrhop and Wang, 2004). Thus, compared with
A6R and A9R, which can form nanostructures, only RA9R
self-assembles into ordered nanofibers. Unlike the AmR
series, RA9R has little antimicrobial activity and weaker
cytocompatibility than RA6R and RA3R. Different from the
AmR series SLPs, the increased length of hydrophobic tail of
bola amphiphiles does not have a positive correlation with the
improved antimicrobial activity and self-assembly propensity
(Edwards-Gayle et al., 2019).

Ionic-Complementary Self-Assembled
Antimicrobial Peptides
Similarly, in ionic-complementary peptides, there exist
electrostatic interactions driven by charged polar residues
(lysine, arginine, aspartic acid, and glutamic acid). The
electrostatic force is also an important driving force for the
self-assembly process. The previous investigation rendered
that the peptide-(RADA)4 (sequence-RADARADARADA)

with an alternant arrangement between arginine and aspartic
acid was employed to form a unique interwoven nanofiber
morphology, which could carry other cationic AMPs and
provide a sustained-release effect (Yang et al., 2018), but the
ionic-complementary peptides (RADARADARADA) were
inactive and exerted excellent sterilization properties by carrying
other drugs. Hence, the development of ionic-complementary
self-assembled AMPs with antimicrobial activity is necessary. It
had been reported that the KLD-12, a 12-residue self-assembled
peptide driven by ionic-complementary and hydrophobic forces,
has import antimicrobial properties by adding several arginines
on its N-terminus. These results demonstrated that KLD-12
variants exhibited compelling antimicrobial properties without
the increase in cytotoxicity against murine 3T3 fibroblasts and
human red blood cells. Additionally, KLD-2R and KLD-3R
(RRRKLDLKLDLKLDL) adopted a β-sheet secondary structure
as the building block of self-assembly, forming lamellar or
amyloid-like nanostructure, which significantly accelerated
the formation of a mineralized nodule, enhanced the related
gene expression of osteogenic, and improved the osteogenic
effect. The ionic-complementary AMPs with antibacterial
properties offered more clinical function and application values
for self-assembled peptides.

Intermolecular Hydrogen Bonding
Self-Assembled Antimicrobial Peptides
The intermolecular hydrogen bonding formed by glutamine
(Gln) was identified as the strongest non-covalent interactions
of peptide-based supramolecular assemblies. Nowadays, the self-
assembled AMPs triggered by intermolecular hydrogen bonding
exert antimicrobial activity mainly in two aspects. First, the self-
assembled AMPs, as a whole, perform antibacterial properties.
It has been documented that the intermolecular hydrogen
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bonding and hydrophobic interactions among the (QL) repeating
units served to convert peptides from monomer to nanofibers
and express other biological functions. Chen W. et al. (2019)
described that the peptides-(QL)6 consisted of six QL units that
were designed as the higher-ordered scaffolds and employed to
efficiently improve the biocompatibility of AMPs. As an alpha-
helical AMP with a typical membrane-disruptive mechanism,
melittin has a strong antimicrobial activity but also has severe
cytotoxicity against mammalian cells.

Thus, in combination with peptide-(QL)6 scaffolds, the
conjugation of (QL)6 with melittin dramatically reduced the
cytotoxicity of mammalian cells by changing the conformation
of melittin from helical structure to sheet structure, resulting in
the transformation of antimicrobial action of melittin. Further
mechanistic analysis indicated that the peptide-(QL)6 scaffolds
impaired the hydrophobicity of melittin, thereby, reducing
the sensitivity and permeability of melittin to cytomembrane
lipids, subsequently decreasing the damage to mammalian cells.
Following the availability of the improved biocompatibility
scaffolds of (QL)6, the team also modified the self-assembled
AMPs based on the (QL)6 scaffold and obtained other functions,
including excellent biocompatibility and protease stability. Xu
et al. (2015) designed self-assembling antimicrobial nanofibers
(SAANs) with a general formulation of KxW(QL)yKz (K:
lysine, Q: glutamine, L: leucine, W: tryptophan), where x,
y, z represents the number of the repeating units. One
of the peptides, K3W (QL)6K2, facilitated the formation of
stable β-sheet nanofibers driven by intermolecular hydrogen
bonding and hydrophobic interactions. Meanwhile, the cationic
properties of lysine and the hydrophobicity of tryptophan
carried excellent and broad antimicrobial activity (MIC from 5–
20 µM). In addition to showing satisfactory stability in trypsin
and chymotrypsin solutions, these KxW(QL)yKz formulaic
peptides at high concentrations also significantly reduced the
cytotoxicity, maintaining approximately 100% cell survival.
Mechanistically, the results of NMR spectroscopy revealed
that the KxW(QL)yKz formulaic peptides can form ordered
and stable supramolecular β-sheet assembly when contacting
with the lipid membrane of microbes. Meanwhile, direct
imaging conducted by TEM assay further illuminated that the
antimicrobial efficiency of KxW(QL)yKz formulaic peptides were
motivated by the interaction between the nanofiber of AMPs and
bacterial membrane, achieving the deformation and disturbance
of membrane, causing the death of bacteria (Xu et al., 2018).

Second, AMPs utilized the self-assembling capacity to form
nanofiber networks via intermolecular hydrogen bonding
and other multiple forces (electrostatic interactions, aromatic
stacking, hydrophobic forces) so that they can encapsulate other
antimicrobial agents and possess certain antimicrobial activity.
Franziska K. et al. (Koch et al., 2018, 2019) aimed to search for
suitable candidate materials for periodontal therapy. It was found
that the self-assembled peptide P11-28/29 (QQEFEWEFEQQ-
NH2/OQOFOWOFOQO-NH2) contributed to the formation
of complicated nanofiber hydrogels due to the interaction
of multiple forces (intermolecular hydrogen, electrostatic
interactions, aromatic stacking). Results showed that P11-28/29
had a significant antimicrobial effect against the periodontal

pathogen Porphyromonas gingivalis and strengthened the
osteogenic differentiation of human dental follicle stem cells
simultaneously. Furthermore, the P11-28/29 was employed to
exert excellent cargo-loading capacity and sustained release
function. It can encapsulate these antibiotics stably and exhibit a
sustained-release effect on a lesion over 120 h, demonstrating the
compelling application advantage of the P11-28/29. Similarly,
to efficiently kill bacteria, eradicate biofilm, and cure stalled
healing in a chronic wound, Wang et al. (2019a) designed a
self-assembled peptide octapeptide (IKFQFHFD) containing
all non-covalent interactions to form 3D nanofiber networks
of hydrogel to ensure stable encapsulation of other agents
(photothermal agent and procollagen component) (Figure 11).
After that, the insertion of histidine in a peptide sequence
endowed octapeptide the pH-modulating ability, which can self-
assemble at neutral pH and dissociate into active free monomer
at pH 5.5. The results in vitro rendered that the octapeptide
expressed a stable supramolecular nanofiber network structure
and maintained excellent drug encapsulation efficacy at neutral
pH. When the octapeptide encountered the infectious wound at
acidic pH (environment of infected chronic wounds), it displays
an appealing antimicrobial effect through the release of free
octapeptide and the exhibition of cationic properties under
acidic condition. In addition, the photothermal agent would be
released in the lesion, causing the destruction of biofilm on the
wound surface via NIR laser irradiation. Meanwhile, the results
in the epidermal wound model showed that the conjugation
of octapeptide with the photothermal agent and procollagen
component not only significantly decreased the number of
bacterial colonies but also induced subsequent healing cascades
and activated cell proliferation simultaneously, including the
shortening of inflammation, the acceleration of surface collagen
deposition, revascularization, and scar formation.

Thus, structurally speaking, different non-covalent bonds
can form various nanostructures, such as fibers, tubes, tapes,
micelles, or network nanostructures. Meanwhile, the different
nanostructures also are changed with different concentrations
of the same peptide sequence. Additionally, functionally
speaking, self-assembled peptides mainly had two patterns to
solve the infectious issue. One is the self-assembled peptides
with antimicrobial properties, the other is the self-assembled
peptides with the encapsulation and controlled drug release
functions. These abundant nanostructures and functions of self-
assembled peptides play a pivotal role in many biomedical
applications, particularly in drug delivery, wound healing, and
tissue engineering.

THE IMPACT OF ANTIMICROBIAL
PROPERTIES WITH NANOSYSTEMS
CONTAINING ANTIMICROBIAL
PEPTIDES

With the gradual understanding of the structure–function
relationship of AMPs on the molecular level, AMPs have
become the first choice for the substitution of antibiotics
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FIGURE 11 | (A) Peptide sequence of IKFQFHFD under neutral and acidic conditions. (B) Principle of IKFQFHFD to form self-assembled nanofiber networks
hydrogel at neutral pH. (C) Conceptual illustration of self-assembled nanofiber networks hydrogel for biofilm eradication and therapy method in a chronic wound
(Wang et al., 2019a). Copyright 2019, American Chemical Society.

(Nagarajan et al., 2019). However, AMPs still have some
disadvantages that seriously limit their development, including
the fragile internal half-life, high susceptibility to proteolytic
enzyme, and cytotoxicity of eukaryote (Wang et al., 2019c;
Shao et al., 2021). The emergence of Ns-AMPs has important
implications for medical treatment application. It has been
documented that Ns-AMPs, in addition to promoting the
intrinsic antimicrobial activity and stability, and decreasing the
cytotoxicity, also has the function of site-directed targeting and
controlled drug release to remedy the defects of monomeric
AMPs (Lombardi et al., 2019a; Lopez-Silva et al., 2019; Wang
et al., 2019a). However, the actual situation is that it is not
generalized for all of Ns-AMPs to improve their intrinsic
antimicrobial properties or obtain the abovementioned
special functions because the Ns-AMPs formed by different
material types, and binding ways have different antimicrobial
properties and biological functions (Martin-Serrano et al., 2019;

Carratalá et al., 2020; Thapa et al., 2020). A deeper understanding
of the physical and chemical parameters of Ns-AMPs is helpful to
display its advantages of antimicrobial properties well and make
up for its shortcomings. Thus, the antimicrobial properties of
Ns-AMPs, such as antimicrobial activity, cytotoxicity, stability,
and controlled-release function, are summarized.

In contrast to other Ns-AMPs, the conjugation of MNPs
with AMPs facilitates the enrichment of AMPs on the MNP
surface, which enables AMPs to form encapsulating matrix
of MNPs to improve integral antimicrobial properties. It has
been reported that the AMP–MNP conjugate has an excellent
antibacterial activity (Gao et al., 2020; Jin et al., 2021). The
main reasons are the following: (1) Both AMPs and MNPs
(mainly AgNPs and AuNPs) display potent antimicrobial activity,
which is the basis for maintaining the antimicrobial activity
of the AMP–MNP conjugates. (2) The enrichment of AMPs
on MNP surface contributes to the increase in local AMP
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concentration, increasing the contact area with the bacterial
membrane (Peng et al., 2016). (3) AMPs and MNPs have a
potentially antibacterial synergistic effect against microbes due
to their special antimicrobial mechanism (Zheng et al., 2019;
León-Buitimea et al., 2020). Some literature showed that both
AgNP–AMP and AuNP–AMP conjugates served to damage the
bacterial outer membrane and disturb the permeability of the
bacterial membrane, causing the leakage of intracellular content
(Mei et al., 2013; Lee et al., 2017; Zheng et al., 2019; Gao
et al., 2020). Once there is entry into a cell, Au/AgNPs could
evoke the killing pathway of nitric oxide-independent manner,
continuously motivating the fragmented destruction of bacterial
DNA (Mohanty et al., 2013; Zheng et al., 2019), finally resulting in
the death of microbes. Meanwhile, the MNP–AMP is less prone
to develop drug resistance due to their multiple antimicrobial
actions and the damage to bacterial DNA (Slavin et al., 2017).
Additionally, because certain MNPs (AgNPs) possess severe
toxicity in vivo, another vital reason for the combination of
MNPs with AMPs is that AgNPs internalized by the bundling of
AMPs decrease the binding effect on eukaryote and weaken their
intrinsic cytotoxicity (Makowski et al., 2019; D’Souza et al., 2020;
Falanga et al., 2020). However, some studies described that the
protease stability of MNP–AMP is partly improved but is invalid
in the presence of high concentration protease (Casciaro et al.,
2017) because the MNP–AMP promotes the aggregation of AMPs
on the surface of MNPs and further forms a stable nanostructure
containing external AMP bundling and internal MNPs. Thus,
the decorated nanostructure contributes to the formation of
the close-packed array of AMPs and slightly decreases the
combination of AMPs with protease. Still, the accumulation of
AMPs on the external of the decorated nanostructure maintains
the strong binding force between protease and the bundling of
AMPs, causing the lower anti-protease efficiency, compared with
other N-AMP.

The CNTs are considered the cutting-edge biological materials
because they provide plentiful binding sites of drugs and
improve the dispersibility and biocompatibility for other drugs
(Bianco et al., 2005). However, the CNTs only help the AMPs
improve the biocompatibility of mammalian cells and had little
effect on the enhancement of antimicrobial capacity (Xu M.
et al., 2020). Meanwhile, the expensive synthesis of CNTs, the
definition of class 2B carcinogens, and the poor knowledge
systems of the establishment of CNTs also lead to the slow
progress on biomedicine.

Thus, the combination of inorganics with AMPs provides
great value for the development of antibacterial nanomaterials,
especially for the development of antimicrobial medical
equipment. However, long-term toxicity assay in vivo should be
conducted because the conjunction of inorganics with AMPs
still expresses cytotoxicity, inflammatory response, and immune
response even in vitro. Moreover, the influences of inorganic
materials deposited in the human kidneys also needed to
be investigated.

Similar to other Ns–AMPs, the organic material nanosystems
containing AMPs could be categorized into organic material
nanosystems with conjugated AMPs and organic material
nanosystems with encapsulated AMPs, but the diversity of a

combination of ways and material species of organic materials
also has an effect on the antimicrobial activity, biocompatibility,
and stability of AMPs. Overall, the organic material nanosystems,
which can combine with AMPs and form a hydrophilic
shell to internalize AMPs, or that can encapsulate AMPs
and achieve controlled release of AMPs, generally weaken
antibacterial activity (Kumar et al., 2015), or partially maintain
the sterilization effect (Jiang et al., 2018), including polymers
such as PEG (Cleophas et al., 2014; Gong et al., 2017), PLGA
(Vijayan et al., 2019), chitosan (Qi et al., 2017; Sun T. et al.,
2018), hyaluronic acid (Kłodzińska et al., 2019), liposomes
(Boge et al., 2016, 2017, 2019; Håkansson et al., 2019), nucleic
acids (Fu et al., 2019; Obuobi et al., 2019), and cyclodextrins
(Cruz Olivo et al., 2017; Zhang et al., 2018). The reason is that
the AMPs encapsulated in organic material nanostructure are
difficult to contact with pathogens, leading to the loss of
antimicrobial activity (Kumar et al., 2015), while the AMPs
loaded on the surface of organic material nanostructure generally
maintain the intrinsic antimicrobial effect (Jiang et al., 2018).
However, the disappointing antibacterial capacity of AMP-
containing organic material nanosystems does not need to be
of excessive concern due to the appearance of novel abilities.
Many organic materials can be used to construct a targeted and
controlled drug release system that adjusts the release of AMPs,
increases the drug concentration at local sites (Qi et al., 2017),
strengthens the antimicrobial ability at specific sites (Sun T. et al.,
2018; Falciani et al., 2020; Ghaeini-Hesaroeiye et al., 2020; Feng
et al., 2021), and reduces the overall drug circulation, cytotoxicity,
and side effects (Akbarzadeh et al., 2013; Almaaytah et al., 2017;
Mao et al., 2017; Kłodzińska et al., 2019; Sanches et al., 2021).
In addition, the encapsulation can act as a barrier to protect the
AMPs from the recognition of the immune system, the clearance
of the reticuloendothelial system, and even the degradation
of proteases, ultimately improving the half-life of the AMPs
in vivo (Qi et al., 2017; Obuobi et al., 2019). Meanwhile,
the combination of organic material with AMPs increases the
apparent integral size, reducing the renal filtration capacity
and altering the biological distribution (Qi et al., 2017). These
advantages significantly improve not only the cell selectivity
and anti-protease stability of AMPs but also truly improve
the antimicrobial properties in vivo simultaneously. Therefore,
polymeric materials with antibacterial ability have promising
prospects as auxiliary medical materials, but the biosecurity issues
and residual problems in vivo are still to be studied.

Additionally, some organic–AMP nanosystems can enhance
the antimicrobial activity of AMPs, as well as lipopeptides
and liposome-encapsulated nanosystems. Some AMPs without
membrane-destructive bactericidal mechanism are encapsulated
within liposomes to form spherical nanosystems. Because
liposomes have a good affinity for bacterial membranes, liposome
nanosystems can carry AMPs into the cells of pathogens.
The encapsulated AMPs are released after entering the cell
and targeted to a specific intracellular site to achieve the
elimination of bacteria (Cantor et al., 2019; Sanches et al.,
2021). However, for other membrane-active AMPs, liposome
nanosystems failed to improve their antimicrobial activity
(Håkansson et al., 2019). In general, the lipopeptides have been
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FIGURE 12 | The typical antimicrobial mechanisms of most organic material nanosystems containing AMPs.

FIGURE 13 | The various acting forces (aromatic stacking, ionic-complementary force, intermolecular hydrogen bonding, and hydrophobicity interaction) of
self-assembled AMPs and the self-assembled AMPs formed by these representative amino acids.

pointed out as the self-assembled AMPs. Most lipopeptides
have strong antimicrobial properties because the fatty acids, as
the hydrophobic tail of AMPs, supply sufficient hydrophobicity
for AMPs to improve antimicrobial activity (He et al., 2018;
Lei et al., 2018; Stachurski et al., 2019) and form a self-
assembled nanostructure, thereby, improving the stability of salt
and protease resistance (Immordino et al., 2006), and achieving
the promotion of overall antimicrobial properties. Figure 12
introduces the universal antimicrobial models for most organic
material nanosystems containing AMPs. Unfortunately, it is
a fatal defect that lipopeptides cause serious hemolysis and

cytotoxicity of erythrocytes (de Almeida et al., 2019; Lombardi
et al., 2019b). Thus, how to solve the toxicity issue of lipopeptides
has become a crucial factor in clinical application.

Free AMPs utilize the non-covalent interactions, including
intermolecular hydrogen bonds, electrostatic interactions,
aromatic stacking, and hydrophobic forces to form various
nanostructures (Figure 13). Mechanically, self-assembled AMPs
exert antimicrobial activity mainly through the continuous
release of monomer peptides from a specific environment
or keeping an intact nanostructure (Lombardi et al., 2019a;
Wang et al., 2019a). The vital factors for the antimicrobial
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activity of monomer AMPs are hydrophobicity, positive charge,
and amphipathicity, and the same is true of self-assembled
AMPs (Liu et al., 2013; Schnaider et al., 2017). Generally,
the antimicrobial activity of most self-assembled AMPs was
weaker than that of monomer peptides, especially for the self-
assembled AMPs bound by intermolecular hydrogen bonding
and complementary binding of charged amino acids, but the
self-assembled AMPs formed by hydrophobic interaction or
aromatic stacking have a better antimicrobial activity than
those formed by other binding forces (Yang et al., 2018; Chen
W. et al., 2019). The reasons are as follows: First, glutamine
(Gln) is the typical amino acid that is capable of forming
intermolecular hydrogen bonds and usually destroys the
amphiphilicity of the AMPs. Second, ionic-complementary
peptides lose their cationic due to the neutralization of positive
and negative charged amino acids. Third, the self-assembled
AMPs formed by hydrophobic interaction or aromatic stacking
maintain the higher hydrophobicity (Chou et al., 2016;
Buommino et al., 2019).

In contrast to free AMPs, although self-assembled AMPs
are less effective in inhibiting the microbes, self-assembled
AMPs formed by a variety of covalent bonds are still able to
significantly decrease the cytotoxicity to mammalian cells (Xu
et al., 2018; Chen W. et al., 2019). That is still closely related
to the forces formed by the self-assembled AMPs. In general,
the self-assembled AMPs formed by ionic-complementary or
intermolecular hydrogen bonds have excellent biocompatibility
because their cell membrane permeability is impaired by Gln or
negatively charged amino acids. Moreover, due to the interaction
between aromatic amino acids or hydrophobic amino acids,
the self-assembled AMPs formed by hydrophobic interaction
or aromatic stacking hinder the combination of peptides and
bacterial membrane to a certain extent, thereby improving the
cell selectivity, but there are exceptions. For example, self-
assembled AMPs of RA9R produces strong cytotoxicity, probably
due to the high hydrophobicity of RA9R (Chen C. et al., 2010;
Castelletto et al., 2018). Hence, in general, the increase in cell
selectivity and the decrease in antimicrobial activity in most
self-assembled AMPs are complementary.

Although self-assembled AMPs have such defects in vitro,
different types and functions of hydrogels are formed through
different non-covalent bonding forces, which makes AMPs
obtain more attractive application prospect. For example, self-
assembled AMPs formed by intermolecular hydrogen bonding
and ionic-complementary significantly reduce the cytotoxicity
and exhibit a sustained drug release profile (Zhang et al., 2005).
Except for the controlled release function, self-assembled AMPs
formed by hydrophobic force and aromatic stacking also display
a nice activity against the pathogen (Marchesan et al., 2013).
Therefore, some self-assembled AMPs form nanosystems based
upon the interactions of multiple covalent bonding forces so
as to obtain hydrogel scaffold materials with low cytotoxicity
that can encapsulate other drugs and have a sustained-release
effect (Koch et al., 2019; Wang et al., 2019a). Hydrogel scaffold
materials have some advantages. First, the complexed “nanofiber
network” structure can form hydrogels, which endure AMPs
with the capability to carry a variety of drugs and obtain

sustained-release effect. Second, the formed self-assembled
AMPs can significantly increase the size of AMPs, reduce the
clearance of the reticuloendothelial system and the recognition
of the immune system, prolong the half-life of drugs in vivo,
and improve the stability of the AMPs (Jeong et al., 2013;
Mangelschots et al., 2016). Third, by adding a specific amino
acid (histidine), controlled release nanosystems with specific
environmental response can be obtained, which not only reduces
the side effects in vivo but also increases the drug concentration
at local sites to make up for the reduced antimicrobial activity
of self-assembled AMPs (Guo et al., 2010; Lu et al., 2015). It
can be said that the above advantages are crucial for the further
application of AMPs in vivo. On the basis of the above studies, it
will become a director with great research potential to explore the
synergistic effect of self-assembled AMPs and encapsulated drugs
(e.g., antibiotics and AMPs) in the future.

The half-life stability of self-assembled AMPs is indeed
improved in vivo due to the formation of the large-size
nanostructure. Moreover, its anti-protease stability has also been
improved because the more close-knit structure formed by
self-assembly of AMPs efficiently hinders the combination of
restriction site to proteases, but self-assembled AMPs always
belong to small-molecule peptides, regardless of how stable
the self-assembled nanostructures are. Since the stability of
self-assembled AMPs is weaker than that of organic material
nanosystems, a high concentration of protease can completely
cleave the sequence of self-assembled AMPs, resulting in the loss
of the antimicrobial ability of AMPs (Chen and Liang, 2013; Xu
et al., 2015). Thus, the self-assembled AMPs as the antimicrobials
agents in vivo have limitations in the clinical application, and
the anti-protease stability still needs to be further explored.
Nowadays, self-assembled AMPs attracted more attention in the
field of medical antibacterial materials, wound healing scaffolds,
and controlled drug release frameworks.

CONCLUSION AND PERSPECTIVES

Intensive efforts have been devoted to developing various
nanosystems containing AMPs to deal with the defects of
free AMPs, such as high cytotoxicity, poor pharmacokinetic
profiles, finally handling the unprecedented threats from
multidrug-resistant pathogens. In this context, we summarized
the recent discoveries in the development of the nanosystem
containing AMPs, e.g., inorganic material nanosystems with
conjugated AMPs, organic material nanosystems containing
AMPs and self-assembled AMPs. Universally, the Ns-AMPs,
especially polymeric and liposome nanosystems containing
AMPs, improved the internal half-life and the pharmacokinetic
profiles in vivo due to their large-size nanostructure, while
acquiring the drug targeting and controlled-release function
that enables them to carry other drugs to assist antimicrobial
treatment. Additionally, the lipopeptide and the MNPs with
conjugated AMPs generally exhibited excellent antimicrobial
activity and dramatically antimicrobial synergistic effect. Based
on the flexibility of peptide sequence and no residue in vivo, self-
assembled AMPs, in addition to enhancing the biocompatibility
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of mammalian cells, were utilized as the drug-targeting material,
which conducted the responsive release of AMPs in the
microenvironment of bacterial infection sites (e.g., acidity or
bacterial enzymes). Thus, the applications of N-AMP are
promising to efficiently solve the emergence of existing antibiotic
resistance and quickly realize the transition of applications of
AMPs from in vitro to in vivo.

In the future, many crucial clinical issues are still
standing in front of researchers. For example, although
various nanostructures (tubes, fibers, tapes, or micelles) with
different functions had been designed, the formation of
these nanostructures is still hardly regulated and forecasted.
Different types of AMPs and conjugated materials had a
huge impact on nanostructures. Thus, the Ns–AMPs studies
on structure–function relationship needed to be deeper
explored. Additionally, the stability studies of Ns–AMPs still
overstayed in vitro; the relevant assays in vivo needed to
be performed, especially more intuitive fluorescence imaging
and sufficient results of half-life kinetics in representative
animal models (e.g., mice or swine). Then, the long-term

toxicity of Ns–AMPs in the body should be further investigated
due to the existence of non-degradable polymeric materials.
Additionally, some nanosystems containing AMPs with the
synergistic antimicrobial effect can be considered as tremendous
research potential.
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Domiński, A., Konieczny, T., and Kurcok, P. (2019). α-Cyclodextrin-based
polypseudorotaxane hydrogels. Materials (Basel). 13:133. doi: 10.3390/
ma13010133

Dong, C., Liu, Z., Wang, S., Zheng, B., Guo, W., Yang, W., et al. (2016). A protein-
polymer bioconjugate-coated upconversion nanosystem for simultaneous
tumor cell imaging, photodynamic therapy, and chemotherapy. ACS Appl
.Mater. Interfaces 8, 32688–32698. doi: 10.1021/acsami.6b11803

Douglas, S., Dietz, H., Liedl, T., Högberg, B., Graf, F., and Shih, W. (2009).
Self-assembly of DNA into nanoscale three-dimensional shapes. Nature 459,
414–418. doi: 10.1038/nature08016

Durand, G., Raoult, D., and Dubourg, G. (2019). Antibiotic discovery: history,
methods and perspectives. Int. J. Antimicrob0 Agents. 53, 371–382. doi: 10.1016/
j.ijantimicag.2018.11.010

Edwards-Gayle, C., Castelletto, V., Hamley, I., Barrett, G., Greco, F., Hermida-
Merino, D., et al. (2019). Self-assembly, antimicrobial activity, and membrane
interactions of arginine-capped peptide bola-amphiphiles. ACS Appl. Bio
Materials 2, 2208–2218. doi: 10.1021/acsabm.9b00172

Falanga, A., Siciliano, A., Vitiello, M., Franci, G., Del Genio, V., Galdiero, S.,
et al. (2020). Ecotoxicity evaluation of pristine and indolicidin-coated silver
nanoparticles in aquatic and terrestrial ecosystem. Int. J. Nanomed. 15, 8097–
8108. doi: 10.2147/ijn.S260396

Falciani, C., Zevolini, F., Brunetti, J., Riolo, G., Gracia, R., Marradi, M., et al.
(2020). Antimicrobial peptide-loaded nanoparticles as inhalation therapy for
Pseudomonas aeruginosa infections. Int. J. Nanomed. 15, 1117–1128. doi: 10.
2147/ijn.S218966

Faya, M., Kalhapure, R. S., Kumalo, H. M., Waddad, A. Y., Omolo, C., and
Govender, T. (2018). Conjugates and nano-delivery of antimicrobial peptides
for enhancing therapeutic activity. J. Drug Deliv. Sci. Tec. 44, 153–171. doi:
10.1016/j.jddst.2017.12.010

Fenaroli, F., Repnik, U., Xu, Y., Johann, K., Van Herck, S., Dey, P.,
et al. (2018). Enhanced permeability and retention-like extravasation of
nanoparticles from the vasculature into tuberculosis granulomas in Zebrafish
and mouse models. ACS Nano 12, 8646–8661. doi: 10.1021/acsnano.8b0
4433

Feng, K., Li, S., Wei, Y., Zong, M., Hu, T., Wu, H., et al. (2021). Fabrication of
nanostructured multi-unit vehicle for intestinal-specific delivery and controlled
release of peptide. Nanotechnology. 32:245101. doi: 10.1088/1361-6528/abed07

Flühmann, B., Ntai, I., Borchard, G., Simoens, S., and Mühlebach, S. (2019).
Nanomedicines: the magic bullets reaching their target? Eur. J. Pharm. Sci. 128,
73–80. doi: 10.1016/j.ejps.2018.11.019

Fu, J., Oh, S. W., Monckton, K., Arbuckle-Keil, G., Ke, Y., and Zhang, T. (2019).
Biomimetic compartments scaffolded by nucleic acid nanostructures. Small
15:e1900256. doi: 10.1002/smll.201900256

Fuhrhop, J. H., and Wang, T. (2004). Bolaamphiphiles. Chem. Rev. 35, 2901–2938.
doi: 10.1021/cr030602b

Gajdács, M. (2019). The concept of an ideal antibiotic: implications for drug design.
Molecules 24:892. doi: 10.3390/molecules24050892

Gao, J., Na, H., Zhong, R., Yuan, M., Guo, J., Zhao, L., et al. (2020). One step
synthesis of antimicrobial peptide protected silver nanoparticles: the core-
shell mutual enhancement of antibacterial activity. Coll. Surf. B Biointerfaces
186:110704. doi: 10.1016/j.colsurfb.2019.110704

Gao, Y., Wang, J., Hu, D., Deng, Y., Chen, T., Jin, Q., et al. (2019). Bacteria-targeted
supramolecular photosensitizer delivery vehicles for photodynamic ablation
against biofilms. Macromol. Rapid Commun. 40:e1800763. doi: 10.1002/marc.
201800763

Ghaeini-Hesaroeiye, S., Boddohi, S., and Vasheghani-Farahani, E. (2020). Dual
responsive chondroitin sulfate based nanogel for antimicrobial peptide delivery.
Int. J. Biol. Macromol. 143, 297–304. doi: 10.1016/j.ijbiomac.2019.12.026

Gomaa, A. I., Martinent, C., Hammami, R., Fliss, I., and Subirade, M. (2017).
Dual coating of liposomes as encapsulating matrix of antimicrobial peptides:
development and characterization. Front. Chem. 5:103. doi: 10.3389/fchem.
2017.00103

Gong, Y., Andina, D., Nahar, S., Leroux, J. C., and Gauthier, M. A. (2017).
Releasable and traceless PEGylation of arginine-rich antimicrobial peptides.
Chem. Sci. 8, 4082–4086. doi: 10.1039/c7sc00770a

Gordon, Y., Romanowski, E., and McDermott, A. (2005). A review of antimicrobial
peptides and their therapeutic potential as anti-infective drugs. Curr. Eye Res.
30, 505–515. doi: 10.1080/02713680590968637

Guo, X. D., Zhang, L. J., Chen, Y., and Qian, Y. (2010). Core/shell pH-
sensitive micelles self-assembled from cholesterol conjugated oligopeptides for
anticancer drug delivery. Aiche J. 56, 1922–1931. doi: 10.1002/aic.12119

Gupta, A., Pandey, S., and Yadav, J. (2021). A review on recent trends in green
synthesis of gold nanoparticles for tuberculosis. Adv. Pharm. Bull. 11, 10–27.
doi: 10.34172/apb.2021.002

Frontiers in Microbiology | www.frontiersin.org 24 August 2021 | Volume 12 | Article 710199151

https://doi.org/10.1021/acs.accounts.6b00653
https://doi.org/10.1016/j.bios.2019.02.016
https://doi.org/10.1016/j.bios.2019.02.016
https://doi.org/10.1021/bm901130u
https://doi.org/10.1021/bm400618m
https://doi.org/10.1016/j.biomaterials.2016.01.063
https://doi.org/10.1021/acsami.9b09583
https://doi.org/10.1155/2013/494671
https://doi.org/10.1016/j.actbio.2015.11.002
https://doi.org/10.1016/j.actbio.2015.11.002
https://doi.org/10.1126/science.1218831
https://doi.org/10.1126/science.1218831
https://doi.org/10.1021/mz5001465
https://doi.org/10.1902/jop.2016.160438
https://doi.org/10.1021/acsami.0c01154
https://doi.org/10.1021/acsami.8b17808
https://doi.org/10.1021/jp909520w
https://doi.org/10.3390/ijms19061717
https://doi.org/10.1002/psc.2633
https://doi.org/10.1016/j.bmcl.2017.03.032
https://doi.org/10.3390/ma13010133
https://doi.org/10.3390/ma13010133
https://doi.org/10.1021/acsami.6b11803
https://doi.org/10.1038/nature08016
https://doi.org/10.1016/j.ijantimicag.2018.11.010
https://doi.org/10.1016/j.ijantimicag.2018.11.010
https://doi.org/10.1021/acsabm.9b00172
https://doi.org/10.2147/ijn.S260396
https://doi.org/10.2147/ijn.S218966
https://doi.org/10.2147/ijn.S218966
https://doi.org/10.1016/j.jddst.2017.12.010
https://doi.org/10.1016/j.jddst.2017.12.010
https://doi.org/10.1021/acsnano.8b04433
https://doi.org/10.1021/acsnano.8b04433
https://doi.org/10.1088/1361-6528/abed07
https://doi.org/10.1016/j.ejps.2018.11.019
https://doi.org/10.1002/smll.201900256
https://doi.org/10.1021/cr030602b
https://doi.org/10.3390/molecules24050892
https://doi.org/10.1016/j.colsurfb.2019.110704
https://doi.org/10.1002/marc.201800763
https://doi.org/10.1002/marc.201800763
https://doi.org/10.1016/j.ijbiomac.2019.12.026
https://doi.org/10.3389/fchem.2017.00103
https://doi.org/10.3389/fchem.2017.00103
https://doi.org/10.1039/c7sc00770a
https://doi.org/10.1080/02713680590968637
https://doi.org/10.1002/aic.12119
https://doi.org/10.34172/apb.2021.002
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-710199 August 9, 2021 Time: 17:9 # 25

Yang et al. Various Nanostructured Antimicrobial Peptides

Håkansson, J., Ringstad, L., Umerska, A., Johansson, J., Andersson, T., Boge, L.,
et al. (2019). Characterization of the in vitro, ex vivo, and in vivo Efficacy of the
antimicrobial peptide DPK-060 used for topical treatment. Front. Cell. Infect.
Microbiol. 9:174. doi: 10.3389/fcimb.2019.00174

Hamida, R., Ali, M., Goda, D., and Al-Zaban, M. (2020). Lethal mechanisms
of Nostoc-synthesized silver nanoparticles against different pathogenic
bacteria. Int. J. Nanomed. 15, 10499–10517. doi: 10.2147/ijn.S28
9243

Hamley, I. W. (2011). Self-assembly of amphiphilic peptides. Soft. Matter. 7,
4122–4138. doi: 10.1039/c0sm01218a

Hamley, I., Hutchinson, J., Kirkham, S., Castelletto, V., Kaur, A., Reza, M.,
et al. (2016). Nanosheet formation by an anionic surfactant-like peptide and
modulation of self-assembly through ionic complexation. Langmuir 32, 10387–
10393. doi: 10.1021/acs.langmuir.6b02180

Han, T., Oh, J., Lee, G., Pyun, S., and Kim, S. (2010). Hierarchical assembly of
diphenylalanine into dendritic nanoarchitectures. Coll. Surf. B Biointerfaces 79,
440–445. doi: 10.1016/j.colsurfb.2010.05.003

Hauser, C., and Zhang, S. (2010). Designer self-assembling peptide
nanofiber biological materials. Chem. Soc. Rev. 39, 2780–2790.
doi: 10.1039/b921448h

He, B., Ma, S., Peng, G., and He, D. (2018). TAT-modified self-assembled cationic
peptide nanoparticles as an efficient antibacterial agent. Nanomedicine 14,
365–372. doi: 10.1016/j.nano.2017.11.002

He, S., Yang, Z., Yu, W., Li, J., Li, Z., Wang, J., et al. (2020). Systematically studying
the optimal amino acid distribution patterns of the amphiphilic structure by
using the ultrashort amphiphiles. Front. Microbiol. 11:569118. doi: 10.3389/
fmicb.2020.569118

He, Z., Shu, T., Su, L., and Zhang, X. J. M. (2019). Strategies of luminescent
gold nanoclusters for chemo-/bio-sensing. Molecules 24:3045. doi: 10.3390/
molecules24173045

Holmes, A., Moore, L., Sundsfjord, A., Steinbakk, M., Regmi, S., Karkey, A., et al.
(2016). Understanding the mechanisms and drivers of antimicrobial resistance.
Lancet 387, 176–187. doi: 10.1016/s0140-6736(15)00473-0

Hosta-Rigau, L., Zhang, Y., Teo, B. M., Postma, A., and Städler, B. (2013).
Cholesterol–a biological compound as a building block in bionanotechnology.
Nanoscale 5, 89–109. doi: 10.1039/c2nr32923a

Huang, N., Chen, X., Zhu, X., Xu, M., and Liu, J. J. B. (2017). Ruthenium
complexes/polypeptide self-assembled nanoparticles for identification of
bacterial infection and targeted antibacterial research. Biomaterials 141, 296–
313. doi: 10.1016/j.biomaterials.2017.07.005

Huh, A., and Kwon, Y. (2011). “Nanoantibiotics”: a new paradigm for treating
infectious diseases using nanomaterials in the antibiotics resistant era.
J. Control. Release 156, 128–145. doi: 10.1016/j.jconrel.2011.07.002

Iijima, S. (1991). Helical microtubules of graphitic carbon. Nature 354, 56–58.
doi: 10.1007/s10409-007-0116-z

Immordino, M. L., Dosio, F., and Cattel, L. (2006). Stealth liposomes: review of the
basic science, rationale, and clinical applications, existing and potential. Int. J.
Nanomed. 1, 297–315. doi: 10.2217/17435889.1.3.297

Ishida, N., Hosokawa, Y., Imaeda, T., and Hatanaka, T. (2020). Reduction of the
cytotoxicity of copper (II) oxide nanoparticles by coating with a surface-binding
peptide. Appl. Biochem. Biotechnol. 190, 645–659. doi: 10.1007/s12010-019-
03108-9

Jeong, W., Lee, M., and Lim, Y. J. B. (2013). Helix stabilized, thermostable, and
protease-resistant self-assembled peptide nanostructures as potential inhibitors
of protein-protein interactions. Biomacromolecules 14, 2684–2689. doi: 10.
1021/bm400532y

Jiang, J., Chen, S., Wang, H., Carlson, M., Gombart, A., and Xie, J. (2018).
CO2-expanded nanofiber scaffolds maintain activity of encapsulated bioactive
materials and promote cellular infiltration and positive host response. Acta
Biomater. 68, 237–248. doi: 10.1016/j.actbio.2017.12.018

Jin, R., Zeng, C., Zhou, M., and Chen, Y. (2016). Atomically precise colloidal metal
nanoclusters and nanoparticles: fundamentals and opportunities. Chem. Rev.
116, 10346–10413. doi: 10.1021/acs.chemrev.5b00703

Jin, Y., Yang, Y., Duan, W., Qu, X., and Wu, J. (2021). Synergistic and on-demand
release of Ag-AMPs loaded on porous silicon nanocarriers for antibacteria and
wound healing. ACS Appl. Mater. Interfaces 13, 16127–16141. doi: 10.1021/
acsami.1c02161

Joseph, B., George, A., Gopi, S., Kalarikkal, N., and Thomas, S. (2017). Polymer
sutures for simultaneous wound healing and drug delivery – a review. Int. J.
Pharm. 524, 454–466. doi: 10.1016/j.ijpharm.2017.03.041

Juthani, R., Madajewski, B., Yoo, B., Zhang, L., Chen, P.-M., Chen, F., et al.
(2019). Ultrasmall core-shell silica nanoparticles for precision drug delivery in
a high-grade malignant brain tumor model. Clin. Cancer Res. 26, 147–158.

Kalia, V., Patel, S., Kang, Y., and Lee, J. (2019). Quorum sensing inhibitors as
antipathogens: biotechnological applications. Biotechnol. Adv. 37, 68–90. doi:
10.1016/j.biotechadv.2018.11.006

Kalia, V., Singh Patel, S., Shanmugam, R., and Lee, J. (2021).
Polyhydroxyalkanoates: trends and advances toward biotechnological
applications. Bioresour. Technol. 326:124737. doi: 10.1016/j.biortech.2021.
124737
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In this study, dodecapeptide cathelicidins were shown to be widespread antimicrobial
peptides among the Cetruminantia clade. In particular, we investigated the
dodecapeptide from the domestic goat Capra hircus, designated as ChDode and its
unique ortholog from the sperm whale Physeter catodon (PcDode). ChDode contains
two cysteine residues, while PcDode consists of two dodecapeptide building blocks
and contains four cysteine residues. The recombinant analogs of the peptides were
obtained by heterologous expression in Escherichia coli cells. The structures of the
peptides were studied by circular dichroism (CD), FTIR, and NMR spectroscopy. It
was demonstrated that PcDode adopts a β-hairpin structure in water and resembles
β-hairpin antimicrobial peptides, while ChDode forms a β-structural antiparallel covalent
dimer, stabilized by two intermonomer disulfide bonds. Both peptides reveal a significant
right-handed twist about 200 degrees per 8 residues. In DPC micelles ChDode forms
flat β-structural tetramers by antiparallel non-covalent association of the dimers. The
tetramers incorporate into the micelles in transmembrane orientation. Incorporation
into the micelles and dimerization significantly diminished the amplitude of backbone
motions of ChDode at the picosecond-nanosecond timescale. When interacting
with negatively charged membranes containing phosphatidylethanolamine (PE) and
phosphatidylglycerol (PG), the ChDode peptide adopted similar oligomeric structure and
was capable to form ion-conducting pores without membrane lysis. Despite modest
antibacterial activity of ChDode, a considerable synergistic effect of this peptide in
combination with another goat cathelicidin – the α-helical peptide ChMAP-28 was
observed. This effect is based on an increase in permeability of bacterial membranes.
In turn, this mechanism can lead to an increase in the efficiency of the combined action
of the synergistic pair ChMAP-28 with the Pro-rich peptide mini-ChBac7.5Nα targeting
the bacterial ribosome.
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INTRODUCTION

Rapid growth of antimicrobial resistance along with challenges
of novel conventional antibacterial agent discovery revealed the
necessity to develop new approaches to combat infections
(Czaplewski et al., 2016). Among them, host defense
antimicrobial peptides (AMPs) came into a sharp focus as
possible alternatives to conventional antibiotics. The complex
membrane-targeting mechanism of their antimicrobial action
and the ability to rapidly kill pathogens as well as a plethora
of other biological functions make them a perspective scaffold
for drug design. AMPs are highly diverse molecules across
and even within species. Many plant and animal genomes are
encoding several distinct AMP gene families (Lazzaro et al.,
2020). As a result, host organisms naturally deploy them in
synergistic cocktails that limit the probability of bacterial
resistance evolution in nature.

Cathelicidins, one of the major and structurally diverse groups
of animal AMPs, are known to be the key molecular factors of
innate immunity of most vertebrate species. Cathelicidins are
found in many vertebrates: mammals, birds, fishes, amphibians,
and a hagfish (Kościuczuk et al., 2012). Secondary structures
of mature cathelicidins may include α-helices, β-structure, and
extended linear regions enriched with Trp or Pro residues.
The number of cathelicidin genes varies greatly in different
species, from the only one in humans (LL-37) to a dozen
in artiodactyls. In the latter case, simultaneous expression
of several cathelicidins can be observed. For example, it
has been shown that three cathelicidins are most actively
expressed in leukocytes of the goat Capra hircus: cathelicidin-
1 (ChDode), cathelicidin-3 (ChBac7.5) and cathelicidin-6
(ChMAP-28) (Zhang et al., 2014).

Cathelicidins-1 (also known as bactenecins or
dodecapeptides) are small antimicrobial peptides, first isolated
from the neutrophilic granulocytes of representatives of the
Bovidae family. Catelicidin-1 precursor proteins are encoded
by the CATHL1 genes, and consist of the N-terminal conserved
cathelin-like domain (CLD), an elastase processing site, and a
C-terminal mature peptides part. In general, mature peptide
consist of 12 amino acid residues, and have two cysteine residues
at positions 3 and 11 (Romeo et al., 1988). The bovine bactenecin
exhibits antibacterial and antibiofilm activity, though data on
its structure and mechanism of action are quite contradictory
(Panteleev et al., 2017). According to early reports, two Cys
residues form intramolecular disulfide bond resulting in a
9-membered ring (Romeo et al., 1988). The cyclic peptide adopts
a β-hairpin conformation with γ- (Figure 1A; Romeo et al.,
1988) or β-turn (Figure 1B; Raj et al., 2000) on its tip. A number
of monomeric bactenecin analogs that have an increased
therapeutic index have been obtained. For example, the analog
IDR-1018, which has broad-spectrum activity (antimicrobial,
anti-inflammatory, wound-healing, and others), is considered
as a new generation immunomodulator (Mansour et al., 2015),
and the analog IMX942 is currently undergoing the second
phase of clinical trials as an antibiotic for patients with febrile
neutropenia (Fjell et al., 2011). However, the later data argue that
a native form of the peptide can be an antiparallel or parallel

β-structural dimer (Figures 1C,D), where Cys residues form two
intermolecular disulfide bridges (Storici et al., 1996).

Here we report recombinant production and structure-
function study of cathelicidin-1 from C. hircus. The natural
variability of CATHL1 genes in Cetartiodactyla species was
also analyzed. According to circular dichroism (CD), Fourier
transform infrared (FTIR) and NMR spectroscopy data,
ChDode in water has the structure of covalent highly twisted
antiparallel β-structural homodimer (24 residues), which
undergo further oligomerization with formation of a large flat
β-sheet in membrane-mimicking environment. The structure
of the symmetric antiparallel dimer of the covalent ChDode
dimers (Figure 1E) was determined by NMR spectroscopy in
the environment of dodecyl-phosphocholine (DPC) micelles.
We showed that ChDode possessed membrane-permeabilizing
activity and formed toroidal pores when exposed to a model
membrane containing anionic lipids. An indirect confirmation
of the homodimeric arrangement of the Cetartiodactyla
cathelicidins-1 was obtained from analysis of the sperm whale
Physeter catodon cathelicidin-1 (PcDode). This peptide consists
of two fused dodecapeptide building blocks and contains four
cysteine residues. According to results of NMR analysis PcDode
adopts β-hairpin structure (24 residues) stabilized by two
intramolecular disulfide bonds.

Earlier we have shown the synergistic antibacterial effects
between two goat cathelicidins: the membrane active ChMAP-
28 and the truncated form of ChBac7.5 (mini-ChBac7.5Nα)
targeting the bacterial ribosome (Panteleev et al., 2018).
Therefore, here we studied the biological activity of ChDode
and its ability to increase permeabilization of outer and
cytoplasmic membrane of Escherichia coli individually and in
combination with ChMAP-28 and mini-ChBac7.5Nα. The role
of each of the three major goat cathelicidins in synergistic
interaction was elucidated.

MATERIALS AND METHODS

Identification of CATHL1 Genes in
Cetartiodactyla WGS Database
At the first stage, the TBLASTN program was used to
identify CATHL1 genes in whole-genome shotgun (WGS,
GenBank) database using conservative cathelin-like domain
(CLD) fragment FRVKETVCPRTTQQPPEQCDFKE encoded by
nucleotide sequence located in the second exon of the goat
cathelicidin-1 (GenBank: XM_018038479.1) as a query sequence
using the values of the default parameters (matrix: BLOSUM62,
gap costs: existence 11, extension 1). Then, the obtained hit
DNA contigs (±1,500 bp relative to the query) were analyzed by
GenScan program1 to identify exons within genomic sequence.
The putative elastase processing sites in fourth exon were
suggested based on information about known Cetartiodactyla
cathelicidins. Finally, putative mature cathelicidin sequences
were manually (visually) inspected and additionally analyzed

1http://hollywood.mit.edu/GENSCAN.html
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FIGURE 1 | The possible secondary structures of monomeric and dimeric cathelicidins-1 (bactenecins) by the example of ChDode. (A) Monomeric β-hairpin with
γ-turn proposed by computer modeling (Romeo et al., 1988). (B) Monomeric β-hairpin with β-turn according to NMR data measured in water (Raj et al., 2000).
(C) Antiparallel disulfide linked homodimer according to NMR data measured in water (present report). (D) Proposed structure of parallel disulfide linked homodimer
(Storici et al., 1996). (E) Antiparallel non-covalent dimer of the antiparallel disulfide linked homodimers according to NMR data measured in DPC micelles (present
report). The chains of the tetramer are numbered. The * marks the chains of the second homodimer in the tetramer. (F) Monomeric 24-residue β-hairpin
cathelicidin-1 from the sperm whale Physeter catodon (present report). The residues of the peptide are color coded according to their properties. The aromatic,
hydrophobic, basic, polar, and Cys residues are shown as green, yellow, blue, magenta, and gray circles, respectively. The residues with side-chains directed up from
the picture plane (toward readers) are marked by black labels; the residues with side chains directed down from the picture plane are marked by white labels. The
mainchain–mainchain hydrogen bonds are shown by dotted lines. In asymmetric oligomers (D,E) the non-symmetrical β-strands (peptide units) are colored differently.

by CAMP database instruments2 to identify CATHL1-like 12-
residue peptides containing two cysteine residues.

Recombinant Production of the
Cathelicidins-1
The ChDode (RICQFVLIRVCR) and PcDode
(QICRIIVVRVCRPICRITVIRVCS) primary structures were
deduced from the mRNA sequences (GenBank: XM_018038479.1
and XM_007124827.2) of the corresponding precursor proteins.
Oligonucleotides coding whole 12-residue peptide (forward
primer: 5′-GCA GAT CTA TGC GTA TCT GTC AGT TTG
TTT TAA TTC GCG TGT GTC GTT AAG AAT TCG C-3′;
reverse primer: 5′-GCG AAT TCT TAA CGA CAC ACG CGA
ATT AAA ACA AAC TGA CAG ATA CGC ATA GAT CTG
C-3′) and 24-residue peptide (forward primer: 5′-GCA GAT
CTA TGC AGA TTT GCC GCA TTA TTG TGG TGC GTG
TAT GTC GCC CAA TCT GTC-3′; reverse primer: 5′- GCG
AAT TCT TAG CTG CAA ACA CGA ATA ACT GTA ATG
CGA CAG ATT GGG CGA CAT ACA -3′) were designed on
the basis of E. coli codon usage bias. The fragments coding
target cathelicidins were generated by annealing of two primers.
The fragments were then cloned into pET-based expression
vectors as described previously (Panteleev et al., 2016). The
target peptides were expressed in E. coli BL21 (DE3) as fusion
proteins that included His-tag, the E. coli thioredoxin A [M37L],
methionine residue, and a mature cathelicidin. 15N-labeled as
well as unlabeled cathelicidins-1 were expressed in bacterial
cells in M9 minimal medium containing 1 g/L 15NH4Cl (or
NH4Cl, respectively), 20 mM glucose, 100 mg/L ampicillin,

2http://www.camp.bicnirrh.res.in/index.php

1 mM MgSO4, and trace metals mixture. The cells were
grown up to OD600 1.0 and then were induced with 0.2 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG). The protein
expression was performed at 30◦C for 16 h with a shaking
speed of 220 rpm. Then the cells were pelleted by centrifugation
and sonicated in immobilized metal affinity chromatography
(IMAC) loading buffer containing 6 M guanidine hydrochloride.
The clarified lysate was applied on a column packed with Ni
Sepharose (GE Healthcare). The recombinant protein was eluted
with the buffer containing 0.5 M imidazole. Then the eluate
containing the fusion protein was acidified (up to pH 1.0) and
cleaved by 100-fold molar excess of cyanogen bromide over
methionine for 20 h at 25◦C in the dark. The reaction products
were lyophilized, dissolved in water, titrated to pH 5.0, and
loaded on a semi-preparative Reprosil-pur C18-AQ column
(10 mm × 250 mm, 5-mm particle size, Dr. Maisch GmbH).
Reversed-phase high-performance liquid chromatography
(RP-HPLC) was performed with a linear gradient of acetonitrile
(0–80% for 65 min) in water containing 0.1% trifluoroacetic
acid with a flow rate of 2 ml/min. The peaks were monitored
at 214 and 280 nm. The collected fractions were analyzed by
MALDI-TOF mass-spectrometry using Ultraflex instrument
(Bruker Daltonics) (see Supplementary Material). For PcDode,
the N-terminal glutamine was additionally modified to form
pyroglutamic acid. The peptide was dissolved in 0.2% TFA at
a concentration of 1 mg/ml followed by incubation for 24 h at
37◦C. In this conditions, spontaneous cyclization of glutamine
occurred (Schilling et al., 2008). The modified PcDode was
then purified by RP-HPLC. The recombinant goat cathelicidins
ChMAP-28 and mini-ChBac7.5Nα were obtained as described
previously (Panteleev et al., 2018).
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Antimicrobial Assay
Antimicrobial assay against Gram-negative bacteria (E. coli strain
ML-35p) and Gram-positive bacteria (Staphylococcus aureus
strain 209P) was performed as described previously (Wiegand
et al., 2008; Panteleev et al., 2018). To verify MIC values the
respiratory activity of the bacteria was determined. Briefly, 20 µl
of 0.1 mg/ml resazurin (a redox indicator, Sigma) was added to
the wells after 24 h of incubation, and the plate was incubated
for an additional 2 h. The reduction of resazurin to resorufin
was measured. The results were expressed as the median values
of three experiments performed in duplicate. In all experiment
series, no significant divergence was observed (within±1 dilution
step). All concentrations and ratios given in the manuscript for
ChDode refer to the covalent homodimer (3 kDa).

Checkerboard Assay
Checkerboard assay was performed as described previously
(Berditsch et al., 2015; Panteleev et al., 2018). Briefly, estimation
of synergistic effects of different cathelicidins was performed by
calculating the fractional inhibitory concentration index (FICI)
according to the equation: FICI = [A]/MICA + [B]/MICB, where
MICA and MICB are the MICs of the individual substances,
while [A] and [B] are the MICs of A and B when used together.
A synergistic effect was defined at a FICI ≤ 0.5.

Bacterial Membranes Permeability Assay
To examine an ability of the peptides to affect barrier
function of outer and inner membranes of Gram-negative
bacteria, a colorimetric assay with chromogenic markers
nitrocefin (Calbiochem-Novabiochem) and o-nitrophenyl-b-D-
galactopyranoside (ONPG, AppliChem) and E. coli ML-35p
strain was performed as previously described (Shamova et al.,
2009; Panteleev et al., 2018). Briefly, the final concentration of
E. coli ML-35p cells was of 2.5× 107 CFU/ml. The concentrations
of ONPG and nitrocefin were of 2.5 mM and 20 mM, respectively.
Peptides were serially diluted in a 96-well plate with a non-
binding surface (NBS, Corning #3641), and the optical density
(OD) of the solution rising due to the appearance of the
hydrolyzed nitrocefin or ONPG was measured at 492 and 405 nm,
respectively the microplate reader AF2200 (Eppendorf). The
assay was performed in phosphate buffered saline (PBS) at 37◦C
under stirring at 500 rpm. Control experiments were performed
under the same conditions without the addition of a peptide. The
optical absorption of the solution after incubation with melittin
for 2 h was taken as 100%. The absorbance of control wells
containing no peptides was subtracted from the absorbance value
of each well. Three independent experiments were performed,
and the curve patterns were similar for all three series.

Cell-Free Protein Expression Assay
In order to investigate the effect of AMPs on the translation
process, the peptides were added to a cell-free protein synthesis
(CFPS) reaction mix with a plasmid encoding enhanced
green fluorescent protein (EGFP) variant (F64L, S65T, Q80R,
F99S, M153T, and V163A) under a control of the T7
promoter as described previously with some modifications

(Panteleev et al., 2018). Briefly, the peptides were dissolved 0.1%
BSA in water. Streptomycin was used in the positive control
reactions. Fluorescence of the sample without inhibitor was
set as the 100% value. The reaction proceeded for 2 h in 96-
well flat-bottom black polystyrene microplates in a plate shaker
(30◦C, 900 rpm). Fluorescence of the synthesized EGFP was
measured with the microplate reader AF2200 (λExc = 488 nm,
λEm = 510 nm). The experimental data were obtained from
at least three independent experiments performed in duplicate.
IC50 values were determined by interpolation from non-linear
regression curves using the GraphPad Prism 6.0 software.

Hemolysis and Cytotoxicity Assay
Hemolytic activity of the peptides was tested against the
fresh suspension of human red blood cells (hRBC) using
the hemoglobin release assay as described previously (Lee
et al., 2007; Panteleev et al., 2016). Three experiments were
performed with the hRBC from blood samples obtained from
independent donors. The obtained data were represented as
average means with standard deviations. The cytotoxicity of
the peptides against human keratinocytes (HaCaT) cell lines
was studied using the colorimetric 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye reduction
assay according to Panteleev and Ovchinnikova (2017). Three
independent experiments were performed for each peptide. Half
maximal inhibitory concentration (IC50) values were estimated
as described previously (Kuzmin et al., 2018).

CD and FTIR Spectroscopy
The following lipids were used for preparation
of small unilamellar vesicles (SUVs): dimyristoyl-
phosphatidylethanolamine (DMPE) (Fluka, Buchs, Switzerland),
soybean phosphatidylcholine (PC), (Avanti Polar Lipids,
Alabaster, AL, United States), dimyristoyl-phosphatidylglycerol
(DMPG) (Lipoid GmbH, Ludwigshafen, Germany). To prepare
the ChDode-containing SUVs, the peptide (0.15–1.3 mg) was
dissolved in ethanol (0.6 ml) and mixed with required amounts
of lipids in chloroform (0.6 ml) to the final dimer-to-lipid molar
ratio (D:L) of 1:120. Then solvents were removed in rotary
evaporator at 45◦C, and the samples were dried for 1 h under
medium vacuum (∼10−3 Torr). The peptide-lipid film was
dissolved in 10 mM sodium phosphate buffer (NaPi, pH 7.2)
to the final ChDode concentration of 1.5 mM for FTIR, and
0.15 mM for CD measurements. The samples were incubated
for 0.5 h at 20◦C and then were sonicated on ice with a Q125
sonicator (Qsonica, Newtown, CT, United States) for 1.5 min
until they became optically clear. The diameter of the obtained
SUVs was determined by dynamic light scattering on a Coulter
N4 MD particle analyzer (Hialeah, FL, United States). The
measured diameter of liposomes was of 55 ± 10 nm. For
FTIR measurements in the DPC micelles, the concentrated
aqueous solution of DPC (Avanti Polar Lipids) was added to
the peptide sample in NaPi (pH 7.2) to the final D:L of 1:130.
CD measurements were done using ChDode/d38-DPC sample
after NMR measurements (dimer concentration of 0.2 mM,
D:L = 1:130, pH 4.0) (Sychev et al., 2017b).
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Far-UV CD spectra were measured using a Jasco J-810
spectropolarimeter (Tokyo, Japan) at 25◦C in demountable cells
(Hellma, Mulheim/Baden, Germany) with 100 µm path length.
Four scans were averaged. FTIR spectra were measured at
20◦C on a Perkin-Elmer 1725 × Spectrometer (Beaconsfield,
United Kingdom) with TGS detector and with hermetic
interferometer area, which was sealed and fitted with two boxes
of molecular sieves. The sieve boxes were baked at 250◦C for 8 h
before measurements. Buffer was deaerated in vacuo for 1 min.
The cell thickness was determined from interference patterns of
empty cells. The Perkin-Elmer cells with path lengths of 105 µm
were used for the measurements in ethanol. 150 scans were
averaged with a resolution of 4 cm−1. Because of strong water
bending mode at ∼1,645 cm−1 FTIR spectra in NaPi buffer and
in aqueous suspensions of liposomes or micelles were measured
in very thin cuvettes (12 µm). 200 scans were averaged with
a resolution of 4 cm−1. The spectra of liposomes or micelles
without the peptide were subtracted. The curve analysis and
fitting were carried out using the OriginPro 8.5 (OriginLab Corp.,
Northampton, MA, United States) software. The fragments of
FTIR spectra were fitted to the sum of several Lorentz lines.

NMR Spectroscopy
NMR study was performed using the samples containing
0.2–0.7 mM of non-labeled (ChDode or PcDode) or 15N-
labeled (ChDode) peptide in 5% D2O at pH 4.0 (ChDode)
or pH 4.4 (PcDode). For the NMR measurements in micellar
solutions, the d38-DPC (CIL, Andover, MA) or lyso-myristoyl-
phosphatidylglycerol (LMPG) (Avanti Polar Lipids) micelles were
added to the aqueous ChDode samples using aliquots of a
concentrated solutions until D:L ratio of 1:130 was reached.
The NMR spectra were recorded on Bruker Avance III 600 and
Bruker Avance III 800 spectrometers equipped with cryoprobes.
The standard gradient enhanced pulse sequences (Rule and
Hitchens, 2006) from Bruker Topspin library were used. Water
suppression was achieved by 15N coherence selection by gradients
(echo-antiecho) or by excitation sculpting. The spectra in
water and in micelles solution were measured at 30◦C and
40◦C, respectively. 1H and 13C resonance assignments were
obtained by a standard procedure based on a combination of
2D 1H-TOCSY, 1H-NOESY and natural abundance 13C-HSQC
spectra using the CARA software. For 15N-labeled ChDode, the
15N resonance assignments and additional data were obtained
using combination of 2D 15N-HSQC and 3D NOESY-15N-
HSQC spectra.

Spatial structures were calculated using the CYANA 3.98
program (Schmidt and Güntert, 2015). Upper interproton
distance constraints were derived from cross-peaks observed in
2D NOESY (τm = 100 ms) spectra via a “1/r6” calibration. For
ChDode study in DPC micelles the data from 3D NOESY-15N-
HSQC (τm = 150 ms) were also used. The ambiguous distance
restraints were used during dimer of the dimers structure
calculation (DPC micelles) in the cases where intramolecular
contacts cannot be distinguished from the intermolecular ones.
Torsion angle restraints and stereospecific assignments in water
were obtained from 3JH

N
H

A and 3JH
A

H
B coupling constants

estimated by line-shape analysis in 2D TOCSY spectra. The
hydrogen bonding restraints were applied on the basis of

temperature coefficients of amide protons measured in the range
of 15–45◦C. Additional symmetry-based angle restrains were
introduced to keep the identity of the two chains in the covalent
dimer of ChDode in water and the identity of inner chains of
the tetramer and the identity of outer chains of the tetramer in
DPC micelles.

Relaxation parameters (R1, R2, 15N-{1H}-NOE) of 15N nuclei
were obtained using the standard set of 15N-HSQC based pseudo
3D experiments measured at 800 MHz. Analysis of relaxation
data was performed in FastModelFree software (Cole, 2003)
using isotropic rotational model. Hydrodynamic calculations
were performed in the HYDRONMR software (García de la
Torre et al., 2000). To probe the topology of the peptide/micelle
complex the 1.5 mM GdCl3 and 3 mM DOTA chelating agent
was added to the 0.2 mM ChDode sample in DPC micelles. The
paramagnetic broadening of the HN resonances was qualitatively
estimated using signal intensities in the 2D 15N-HSQC spectrum.

The overall geometry of the ChDode and PcDode β-sheets
in the terms of ‘kink,’ ‘twist,’ and ‘interdimer cross’ (only for
ChDode in DPC) angles was analyzed using method described
in Stavrakoudis et al. (2009) (see Supplementary Material). Data
in the NMR part of the manuscript are reported as mean± S.D.

Measurements of Light-Induced pH
Changes in the
Bacteriorhodopsin-Containing
Proteoliposomes
Delipidated bacterioopsin was prepared from purple membranes
of Halobacterium halobium as described in Bayley et al. (1982).
Reconstitution of delipidated bacterioopsin and formation of
bacteriorhodopsin-phospholipid proteoliposomes was carried
out by cholate dialysis (Bayley et al., 1982). The protein to lipid
molar ratio was 1:1700. All-trans retinal (Type XVI) was from
Sigma. The diameter of proteoliposomes measured by Coulter
N4 MD particle analyzer was 40–45 nm for DMPE-containing
liposomes and 55–65 nm for the others.

To measure light-induced pH changes in the proteoliposomes,
200 µl of proteoliposome suspension (protein concentration
0.25 mg/ml) was added to 2 ml of 1M NaCl (if not overwise
stated) so the lipid concentration in the cell was 2.5 mM.
The peptide solution was added to the proteoliposomes with
rapid stirring so that peptide-to-lipid molar ratio was ∼1:1000.
The measurements were conducted in a thermostated cell
at 25◦C with rapid stirring. pH was monitored with Cole-
Parmer RZ-05658-65 electrode (Beverly, MA, United States)
carefully shielded from radiation by foil. For removal of
membrane/protein deposits, the electrode was cleaned by
electrode cleaning solution (Oakton Instruments, Vernon Hills,
IL, United States). The samples were illuminated with 500-Watt
halogen lamp (OSRAM) from 35 cm distance using <480 nm
cut-off yellow filter (Sychev et al., 2015).

Preparation of Planar Bilayers and
Electrochemical Measurements
The BLM mimicking the plasma membrane of Gram-negative
bacteria was made of polar lipid extract from E. coli (Avanti
Polar Lipids) consisting of phosphatidylethanolamine (PE),
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FIGURE 2 | Analysis of CATHL1 genes orthologs from the Cetartiodactyla clade. Target genes were identified in the whole-genome shotgun (WGS, GenBank)
database. The presented Cladogram was adapted from Beck et al. (2006). Amino acid frequency (sequence logo) graph was plotted using the WebLogo server
(https://weblogo.berkeley.edu/).

phosphatidylglycerol (PG), and cardiolipin (DPG) in 67:23:10
ratio (weight percent). BLMs were formed from lipid solution in
n-decane by Muller technique (Mueller et al., 1962) on 0.85 mm
orifice in a Teflon partition separating two compartments of
2 ml each. ChDode was added to cis compartment to final
concentration of 1.67 µM. The current was recorded under
potential of 50 mV. The measurements were taken in 5 mM
HEPES, 20 mM NaCl, pH 7.4, at 20◦C. Membrane conductance
(g) was calculated from Ohm’s law, g = I/V, in which I is current
and V is voltage. Other experimental details are described in
Andrä et al. (2009) and Shenkarev et al. (2011).

Accessing Codes
Experimental restraints and atomic coordinates for the ChDode
dimer in water and the tetramer in DPC micelles and PcDode
monomer in water have been deposited in PDB3 under accession
codes 7ACE, 7ACB, and 7OSC, respectively. Dates of deposition
2020-09-10, 2020-09-10, and 2021-06-08, respectively.

RESULTS

CATHL1 Genes Analysis in the
Cetartiodactyla Order
In this study, 108 Cetartiodactyla species were analyzed and
77 target peptide sequences were identified (Figure 2). The
obtained data suggest that dodecapeptide genes origin postdates
disjoining representatives of the Cetruminantia clade and other
ones of the Artiodactyla order, in particular, those of the Suidae
family and the Tylopoda suborder. We did not precisely analyze
CATHL1 gene structures and its possible pseudogenization
among the Cetartiodactyla order, however, stop codons in mature

3www.rcsb.org

cathelicidin sequences were found in genomes of the Chinese
muntjac Muntiacus reevesi and of the African buffalo Syncerus
caffer (Supplementary Table 1). A significant variability of
elastase processing site, which is present in the fourth exon of
the known Cetartiodactyla CATHL1 genes, was found as well.
Notably, most of the identified genes encode a 12-residue mature
peptide (dodecapeptide) except the 24-residue cathelicidin-1
from the sperm whale Physeter catodon (Figure 1F). This peptide
contains 4 cysteine residues and consists of two dodecapeptide
building blocks without a linker. The gene encoding this peptide
as well as the ChDode gene displayed all the characteristics of
a functional cathelicidin (Whelehan et al., 2014) including (1)
the gene size of about 2 kb, (2) a conserved four exons/three
introns arrangement with intact splicing sites, (3) a TATA-
box just upstream from the transcription start site, (4) a
polyadenylation signal located about 80 bp away from the stop
codon (Supplementary Figure 1).

Expression and Purification
Natural cathelicidins do not undergo significant post-
translational modifications, therefore heterologous expression
in E. coli of the peptides fused with a carrier protein seems
to be a reasonable approach for their production. In this
study, the modified thioredoxin A (TrxA) was used as a
fusion partner that increased solubility of the recombinant
protein, promoted the correct disulfide bond formation, and
masked the toxic effects of AMPs (Parachin et al., 2012).
A poor nutrient medium M9 was used for production of
both native and 15N-labeled peptide. The fusion protein was
expressed in E. coli BL21 (DE3) cells, and the obtained total
cell lysates were fractionated by affinity chromatography.
After purification and cleavage of the fusion protein,
reverse-phase high performance liquid chromatography
(RP-HPLC) was used for the fine purification of the mature
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FIGURE 3 | Circular dichroism (CD) spectra (A) and amide I region of FTIR spectra (B–D) of ChDode in different environments. (A–C) Spectra in 10 mM phosphate
buffer (pH 7.2), ethanol, DPC micelles (pH 4.0), soybean phosphocholine (PC) small unilamellar vesicles (SUVs, 10 mM NaPi, pH 7.2), soybean PC/DMPG (2:1) SUVs
(NaPi, pH 7.2) are shown. Please see the used designations for (A–C) above (B) panel. The spectra of arenicin-2 in PC/PG (7:3) SUVs (Sychev et al., 2017a,b) are
shown on the panels (A,C) for comparison. On the panel (C): the intensity of FTIR spectrum in PC SUVs is lowered for clarity. Weak band at 1,733 cm-1 is due to
incomplete compensation of the phospholipid ν(C = O) absorption. (D) FTIR spectra in DMPE/DMPG (2:1) SUVs (10 mM NaPi, pH 7.2) in the presence of 10 mM or
1 M NaCl. The intensity of the last spectrum is lowered for clarity.

recombinant peptide. Recombinant PcDode contains N-terminal
glutamine residue. Usually, in natural peptides, it is modified
into pyroglutamic acid (5-oxoproline) spontaneously or
enzymatically by glutaminyl cyclases. To perform this
modification in vitro, the purified PcDode was incubated
overnight at 37◦C and pH ∼ 2 as proposed in Schilling et al.
(2008). The interconversion of N-terminal glutamine into
cyclic form was confirmed by mass spectrometry and NMR
spectroscopy (see below).

Final yields of both labeled and unlabeled ChDode as well as
unlabeled PcDode were of about 5 mg per liter of the cell culture.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) showed that the cell lysates after induction contain
the TrxA-ChDode fusion protein, synthesized predominately
in the monomeric form, with a minor fraction of the dimeric
form (Supplementary Figure 2). This can be explained by

an influence of the E. coli cytoplasm redox potential. At the
same time, after cell destruction, purification, and cleavage of
the fusion protein the major part of ChDode peptide formed
a covalent dimer. The experimental m/z values of 3007.22
and 2778.62 measured by MALDI-TOF mass spectrometry
corresponded well to the doubled molecular mass of the 12-
residue ChDode (3011.70 Da, [M + H]+) and monomeric 24-
residue PcDode with N-terminal pyroglutamate (2782.56 Da,
[M + H]+), and also the ∼4 Da difference in both cases
due to formation of two intermolecular or intramolecular
disulfide bonds.

The molecular mass of the 15N-labeled ChDode was increased
by 44 Da indicating that all the 14N atoms were substituted with
the stable isotopes 15N (Supplementary Figure 3). Interestingly,
a small amount of the monomeric ChDode is visible in the
MALDI-TOF spectrum.
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Secondary Structure of ChDode in
Isotropic Solvents: CD and FTIR
Spectroscopy
Secondary structure of ChDode was analyzed in the different
environments by CD and FTIR spectroscopy. CD spectra of
the peptide in isotropic solvents – water (NaPi buffer, pH
7.2) and ethanol, are shown in Figure 3A. The spectrum in
NaPi buffer showed two bands: strong minimum at 208 nm
(amide n → π∗ transition) and weak maximum near 195 nm
(amide π → π∗ transition). This spectrum resembled the
spectra of parallel and antiparallel covalent dimers of bovine
bactenecin in the same environment (Lee et al., 2008). The
weak intensity of band at 195 nm indicated the presence
of unordered or flexible regions in the peptide structure
(Greenfield and Fasman, 1969). The ChDode spectrum in the
less polar solvent, ethanol, with two strong bands at 210 nm
and 196 nm was typical for an antiparallel (↑↓) or parallel
(↑↑) β-structure and was similar to the spectrum of bovine
bactenecin in SDS micelles (Lee et al., 2008). However, it should
be noted that the CD spectra of small disulfide-rich β-structural
peptides are often difficult to interpret due to the significant
contribution of aromatic residues (Phe, Tyr, and Trp), disulfide
bridges, and distortions (kinks and twists) of the β-structure
(Chakrabartty et al., 1993).

To obtain an additional structural information, we analyzed
the bands in the amide I region of FTIR spectra which
are mainly associated with the C = O stretching vibration
(Myshakina et al., 2008). Two major bands were observed
in this spectral region in water and ethanol (Figure 3B).
The first band at 1,626–1,633 cm−1 (with the weak shoulder
at 1,692–1,705 cm−1) corresponds to the backbone C = O-
groups participating in formation of hydrogen bonds (H-
bonds) within the antiparallel β-structure. The second band
at 1,677 cm−1 is attributed to free weakly solvated amide
carbonyls which are not involved in intramolecular H-bonds.
These assignments are based on the studies of model compounds
(Hollósi et al., 1994; Jackson and Mantsch, 1995; Sychev
et al., 2017b). The standard decomposition into Lorentzian
lines gives the ratio of the integrated intensities of the
bands of free and H-bonded C = O groups of 1.01 ± 0.05
and 1.13 ± 0.05 for ethanol and buffer, respectively, that
is close to the value (∼1.0) expected for an antiparallel
β-structure, where every second carbonyl forms a H-bond.
Summarizing results obtained by CD and FTIR spectroscopy
we can conclude, that ChDode in the isotropic solvents
is an antiparallel β-structural dimer and the distortions in
this structure (kink and/or twist) decrease with decreasing
solvent polarity.

NMR Structure of the ChDode Dimer in
Aqueous Solution
The ChDode peptide contains only one acidic group – the
C-terminal carboxyl. In proteins and peptides, the typical pKa
value of C-terminal carboxyls is 3.3 ± 0.8 (Grimsley et al., 2009).
Therefore, we used pH 4.0 for NMR study of ChDode. Under
these conditions, the ionization state of the ChDode peptide

should be close to the state at neutral pH 7.0 (total charge of the
dimer –+6). The spatial structure of ChDode was studied using
the unlabeled and 15N-labeled peptide variants.

The presence of two cysteine residues in the ChDode
structure implies two possible ways of the disulfide bonds
formation leading to parallel or antiparallel dimerization
(Figures 1C,D). Only one set of signals was observed in the
ChDode NMR spectra (Figure 4A), which is compatible
only with the antiparallel structure (Figure 1C), as in
this case the two polypeptide chains forming the dimer
have identical conformation and chemical environment.
On the contrary, in parallel beta-structural covalent dimer
(Figure 1D) the two polypeptide chains have different chemical
environment and conformation and thus must exhibit different
chemical shifts.

The temperature dependence of HN protons chemical shifts
(1δ1HN/1T) permits to characterize the pattern of backbone-
backbone H-bonds in polypeptides. It is usually assumed that
HN groups with |1δ1HN/1T| <4.5ppb/K participate in the
intramolecular H-bonds (Cierpicki and Otlewski, 2001). The
data obtained for ChDode in water (Supplementary Figure 6A)
showed that the HN groups in the even-numbered residues
are probably involved in the H-bonds formation. Such H-bond
pattern is indicative of the antiparallel β-structure. The formation
of the continuous β-strand by the ChDode monomeric unit
within the dimer is also confirmed by the large values of
3JH

N
H

A spin-spin couplings (Supplementary Figure 6A), and
by non-interrupted chain of strong HN(i+1)-Hα(i) NOE cross-
peaks (Supplementary Figure 6B). The antiparallel pairing
of the β-strands in the ChDode homodimer was confirmed
by the intermonomer NOE contacts: Arg1:Hγ-Cys11:Hβ3,
Cys3:Hβ3-Arg9:Hγ3, Ile2:HN-Arg12:HN, Gln4:HN-Val10:HN,
Phe5:Hα-Val10:HN, etc. (for example see Supplementary
Figure 6B red).

The set of 20 spatial structures of the covalent ChDode
homodimer was calculated from the obtained NMR data
(Supplementary Figure 6C and Supplementary Table 2).
The two-stranded antiparallel β-sheet in the homodimer is
stabilized by two symmetric disulfide bridges (Cys3-Cys11)
and by 12 intermonomer H-bonds (Figure 4B). The β-sheet
in the ChDode dimer has a significant right-handed twist of
247◦ ± 5◦ (per 8 residues) and kink of 49◦ ± 2◦. This
distortion probably shields the hydrophobic cluster formed
by Val6, Ile8, and Val10 side chains of the both monomers
from contact with the polar solvent. These hydrophobic groups
are located on the concave face in the central part of the
ChDode dimer. The presence of the distortion in the ChDode
β-structure is in agreement with the results obtained by CD
spectroscopy (see above).

The analysis of molecular surface properties (Figures 4C,D)
revealed, that all the charged and polar groups (Arg1, Gln4,
Arg9, Arg12, N-, and C-terminal groups) are situated in the
terminal regions of the dimer, while the central region is enriched
with the hydrophobic and aromatic residues. In addition to the
aforementioned residues that form a concave face of the dimer,
the Phe5 and Leu7 side chains are located on the convex face in
the central region of the dimer (Figure 4D).
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FIGURE 4 | NMR data defines 3D structure of the ChDode dimer in water (A–D) and of the ChDode tetramer in DPC micelles (E–H). (A,E) 2D 1H-15N sensitivity
enhanced HSQC spectra of 0.4 mM 15N-labeled ChDode covalent dimer in water (pH 4.0, 30◦C, 600 MHz, 2,048 × 128 data points, 16 × 24 ppm spectral width)
and in DPC micelles (pH 4.0, 40◦C, 800 MHz, 2,048 × 64 data points, 15 × 15 ppm spectral width, dimer-to-lipid molar ratio, D:L = 1:130). The obtained resonance
assignments are shown. The resonances of side chain groups are shown in the inserts. Assignment of the resonances from the outer chains of the ChDode tetramer
in DPC is shown in red and underlined. (B,F) The representative conformers of ChDode in water and DPC micelles in ribbon representation. The positively charged,
aromatic, and polar residues are colored in blue, green, and magenta, respectively. Disulfide bonds and hydrophobic residues are colored in yellow. The chains of the
dimer and tetramer are numbered. The residues from the second peptide chains of the ChDode dimers in water and DPC are denoted by asterisks. The residues
from the outer chains of the ChDode tetramer in DPC is shown in red and underlined. (C,D,G,H) Electrostatic and molecular hydrophobicity (Pyrkov et al., 2009)
potentials are shown on the molecular surfaces of the ChDode dimer in water (C,D) and the ChDode tetramer in DPC micelles (G,H, two-sided view). Red, blue,
green, and yellow areas denote negative, positive, polar, and hydrophobic regions, respectively.
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FIGURE 5 | NMR data defines 3D structure of PcDode. (A) 2D 1H-TOCSY spectrum (mixing time – 80 ms) of 0.6 mM PcDode in water (pH 4.4, 30◦C, 600 MHz,
8,192 × 600 data points, 18 ppm × 11 ppm spectral width). The obtained resonance assignments are shown. (B) The representative conformer of PcDode in
ribbon representation. The positively charged and polar residues are colored in blue and magenta, respectively. Disulfide bonds and hydrophobic residues are
colored in yellow. Electrostatic (C) and molecular hydrophobicity (Pyrkov et al., 2009) (D) potentials are shown on the molecular surfaces of the PcDode. Red, blue,
green, and yellow areas denote negative, positive, polar, and hydrophobic regions, respectively.

NMR Structure of PcDode in the
Aqueous Solution
The fact that ChDode in aqueous solution has the structure
of a strongly twisted antiparallel β-structural homodimer (24
residues), stabilized by two disulfide bonds, raises the question
of how this structure is characteristic for others cathelicidins-
1 (products of CATHL1 genes). To answer this question,
we studied 3D structure of PcDode – cathelicidin-1 from
sperm whale. The sequence of PcDode corresponds to doubled
dodecapeptide sequence.

Similarly to ChDode, the PcDode peptide also contains only
one acidic group – the C-terminal carboxyl. Therefore, we used
slightly acidic pH (4.4) for the NMR analysis. Under these
conditions, the ionization state of peptides should be close to
the state at neutral pH 7.0 (total charge of the peptide–+4).
In contrast to ChDode, the N-terminus of PcDode molecule is
probably deprived of the positive charge because Gln1 residue
can interconvert into cyclic pyroglutamate. The presence of this

posttranslational modification was confirmed by the obtained
NMR data and especially by observation of HN resonance for the
N-terminal residue (Figure 5A).

The set of 20 PcDode structures was calculated based on NMR
data obtained for the unlabeled recombinant peptide variant
(Supplementary Figure 7). The peptide represents β-hairpin,
formed by two antiparallel β-strands (Ile2-Cys11 and Cys15-
Cys23) (Figure 5B). The tip of the β-hairpin (Arg12-Ile14)
forms a turn involving the cis Arg12-Pro13 peptide bond. The
cis configuration of this bond was supported by the observed
Arg12Hα-Pro13:Hα NOE contact. The PcDode structure is
stabilized by two intramolecular disulfide bonds (Cys3-Cys23
and Cys11-Cys15) and ten backbone-backbone hydrogen bonds
(Figure 1F). Similarly to ChDode, the two-stranded β-sheet of
PcDode has a pronounced right-handed twist of 199◦ ± 24◦
(per 8 residues) and kink of 36◦ ± 2◦ (Figure 5B). The
analysis of molecular surface properties (Figures 5C,D) revealed
localization of the charged and polar groups (pGln1, Arg4,
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Arg9, Arg12, Arg16, Arg21, Ser24, and C-terminal group) in the
terminal regions of the prolonged β-hairpin. At the same the
central region is enriched with the hydrophobic residues. The
Ile6, Val8, Ile10, Ile20, and Val22 side chains are located on a
concave face of the kinked β-structure, while the Ile5, Val7, Ile17,
and Val19 side chains form a hydrophobic patch on a convex
face (Figure 5D).

Secondary Structure of ChDode in
Detergent Micelles and Lipid Vesicles:
CD and FTIR Spectroscopy
Two types of small unilamellar vesicles (SUVs) were used to
investigate changes in the ChDode structure upon interaction
with lipid membranes. The first lipid system was based
on the zwitterionic soybean PC and mimicked the plasma
membrane of eukaryotic cell, while the second system (2:1
mixture of soybean PC and anionic DMPG) was used to
model bacterial membranes. Micelles of zwitterionic detergent
dodecyl-phosphocholine (DPC) were also used to investigate the
secondary structure of ChDode in the anisotropic membrane-
mimicking environment.

The CD spectra of ChDode in lipid vesicles and detergent
micelles (Figure 3A) had appearances similar to the spectrum
in ethanol solution. In all cases, two major peaks were
observed: positive at 190–200 nm and negative at 210–220 nm.
An additional weak positive peak, probably related to the
contributions of Phe5 or disulfide bridge, was observed at 234 nm
in lipid vesicles. Despite the fact that the position and intensity
of the major CD peaks varied significantly, the obtained spectra
revealed the preservation of the β-structural organization of
ChDode upon interaction with lipid vesicles and DPC micelles.

Significant changes were observed in the peptide FTIR spectra
upon transition from isotropic to anisotropic environments. In
addition to three bands (at ∼1,625, ∼1,675, and ∼1,695 cm−1)
observed in water and ethanol (Figure 3B), the amide I contour
in PC/DMPG membranes and DPC micelles contained an
additional major band at ∼1,650 cm−1 (Figure 3C). These
data confirmed preservation of the antiparallel β-structure by
the ChDode dimers but, at the same time, revealed formation
of additional H-bonds with properties different from those of
the intramolecular H-bonds in the covalent ChDode dimer.
Most probably, the peptide dimers oligomerize in the charged
PC/DMPG membrane and DPC micelles with formation of
extended β-sheets stabilized by ‘new’ interdimer H-bonds. These
spectra are similar to the FTIR spectrum of the β-hairpin AMP
arenicin (Figure 3C, cyan dash dot doted line), which, according
to our previous data, forms β-structural oligomers in the
PC/PG membrane (Shenkarev et al., 2011). The FTIR spectrum
of ChDode in zwitterionic PC vesicles (Figure 3C, magenta
longdashed line) represents a combination of the spectrum of
dimer in water (Figure 3B) and the spectrum of oligomers in
PC/DMPG vesicles or DPC micelles. Thus, at the dimer-to-lipid
molar ratio (D:L) of 1:120, the ChDode dimers in solution are
in equilibrium with the oligomers bound to the PC membrane.
The spectral decomposition showed that the molar ratio of the
covalent dimers to oligomers in the sample was of 2:1.

The spectrum corresponding to the oligomers was also
observed in the partially anionic DMPE/DMPG (2:1) vesicles
at low ionic strength (10 mM NaPi plus 10 mM NaCl)
(Figure 3D, red line). This lipid system was used for
measurement of the ChDode proton transfer activity (see section
“Hydrodynamic Properties and Topology of the ChDode/DPC
Micelle Complex”). Both these peak positions and intensities
were close to those observed in the PC/DMPG vesicles
(Figure 3C). At the same time, an increase in the NaCl
concentration to 1 M led to the appearance of the spectrum
(Figure 3D, thick blue dashed line) that resembled the ChDode
spectrum measured in PC membranes (Figure 3C) and was
a superposition of the spectra of the dimer and oligomers.
Thus, shielding of the electrostatic interactions at high ionic
strengths resulted in a partial dissociation of the ChDode
oligomers to the dimers.

NMR Structure of the ChDode Tetramer
in DPC Micelles
Two types of detergent micelles were used to investigate ChDode
structure in the membrane-mimicking environment: the micelles
of anionic lysolipid LMPG and zwitterionic micelles of DPC.
Gradual addition of LMPG to the ChDode sample resulted in the
peptide aggregation accompanied by significant broadening of
the peptide NMR signals. An increase in the LMPG concentration
up to the D:L ratio of 1:130 did not lead to the narrowing of
the ChDode resonances; therefore, the NMR spectra remained
unanalyzable. Thus, negatively charged LMPG molecules caused
strong oligomerization of the ChDode dimers, which had a
significant positive charge (+6).

At the same time, an addition of small amounts of DPC
(below the critical-micelle-concentration) to the ChDode sample
(D:L ∼ 1:3.5, [DPC] ∼ 1.4 mM) resulted in slight broadening
and changes in the positions of the NMR signals from the central
part of the ChDode dimer (Supplementary Figures 8A–C). The
signals of the Val6, Ile8, and Val10 residues belonging to the
concave hydrophobic face of the dimer were most sensitive to the
DPC addition. Thus, monomeric DPC molecules initially interact
with this cavity on the ChDode surface and do not disrupt the
dimeric structure. A further increase in DPC concentration led
to significant broadening of the peptide signals at D:L above
1:16, followed by an appearance of a specific spectral pattern
characterized by a double number of 1H-15N cross-peaks at
D:L above 1:60 (Figure 4E). This revealed the formation of the
ChDode tetramers (non-covalent dimers of covalently linked
homodimers) in complex with DPC micelle (Figure 1E). The
tetramer of the peptide has C2 symmetry, but the ‘outer’ (#1
and #4) and ‘inner’ (#2 and #3) peptide chains have different
environments and therefore their chemical shifts are different
(Supplementary Figure 8D). A further increase in the detergent
concentration resulted in the gradual narrowing of the peptide
signals with 1HN line-width going into a plateau at D:L ratios
above 1:100. Finally, the dimer-to-lipid(detergent) molar ratio of
1:130 was chosen for structural study of the ChDode tetramer
(Figure 4E). The signal broadening observed at low D:L ratios
could be a consequence of µs-ms time scale exchange process
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between different structural states of the peptide (e.g., dimer in
solution, dimer in complex with the micelle, tetramer in complex
with the micelle, and higher order aggregates) which had an
intermediate rate on the NMR time scale.

Almost complete backbone and side chain assignments were
obtained for both sets of NMR signals. The dimerization of the
covalent homodimers (formation of tetramers) was confirmed
by observation of NOE contacts between ‘inner’ chains, which
cannot be satisfied within the single β-strand (Phe5:HN-
Arg9:HN, Phe5:HN-Val10:HA, and Gln4:Hε-Cys11:HN). As
expected for β-structural tetramer containing four strands, no
long-range NOE contacts were observed between ‘outer’ chains.
The temperature gradients of amide protons (Supplementary
Figure 6D) also confirmed the assignment of the two resonance
sets to the ‘outer’ and ‘inner’ peptide chains within the tetramer.
In both cases the HN groups in the even-numbered residues
demonstrated a low amplitude of the temperature gradients
indicating H-bonds formation. This confirms the preservation
of the β-structural conformation by the covalent homodimers
of ChDode upon association with DPC micelle and further
dimerization. At the same time, the 1δ1HN/1T values revealed
the participation of the HN groups of the Phe5, Leu7, and
Arg9 residues from the ‘inner’ chains in the H-bond formation
(Supplementary Figure 6D). Thus, the tetrameric assembly
of ChDode in the DPC micelles environment is stabilized
by six interdimer H-bonds, while each covalent dimer is
stabilized by two disulfide bridges and by 12 intermonomer
H-bonds (Figure 1E).

The set of 20 spatial structures of the ChDode tetramer
was calculated from the obtained NMR data (Supplementary
Figure 6E and Supplementary Table 2). As compared with the
dimer structure in water (Supplementary Figure 6C), the four-
stranded β-sheet of ChDode in DPC micelles adopts much flatter
structure. The right-handed twist of the two identical dimers
within the tetramer was reduced to 78◦ ± 16◦ (per 8 residues)
and the angle of a kink was reduced to 24◦ ± 3◦ (Figure 4F).
At the same time, the relative orientation of the two dimers in the
resulting tetrameric structure is not well defined (Supplementary
Figure 6F). In the obtained set of structures, the cross angle
of two dimers is varied from −37◦ to +15◦ with an average of
−29◦ ± 11◦.

Flattering of the ChDode β-structure upon transfer into
the micelle and dimerization resulted in formation of a brick-
like (rectangular parallelepiped) structure, with the dimensions
of about 45 Å × 25 Å × 15 Å (Figures 4F–H). The
structure has amphipathic properties. Two regions around
smaller faces of the parallelepiped accommodate all charged and
polar groups from the four ChDode monomers (Arg1, Gln4,
Arg9, Arg12, N-, and C-terminal groups). Two hydrophobic
clusters are situated on the largest faces of the parallelepiped.
The largest of them accommodates side chains of Ile2,
Val6, Ile8, and Val10 from all four monomers, while the
second cluster is formed on the opposite face by the side
chains of Phe5 and Leu7. Together, these clusters form a
hydrophobic belt that runs through the long edges of the
parallelepiped (Figure 4H).

15N-Relaxation Data Revealed Decrease
in Backbone Mobility of ChDode Upon
Incorporation Into DPC Micelle and
Dimerization
The large hydrophobic regions on the peptide surface are
responsible for the favorable interaction of the ChDode covalent
homodimer with membrane and membrane mimicking micelles.
At the same time, the efficiency of the peptide-membrane
interactions could also depend from the mobility of a peptide
molecule. A decrease in the mobility of a peptide when it
is incorporated into a membrane (micelle) can lead to a
decrease in entropy and an unfavorable contribution (−T·1S)
to the free energy of the membrane binding (1G). To estimate
the magnitude of this effect we characterized the peptide
backbone dynamics in water and DPC micelles by 15N-relaxation
measurements. The 15N-relaxation data measured at 80 MHz
and results of their analysis are presented in Supplementary
Figure 9. The Figures 6A,B show parameters describing ‘fast’ ps-
ns motions (generalized order parameters, S2) and ‘slow’ µs-ms
conformational fluctuations (exchange contributions to the R2
relaxation rate, REX), respectively.

Low values of the squared order parameters S2 (average of
0.59 ± 0.11) revealed a high backbone mobility in the covalent
ChDode homodimer at the ps-ns time scale (Figure 6A, green).
The characteristic time of these motions (τE) was of 69 ± 23
ps (Supplementary Figure 9), while its amplitude (shown by
S2 values) increased from the central region toward the N- and
C-termini of the peptide (Figure 6A). At the same time, the
micelle incorporation and dimerization significantly diminished
the amplitude of motions at this timescale. An average S2 value
was increased to 0.74 ± 0.08 and 0.75 ± 0.04 for ‘inner’ and
‘outer’ chains, respectively (the S2 value for overlapped Ile2 signal
was not accounted) (Figure 6A, blue and red). Interestingly, the
characteristic time of these motions was not changed significantly
(τE = 23 ± 10 ps, Supplementary Figure 9). Using formulae
from Yang and Kay (1996) we can convert observed changes in S2

values to entropy change (1S). Results indicate that stabilization
of the ChDode backbone on the picosecond to nanosecond time
scale upon incorporation into DPC micelles and dimerization can
results in a large energy penalty (16 kcal/mol per 4× 12 residues)
to the free energy of membrane binding.

In contrast to distribution of ps-ns motions, the µs-ms
mobility was observed in the central and C-terminal regions
of the ChDode molecule in water (Figure 6B, green). The
highest REX values (>20 s−1) was observed for HN groups of
Val10 and Arg12 residues, whose side chains are at the concave
face of the ChDode dimer. Considering that Arg12 is the only
charged residue belonging to the hydrophobic concave face of
the dimer, we suggest that the observed µs-ms motions are
associated with the fluctuations in the relative packing of the
Val10 and Arg12 side chains. The distribution of µs-ms motions
changed significantly upon transfer to the DPC micelle and
dimerization (Figure 6B, blue and red). All ChDode residues
from outer and inner chains of the tetramer demonstrated
non-zero REX values and the largest value (REX ∼ 23 s−1)
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FIGURE 6 | Changes in backbone dynamics of ChDode upon incorporation into DPC micelle and dimerization and topology of the ChDode/DPC micelle complex.
(A) The values of generalized order parameters (S2) calculated during ‘model-free’ analysis of 15N relaxation data. The S2 values correspond to amplitude of motions
at ps-ns timescale. The lower S2 value, the greater amplitude of motions. Residues displaying S2 < 0.7 are subjected to extensive motions in ps-ns timescale. In
relaxation spectra the 1H-15N signals of Ile2 residues from inner and outer chains in DPC micelles were overlapped. (B) The values of exchange contributions to the
R2 relaxation rates (REX ). The non-zero REX values (cut-off value of 5 s-1 is shown) indicate motions at µs-ms timescale. (C) Attenuation of the HN cross-peaks in
the 15N-HSQC spectrum of the ChDode tetramer by water-soluble paramagnetic DOTA-Gd3+ complexes. The 0.5 threshold line subdivides data points in two
groups: the points below the line corresponds to residues with HN-groups accessible to solvent, the points above the line corresponds to HN-groups shielded from
the paramagnetic probe in the micelle interior. (D) Data mapped on the structure of the ChDode tetramer. (E) Proposed model of the ChDode/DPC complex.

was observed at the N-terminus (Cys3 residue) of the inner
tetramer chain. Most likely, the µs-ms fluctuations observed in
DPC micelles are associated with the dimer-tetramer equilibrium
or with the equilibrium between the tetramer and higher-
order aggregates. Despite the fact that the concentrations of
ChDode dimers and higher-order aggregates are negligible under
the experimental conditions used, their presence can still be
detected via the relaxation measurements. It should be noted,
however, that magnitude of REX contributions is not directly
proportional to the amplitude of motions or number of accessible
conformational states. In other words, the observed differences
in distribution of REX values may not be associated with the
significant entropy change.

Hydrodynamic Properties and Topology
of the ChDode/DPC Micelle Complex
15N relaxation data also provide information about
hydrodynamic properties of proteins and peptides in solution.
The correlation time of the overall rotational diffusion of
the ChDode covalent homodimer in water (τR = 2.1 ns)
calculated from experimental data was slightly lower than
the corresponding value (2.7 ns) predicted by hydrodynamic
calculations starting from the determined 3D structure. This
confirms the absence of oligomerization of the ChDode dimers
in aqueous solution. In contrast, rotational diffusion of the

ChDode tetramer in complex with DPC micelle is characterized
by correlation time τR of 9.4 ns. This value significantly exceeds
the value predicted by hydrodynamic calculations for the
ChDode tetramer (τR ∼4.0 ns). The experimental τR value
corresponds to the hydrodynamic radius RH ∼ 24.6 Å, which
is slightly larger than the hydrodynamic radius of a pure
DPC micelle (RH ∼ 23 Å). This indicates that the ChDode
tetramer is fully incorporated into the micelle and does not
participate in additional overall diffusion-like motions within
the peptide/detergent complex. Interestingly, in both cases
the hydrodynamic calculations predict the anisotropy of the
rotational diffusion tensor (axially symmetric, prolate, with
Dz/Dx/Dy ratio about 2:1:1). Nevertheless, all HN vectors in the
β-structure lie approximately in one (xy) plane defined by the
principal axes of the diffusion tensor. Therefore, the diffusion
anisotropy cannot be deduced from the 15N relaxation data.

Topology of the peptide/micelle complex was probed by an
addition of paramagnetic DOTA-Gd3+ complexes (Figure 6C).
The ChDode groups exposed to water had increased R2 relaxation
rates due to contacts with the paramagnetic probe, and as a result
their signals were attenuated. The observed attenuation of the
signals of Ile2 and Cys3 residues of the outer and inner chains
of the ChDode tetramer, and Cys11 and Arg12 residues of the
outer chains showed that the tetramer termini are exposed to the
solvent (Figures 6C,D). The central part of the ChDode tetramer
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FIGURE 7 | Proton transfer activity and permeabilization of planar lipid membrane. (A) Time course of light-induced pH changes in the unbuffered suspension (1 M
NaCl, 25◦C) of BR-proteoliposomes prepared from soybean PC without (a) and after an addition of 7 µM ChDode dimer (b). The arrows indicate time when
illumination is turned on or off. Minimum 3 min pause after the peptide addition is necessary to reach the pH equilibrium and obtain reproducible results.
(B) Dependence of light-induced pH changes (1pH) on the dimeric peptide concentration in PC (red) and PC/DMPE (1:1, blue) liposomes (1 M NaCl).
(C) Dependence of light-induced 1pH values on the dimeric peptide concentration in DMPE/DMPG (2:1) liposomes at two NaCl concentrations (10 mM and 1 M).
The Hill equation (y = B0 + (A0 – B0)/(1 + ([ChDode]/IC50)nH )) was fitted to the data obtained at 10 mM. The calculated IC50 and nH parameters were
0.95 ± 0.03 µM and 4.6 ± 0.6. Insert: Tricine-SDS-PAGE of the recombinant ChDode (0.5 µg). M, molecular mass marker. (D) Currents through a lipid bilayer
membrane made of polar lipid extract from E. coli induced by 1.67 µM ChDode dimer (5 mM HEPES, 20 mM NaCl, pH 7.4, applied voltage 50 mV).
A heterogeneous population of conductance was observed.

is probably shielded from the paramagnetic probe in the micelle
interior. Thus, the ChDode/DPC complex could be envisaged as
an ellipsoidal or spherical particle (diameter∼5 nm), in which the
hydrophobic belt on the tetramer surface is coated with a layer of
the detergent molecules (Figure 6E).

Measurements of ChDode Proton
Transfer Activity
To characterize a possible mechanism of ChDode
membranotropic action, lipid-dependent pore formation
was monitored by measurements of the proton transfer
activity (PTA). Protonophore activity was analyzed using
proteoliposomes containing proton pump – bacteriorhodopsin
from H. halobium (BR) (Bayley et al., 1982). After incorporation
into lipid vesicles, BR exhibits inward light-induced proton
translocation which causes an increase in the pH of the external
medium (Sychev et al., 2015). An addition of the peptide
influenced the membrane barrier function and reduced the
proton concentration difference, lowering the pH value of the

bulk solution to a certain level. Figure 7A represents typical
traces for light-induced pH changes.

Dependence of bulk pH values on a concentration of
added ChDode for three membrane systems is presented
on the Figures 7B,C. Linear dependence of 1pH on a total
concentration of the peptide in zwitterionic PC membranes
indicates that ChDode does not form oligomeric pores in
this bilayer. As mentioned above, the ChDode dimers in
solution are in equilibrium with the oligomers bound to
the PC membrane at high (in the mM range) concentration
used for FTIR measurements (Figure 3C). Evidently, at
lower concentrations (in the µM range) used for PTA
measurements the oligomerization might be significantly
reduced. Thus, the proton transfer observed in the PC
membranes was probably caused by the individual ChDode
covalent dimers. A very gentle slope of the 1pH concentration
dependence in PC/DMPE (1:1) membranes (Figure 7B)
shows that ChDode has a very weak activity in liposomes
composed of these two zwitterionic lipids. Most probably, a
negative curvature strain, induced by DMPE, prevents deep
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incorporation of the ChDode dimers into the membrane, or
prevents the peptide transition from the surface-bound to the
transmembrane state.

For liposomes composed of DMPE/DMPG (2:1, 10 mM
NaCl) (Figure 7C), the measured 1pH[c] dependence can
be described by the sigmoidal function characterized by
IC50 ∼ 0.95 µM and Hill’s coefficient (nH) ∼ 4.6. This
indicates that the observed proton transfer activity is caused by
oligomeric pores composed from four to five covalent dimers
of ChDode. The Tricine-SDS-polyacrylamide gel electrophoresis
(Figure 7C insert and Supplementary Figure 4) also showed
that the peptide in the presence of anionic lipid (SDS) is
prone to oligomerization and is capable of forming multimers,
including those consisting of eight β-strands or four covalent
dimers (12 kDa).

Interestingly, the proton transfer was not observed at high
ionic strength (1 M NaCl), i.e., the peptide does not work when
electrostatic interaction with the negatively charged component
(DMPG) of the membrane is impaired. As shown above by
FTIR (Figure 3D), the increase in NaCl concentration led
to dissociation of ChDode oligomers and appearance of the
covalent dimer fraction. It is likely that the blockade of
electrostatic interactions with 1 M NaCl made the properties
of DMPE/DMPG bilayer very close to those of the PC/DMPE
system. The absence of PTA in the DMPE/DMPG and PC/DMPE
systems (both at 1 M NaCl) allowed to use these data as
a control, showing that ChDode by itself did not inhibit
the BR activity.

ChDode Induces Conductance in Planar
Lipid Membranes
Figure 7D shows currents through a planar lipid bilayer
mimicking the plasma membrane of Gram-negative bacteria
induced by ChDode at low NaCl concentration (20 µM). This
lipid system consists of PE, PG, and DPG and, therefore,
resembles DMPE/DMPG (2:1) membranes used for PTA
measurements (see above). The observed conductance revealed
the formation of heterogeneous population of ion-permeable
pores having a relatively low conductivity in the range from 10 to
60 pS. Probably, the toroidal pores with the different conductance
were formed by various multimers of ChDode in complex with
anionic lipids (PG or DPG). The lifetimes of the open and closed
states were in the seconds time range. The BLM membrane was
not disrupted by the ChDode addition.

The general conclusion from study of the peptide-induced
conductance in model membranes is that ChDode can form
proton pores in liposomes and narrow pores in planar BLM
without membrane disruption. The same activity, including
formation of stable pores, was shown for the β-hairpin peptide
arenicin in our previous work (Shenkarev et al., 2011; Sychev
et al., 2017b).

Cathelicidin-1s Biological Activity and
Mechanism of Action
Amphiphilic AMPs are known to be adsorbed on plastic surfaces
(Wiegand et al., 2008). To minimize this effect, serial dilutions
of the peptides were performed in the presence of 0.05% BSA
in the growth medium. Antibacterial activity of ChDode was
determined using a two-fold serial dilution assay in MH medium
with or without addition of NaCl to the physiology concentration.

The minimum inhibitory concentrations (MICs) of
cathelicidins against Gram-positive and Gram-negative bacteria
are presented in Table 1. ChDode and PcDode showed a
moderate antimicrobial effect against bacterial strains tested.
As compared with other cathelicidins, the effects were more
pronounced against Gram-negative bacteria. However, the
presence of 0.154 M NaCl resulted in several-fold decrease
their activity against all the strains tested. A similar negative
effect of salt on antimicrobial activity has been shown for
several other cathelicidins. It has been shown that salt might
inhibit an absorption of the peptides on the bacterial surface
(Gennaro et al., 2002).

The main mechanism of action on bacterial cells for most
β-hairpin AMPs is disruption of membrane integrity. An
influence of the goat cathelicidins on E. coli ML-35p membrane
was characterized by monitoring the membrane permeability to
chromogenic marker – o-nitrophenyl-β-D-galactoside (ONPG).
The membranolytic peptide melittin was used as a positive
control. ChDode showed a weak activity against membranes,
which did not grow much with increasing of the peptide
concentration (see Figure 8C). At the MIC value (16 µM),
ChDode caused membranes damage in less than 20% of the cells.
At the concentration of 64 µM (4×MIC) the caused membranes
permeabilization in more than 50% of the cells. In comparison,
the membrane-active peptide ChMAP-28 at concentrations of
0.06 and 0.125 µM caused permeabilization of 30 and 75% of the
cells, respectively. Thus, ChDode acts on membranes but does not
lead to their destruction.

TABLE 1 | Antibacterial activity of goat cathelicidins and whale cathelicidin-1 PcDode.

Strain Minimum inhibitory concentration (µM)*

ChDode PcDode ChMAP-28 Mini-ChBac7.5Nα

Without NaCl 0.154 M NaCl Without NaCl 0.154 M NaCl Without NaCl 0.154 M NaCl Without NaCl 0.154 M NaCl

E. coli ML-35p 8 16 16 32 0.06 0.06 0.5 4

S. aureus 209P 16 >64 32 >64 0.06 0.5 2 16

*Antibacterial testing was performed in the Mueller-Hinton broth at 37◦C.
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FIGURE 8 | Biological activity of cathelicidins. (A) Hemolytic activity of the peptides after 1.5 h incubation (hemoglobin release assay). (B) Cytotoxicity of the peptides
toward human keratinocytes (HaCaT) cells after 24 h incubation (MTT-assay). (C) Kinetics of changes in E. coli ML-35p cytoplasmic membrane permeability (ONPG
assay). (D) Effects of goat cathelicidins and streptomycin at different concentrations on the fluorescence resulting from in vitro translation of EGFP with the use of
E. coli BL21 (DE3) Star cell extract. Data are the mean ± SD of at least three independent experiments performed in triplicate.

To estimate cytotoxic effects of peptides, human red blood
cells (hRBC) as well as adhesive cell lines of human keratinocytes
(HaCaT) were used. ChMAP-28 which is active against any
biological membranes, was used as a positive control. The mini-
ChBac7.5Nα peptide has very low toxicity, as previously shown
(Panteleev et al., 2018). The effect of ChDode on the erythrocyte
membrane is much less pronounced than that of ChMAP-28
(see Figure 8A). The ChDode concentration causing lysis of
10% of red blood cells was of about 50 µM. For the ChMAP-28
peptide, this value was of 10 µM. These concentrations exceed
the MIC values against E. coli by 3 and >100 times for ChDode
and ChMAP-28, respectively. Therefore, ChDode has a relatively
small therapeutic index, which indicates a low specificity of its
membranotropic effect. The PcDode demonstrated an almost
complete absence of hemolytic activity. Both cathelicidins-1
were shown to be non-toxic against human keratinocytes, even
at the maximum concentration of 128 µM, while ChMAP-
28 has IC50 against HaCaT cells of 5.4 ± 1.38 µM (see
Figure 8B).

Next, we also tested an ability of ChDode to inhibit protein
biosynthesis in vitro (see Figure 8D). The experiment was
carried out using the bacterial cell-free protein synthesis system
expressing the enhanced green fluorescent protein (EGFP). The
results obtained with the use of streptomycin, displaying IC50
value of 0.2 µM and a full inhibition at the concentration
of >1 µM corresponded with the published data (Krizsan
et al., 2014). The obtained IC50 value for mini-ChBac7.5Nα

was also consistent with previous data (Panteleev et al., 2018).
ChDode showed a low ability to inhibit protein biosynthesis. The
concentrations at which inhibition occurs significantly exceed its
MIC values and may result from peptide aggregation at high
concentration range. The IC50 value was of 54.95 ± 5.04 µM,
while the MIC for the same strain was of 16 µM. Apparently,
inhibition of protein biosynthesis might be caused by non-
specific binding of the peptide to nucleic acids, as has been shown
for some other AMPs with a similar structure. A similar level of
inhibition was shown for tachyplesin-1 (Panteleev et al., 2018),
which is known to be bound to DNA (Yonezawa et al., 1992).
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FIGURE 9 | (A) Kinetics of changes in E. coli ML-35p outer membrane permeability measured with the use of chromogenic marker – the products of nitrocefin
(OD492) hydrolysis. Comparative analysis of outer membrane permeability resulting from incubation with individual ChMAP-28, ChDode at various concentrations
and their combination. Three independent experiments were performed, and the curve pattern was similar for the three series. (B) The ONPG testing for permeability
of the cytoplasmic membrane of E. coli ML-35p. The graph shows effects of the peptides at different concentrations after 2 h. Data are the mean ± SD of two
independent experiments. (C) The effect of the combined action of the peptides ChMAP-28 (M) and ChDode (D) against bacterial cells after incubation with
resazurin. The arrows indicate the well with the lowest reproducible FICI. The result was reproduced in three independent experiments.

Thus, we can assume that ChDode mainly acts on the cytoplasmic
membrane by increasing its permeability.

Study of Synergy Between Different Goat
Cathelicidins
Being widely represented among the Artiodactyla order,
catelicidin-1-like peptides, however, showed a low overall level
of antibacterial activity. Therefore, it was decided to analyze
biological activity of the ChDode peptide in combination with
other known goat cathelicidins. As we have shown earlier,
cathelicidins are able to enhance each other’s action when being
used together. Such a synergistic effect was demonstrated for
the ChMAP-28 and mini-ChBac7.5Nα peptides (Panteleev et al.,
2018). In this study, the aforementioned peptides were selected
for testing in combination with ChDode against Gram-positive
(S. aureus 209P) and Gram-negative (E. coli ML-35p) bacteria
in the medium containing a physiological concentration of
NaCl (0.154 M). Interestingly, a pronounced synergistic effect
was achieved for ChDode and ChMAP-28 mixed at different
molar ratios (Figure 9A). The minimum fractional inhibitory
concentration index (FICI) values are presented in the Table 2.

It was demonstrated that in the presence of far sub-inhibitory
concentrations of ChDode the α-helical membrane-active
ChMAP-28 exhibited an 8- to 16-fold increase in its activity.
Thus, the value of the fractional inhibitory concentration for
ChMAP-28 against E. coli drop to nanomolar range (8–16 nM).
The pair PcDode and ChMAP-28 exhibited similar, albeit less
pronounced, synergistic effects (0.25 < FICI < 0.5). Therefore,

despite the lower activity, the PcDode has a mechanism of action
similar to ChDode.

Since both ChDode and ChMAP-28 are membrane-targeting
peptides, the data obtained may indicate that they boost
this activity when acting together. To test this hypothesis,
a comparative analysis of an ability of the cathelicidins and
their combinations to disrupt the integrity of E. coli outer
and cytoplasmic membrane was conducted in a wide range
of concentrations. Notably, the peptide mixture showed a
significant increase in the observed effects, greatly exceeding
those of the individual peptides (Figure 9). In particular, the
combination of the peptides corresponding the lowest FICI value
against E. coli ML-35p (0.008 µM ChMAP-28+ 0.5 µM ChDode)
caused damage of cytoplasmic membranes of ∼40% cells, while
effects of the individual peptides were <10% at the minimum
tested concentrations (0.015 µM ChMAP-28 or 1 µM ChDode).

The data presented in Figure 9A suggest ChMAP-28 damages
the outer membrane much faster and more intensively in
the presence of sub-inhibitory concentrations of ChDode than
each peptide alone. Earlier, we have shown that ChMAP-
28 at sub-inhibitory concentrations can promote translocation
of ribosome-targeting mini-ChBac7.5Nα into the periplasmic
space. The FIC values for the synergistic pair ChMAP-28 and
mini-ChBac7.5Nα are 0.008 and 1 µM, respectively. Notably,
ChDode at a concentration of 1–4 µM causes a greater increase
in the permeability of the outer membrane than ChMAP-28 at
concentrations up to 0.03 µM. At the same time, in contrast
to ChMAP-28 it does not provide synergy in combination with
mini-ChBac7.5Nα (FICI = 1) suggesting the different mechanism
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TABLE 2 | Synergy between goat cathelicidins ChDode and ChMAP-28.

Strain ChDode, µM ChMAP-28, µM Minimal FICI* Synergy

MICA [A] FICA MICB [B] FICB

E. coli ML-35p 16 0.5 0.031 0.06 0.008 0.125 0.156 Yes

S. aureus 209P >64 8 <0.125 0.5 0.03 0.063 <0.188 Yes

*The estimation of synergistic effects between cathelicidins was performed by calculating the fractional inhibitory concentration index (FICI) according to the equation:
FICI = FICA + FICB = [A]/MICA + [B]/MICB, where MICA and MICB are MICs of individual peptides, while [A] and [B] are MICs of A and B when used together. A synergistic
effect was defined at a FICI ≤ 0.5. The table shows the lowest value of FICI, reproduced in three independent experiments.

of membrane damage. The simultaneous use of three goat
cathelicidins in a test against E. coli ML-35p allows to lower the
fractional inhibitory concentration of ChMAP-28 to 4 nM with
the FIC values of 1 µM for both ChDode and mini-ChBac7.5Nα.

DISCUSSION

Recent studies demonstrated that oligomerization of AMPs is
a very important parameter in regards to their antimicrobial
activity, selectivity and cytotoxicity. An assembled-state of
molecules influences on solubility of AMPs and their resistance to
proteolytic degradation. It is also expected that oligomerization
of AMP in the membrane is required for efficient membrane
disruption. That is why a propensity for dimerization is an
important property of AMPs which has to be studied in great
detail. However, AMP structures determined by high-resolution
NMR spectroscopy in detergent micelles are often monomeric.
This is due to the denaturing properties of detergents, which,
unlike to membrane lipids, tend to disrupt the peptide-peptide
interactions. Only a few oligomeric structures of helical AMPs
were reported in detergent micelles, in particular, the potent
analog of amphibian magainin MSI-78 forms antiparallel helical
dimers in DPC micelles (Porcelli et al., 2006), and the chicken
cathelicidin VK22 adopts the tetrameric helical structure which
was also determined in the zwitterionic DPC environment
(Saravanan and Bhattacharjya, 2011). There are also several
examples of β-hairpin peptides which dimerize in micellar
environment. For porcine protegrins the antiparallel dimers
were reported (Usachev et al., 2015), while parallel dimerization
was observed for arenicins isolated from marine polychaeta
(Shenkarev et al., 2011). Interestingly, these structures were also
determined in the DPC micelles. In terms of overall topology
of the β-structure, the antiparallel arrangement of the ChDode
tetramer identified in this work (Figures 1E, 4F) is more similar
to structures of protegrins than to those of arenicins.

To obtain recombinant ChDode we selected a heterologous
expression system with the use of thioredoxin A as a carrier
protein. At first, thioredoxin has a size close to that of the
cathelin-like domain in the ChDode precursor protein. In
addition, the AMP sequence is located in the C-terminal part
of the fusion protein that is common for natural cathelicidins.
As the result, a homogeneous target peptide was obtained as a
covalent dimer. Interestingly, the recombinant fusion protein was
mainly accumulated in a monomeric form when expressed in
the reducing environment of E. coli cytoplasm (Supplementary
Figure 2). Apparently, the oxidation of intermolecular disulfide

bonds occurred during the isolation and purification stages.
The reduction of disulfide bonds led to the appearance of
a band corresponding to the 12-residue monomeric form of
ChDode with the molecular mass of 1.5 kDa (Supplementary
Figure 4). Previous studies of the bovine bactenecin biosynthesis
gave evidence that this peptide also can be produced in vivo
by association of two monomers with the formation of
the dimer, stabilized by two intermolecular disulfide bonds,
rather than a monomeric β-hairpin (Storici et al., 1996).
Covalent self-dimerization with the formation of an antiparallel
homodimer is a reported stage of maturation for some AMPs,
for example, θ-defensin (Selsted, 2004) and rattusin (Ji et al.,
2018). Latter peptide forms a homodimeric scaffold in which
the polypeptide chain folds as an antiparallel structure bonded
by five intermolecular disulfide bridges. In present study, we
demonstrated a further oligomerization of ChDode resulting in
the appearance of a band with the molecular mass of 12 kDa
that was corresponded to the association of four dimers or eight
12-residue strands (Figure 8D).

In addition, we found the gene encoding a unique cathelicidin-
1 from the sperm whale P. catodon which contains four
cysteine residues as well as a proposed Arg-Pro-Ile turn motif
and, therefore, consists of two dodecapeptide building blocks
(Figure 1F). This may constitute an indirect confirmation of
the hypothesis that natural dodecapeptide cathelicidins have
antiparallel orientation of 12-residue strands. An antiparallel
orientation of β-strands in the ChDode structures was confirmed
by NMR spectroscopy. In water, ChDode predominantly forms
an antiparallel covalent dimer. However, as evidenced by FTIR
and NMR spectroscopy, in membrane-mimicking environment
a significant oligomerization of the peptide with the formation
of large flat β-sheet structures occurred. Such a behavior of
ChDode is similar to the β-hairpin AMP arenicin, which
forms β-structural non-covalent dimers and higher order
aggregates in the membrane (Shenkarev et al., 2011). Apparently,
oligomerization is important for the biological activity of
ChDode. It has been shown that the peptide forms oligomeric
pores in DMPE/DMPG liposomes and planar membranes
which mimic the plasma membrane of Gram-negative bacteria
(Figures 7C,D). Notably, increase of NaCl concentration to
1 M resulted in the ChDode inactivation, i.e., the peptide
lost its membrane activity when electrostatic interaction with
the negatively charged component (DMPG) of the membrane
was impaired. Thus, the three factors are necessary for the
ChDode membrane activity: (1) the presence of negatively
charged lipids (PG or DPG) in the membrane, (2) a low salt
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concentration, and (3) the presence of PE – the lipid with a
negative spontaneous curvature.

The strong dependence of the ChDode membrane activity
from electrostatic interactions with lipid membrane looks quite
surprising. Indeed, the peptide contains high proportion of
hydrophobic and aromatic amino acids (ca. 60%, eight from
12 residues), nevertheless, it weakly interacts with zwitterionic
POPC vesicles (Figure 3C) and fully incorporates into the
DPC micelles only at the dimer to lipid molar ratios above
1:100. Obtained data about ‘fast’ ps-ns dynamics (Figure 6A)
provided clue to this riddle. The β-sheet of the ChDode dimer
possesses high intramolecular mobility in water and binding
to the membrane (mimicked by the DPC micelle) freezes
the intramolecular motions. The rough estimates, taking into
account only backbone motions, revealed relatively high entropic
penalty (16 kcal/mol per ChDode tetramer) to the free energy of
membrane binding associated with this freezing. This number
can be compared with the favorable energy of formation of two
backbone-backbone hydrogen bonds or transfer of four bulky
Trp side-chains from water to membrane phase (McDonald and
Fleming, 2016). Thus, increased mobility of ChDode covalent
homodimer in water solution can explain its relatively weak
membrane activity toward zwitterionic systems. The similar
properties, high mobility in water solution and weak activity
in the zwitterionic membranes, were previously described for
β-hairpin AMP arenicin (Shenkarev et al., 2011), also containing
∼60% of hydrophobic residues.

In general, the pore-forming behavior of ChDode (Figure 7D)
is similar to corresponding records for the bovine bactenecin
in planar bilayer membranes composed of DPhPC and DPhPG
(4:1) (Wu et al., 1999). For both peptides, conductance events
with a variable magnitude were observed. Note that ChDode
pores do not require a high voltage across the membrane
(50 mV) to initiate a conductance. This agrees well with the
transmembrane (fully inserted) topology of ChDode tetramer
observed in the DPC micelles in the absence of external electric
field. Taking into account strong dependence of the ChDode
oligomerization and pore forming activity from the composition
of lipid bilayer and absence of well-defined conductance levels
(Figure 7D) we can describe the corresponding defects in the
membrane as a toroidal or mixed peptide-lipid pores (Allende
et al., 2005). In interpreting the results of PTA and formation of
low-conductivity channels, we hold to the previously discussed
view (Sychev et al., 2017a,b) that β-structural AMPs can act via
a non-lytic mechanism. Indeed, in all our experiments liposomes
were absolutely stable for many days after bactenecin collapsed
the membrane potential. Thus, ChDode acts via this unique
mechanism: it forms toroidal pores in the membrane, but does
not induce micellization of the bilayer.

For both ChDode and PcDode, a modest antimicrobial activity
was shown. It is also significantly reduced by a physiological
concentration of NaCl. As goat leukocytes were shown to
simultaneously express mRNA for a set of cathelicidins including
ChDode (Zhang et al., 2014), we supposed that the peptide
act synergistically with cathelicidin-3 (ChBac7.5) targeting
the bacterial ribosome and/or membrane active cathelicidin-
6 (ChMAP-28). Earlier, we have shown the synergistic effects
when using ChMAP-28 and truncated form of ChBac7.5 in

combination. Therefore, it was decided to study the combined
effect of ChDode with these AMPs on bacterial cells.

Here, we report a strong synergy between ChMAP-28 and
ChDode (see Figure 9). The combination of these two peptides
appears to have an increased membrane-permeabilizing activity
possibly due to the formation of the membrane-active peptide
complex. A similar effect previously observed for some other
combinations of membranotropic antimicrobial peptides, in
particular, of human cathelicidin LL-37 and defensin (Nagaoka
et al., 2000). It was also shown that the frog peptides PGLa and
magainin-2 are able to form the peptide membrane-attacking
complex (Zerweck et al., 2017).

Surprisingly, ChDode demonstrated increased
permeabilization of the outer membrane, but did not show
a synergistic effect with mini-ChBac7.5Nα. Therefore, unlike
ChMAP-28 its main mechanism of action does not seem
to involve the destruction of the membrane (see above).
Apparently, the pores formed by ChDode in the membranes are
too small enough for big molecules like proline-rich AMPs to
penetrate through them.

Notably, the presence of ChDode boosts the kinetics of E. coli
outer membrane permeabilization by ChMAP-28 and thus can
additionally prevent antimicrobial resistance. In addition, this
reduces the fractional inhibitory concentrations of ChMAP-28
as the most toxic component. These data indicate that the
ChDode peptide could be rather like an adjuvant, enhancing
an overall antibacterial effect of the AMP cocktail produced by
goat leukocytes. Accordingly, ChDode may selectively potentiate
the activity of ChMAP-28 which, in turn, restores the activity
of ChBac7.5 targeting bacterial ribosome. PcDode also showed
a synergistic effect with ChMAP-28, suggesting a similar
mechanism of action for all cathelicidin-1-like peptides.
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Plantaricin BM-1, a class IIa bacteriocin produced by Lactobacillus plantarum BM-1,

shows obvious antibacterial activity against Escherichia coli. However, the mechanism

underlying the action of class IIa bacteriocins against gram-negative bacteria remains to

be explored. The purpose of this study was to investigate the role of YbfA, a DUF2517

domain-containing protein, in the response of Escherichia coli K12 to plantaricin BM-1.

The growth curve experiment and MIC experiment showed that the sensitivity of E. coli

to plantaricin BM-1 was decreased by a ybfA null mutation. Electron microscopy showed

that the ybfA null mutation reduced the surface rupture and contraction caused by

plantaricin BM-1, and mitigated the effect of plantaricin BM-1 on the morphology of the

E. coli cell membrane. Proteomics analysis showed that 323 proteins were differentially

expressed in E. coli lacking the ybfA gene (P < 0.05); 118 proteins were downregulated,

and 205 proteins were upregulated. The metabolic pathways containing the upregulated

proteins mainly included outer membrane proteins, integral components of the plasma

membrane, regulation of cell motility, and regulation of locomotion. The metabolic

pathways involving the downregulated proteins mainly included outer membrane protein

glycine betaine transport, amino-acid betaine transport, and transmembrane signaling

receptor activity. The results of the proteomics analysis showed that the protein

expression of the BasS/BasR two-component system was significantly increased (P

< 0.05). Moreover, the expression levels of downstream proteins regulated by this

two-component systemwere also significantly increased, including DgkA, FliC, andMlaE,

which are involved in cell membrane structure and function, and RT-qPCR also confirmed

this result. The growth curve showed that the sensitivity of E. coli to plantaricin BM-1 was

significantly increased due to deletion of the BasS/BasR two-component system. Thus,

deletion of ybfA in E. coli can increase the expression of the BasS/BasR two-component

system and positively regulate the structure and function of the cell membrane to reduce

the sensitivity to plantaricin BM-1. This will help to explore the mechanism of action of

class IIa bacteriocins against gram-negative bacteria.

Keywords: bacteriocins, proteome, YbfA, BasS/BasR two-component, biofilm
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INTRODUCTION

Bacteriocins are secreted hydrophobic antimicrobial peptides, are
20–60 amino acids in length, and are synthesized by bacterial
ribosomes. These peptides have been shown to inhibit both
gram-negative and gram-positive food pathogens (Tagg et al.,
1995). Bacteriocins produced by lactic acid bacteria (LAB) are
regarded as potential natural preservatives because of their
high bacteriostasis and low toxicity (Tagg et al., 1995). These
bacteriocins can not only be used in food processing and storage
but also are expected to be an alternative to antibiotics due to
their antiseptic and antibacterial properties (Cotter et al., 2013;
Liu et al., 2017).

Bacteriocins can be divided into classes I–IV according
to their chemical structure, molecular mass, and stability
(Klaenhammer, 1993). Class II bacteriocins are unmodified
peptides that are resistant to high temperatures, with or without
a leading strand (except for disulfide bond modifications).
Class IIa bacteriocins are small molecular weight, thermally
stable peptides with strong antibacterial activity against Listeria
(Klaenhammer, 1993), and class IIa bacteriocins from LAB
are the most abundant and extensively studied bacteriocins.
Mature class IIa bacteriocins contain 37–48 amino acids, and the
peptide chain is roughly divided into two regions: a positively
charged, highly conserved hydrophilic N-terminus and a poorly
conserved amphiphilic or hydrophobic C-terminus (Nes et al.,
2007). In the highly conserved N-terminal region, there is a
“streptococcin box,” which has a YGNGV/L consensus sequence,
and two cysteines form a disulfide bond (Nes et al., 2007).
At present, there are two model mechanism for the action of
class IIa bacteriocins against gram-positive bacteria; the first one
is the “barrel-stave” model, in which the hydrophobic part of
the bacteriocin interacts with the hydrophobic core of the cell
membrane, resulting in the formation of holes in the surface
of the cell membrane (Liu et al., 2013a,b), and the second is
the “carpet” model, in which the bacteriocin isn’t inserted into
the hydrophobic core of the plasma membrane, causing the
cell membrane to disintegrate without hole formation (Zhang
et al., 2012). However, the mechanism of class IIa bacteriocins
in gram-negative bacteria remains to be explored.

Two-component systems (TCSs) are one of the most
common mechanisms by which bacteria perceive, react, and
adapt to environmental changes (Mizuno, 1997). A typical
TCSs is composed of a sensor kinase (histidine kinase, HK)
located on the inner membrane and a cytoplasmic response
regulator (RR) (Mizuno, 1997; Beier and Gross, 2006; Merighi
et al., 2009; Gotoh et al., 2010). In most systems, the HK
perceives environmental stimuli and autophosphorylates on
a conserved histidine residue. Then, the phosphoryl group
is transferred to the conserved aspartic acid residue on
its homologous RR (Gotoh et al., 2010). The BasS/BasR
two-component system is a typical TCS that functions as
an iron-zinc induced transcription regulator which directly
regulates a group of genes related to metal responsive
membrane structure modification and membrane function
regulation in E. coli K12 (Yu, 2019). In addition, the
BasS/BasR two-component system can also upregulate the

TABLE 1 | Main experimental reagents and sources.

Primary reagents Factory

Antibiotics TransGen Biotech CO., Ltd

Plasmid extraction kit TIANGEN BIOTECH (BEIJING) CO., Ltd

Bacterial genomic DNA

extraction kit

TIANGEN BIOTECH (BEIJING) CO., Ltd

TIANgel Midi Purification Kit TIANGEN BIOTECH (BEIJING) CO., Ltd

DNA Marker Takara Biomedical Technology (Beijing)

Co., Ltd

TaKaRa Ex Taq Takara Biomedical Technology (Beijing)

Co., Ltd

Bacteria RNA Extraction Kit Vazyme Biotech CO., Ltd

HiScript II One Step qRT-PCR

SYBR Green Kit

Vazyme Biotech CO., Ltd

expression of genes related to biofilm formation in E. coli
(Yu, 2019).

Lactobacillus plantarum BM-1 was isolated from a traditional
fermented meat product. It produces a new type IIa bacteriocin,
plantaricin BM-1, which has significant inhibitory activity against
some foodborne bacteria, including E. coli (Zhang et al., 2013).
In our previous study, we found that the expression of YbfA,
a protein containing the DUF2517 domain and expressed by a
207 bp gene ybfA, was obviously upregulated in E. coli treated
with plantaricin BM-1 (Wang et al., 2020a,b). In this study, we
mainly investigated the regulatory role of YbfA in sensitivity
to plantaricin BM-1 in E. coli. According to the results, YbfA
upregulated the sensitivity of E. coli K12 to plantaricin BM-1 via
the BasS/BasR two-component regulatory system.

MATERIALS AND METHODS

Reagents
The chemical and biochemical reagents used in the experiment
are shown in Table 1. The chemicals and reagents used were all
analytically pure.

Strains and Cultivation Conditions
The strains and plasmids used in this study are listed in
Table 2. Escherichia coli K12 and E. coli JW0688 were cultured
in Luria-Bertani (LB) broth at 37◦C with aeration at 180 rpm.
Lactobacillus plantarum BM-1 was cultured in de Man, Rogosa,
and Sharpe (MRS) broth at 37◦C with aeration at 180 rpm.

Determination of Minimal Inhibitory
Concentration (MIC)
The minimum inhibitory concentration (MIC) was determined
according to Clinical and Laboratory Standards Institute (CLSI)
guidelines (CLSI, 2012). Plantaricin BM-1 was purified using
a two-step method. According to our previous study (Zhang
et al., 2013), the method of preparing plantaricin BM-1 is
briefly described as follows: L. plantarum BM-1 was cultured
in sterile MRS broth at 37◦C for 12 h, centrifuged at 10,000
r/min at 4◦C for 10min, and the culture medium was collected.
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TABLE 2 | Strains and plasmids used in this study.

Strains and plasmids Characteristics Source

E. coli K12 Wild-type E. coli strain BW25113 Laboratory preservation

E. coli JW0688 E. coli BW25113 with ybfA deletion Keio collection Tomoya et al., 2006

E. coli JW4073 E. coli BW25113 with basS deletion Keio collection Tomoya et al., 2006

E. coli JW4074 E. coli BW25113 with basR deletion Keio collection Tomoya et al., 2006

L. plantarum BM-1 L. plantarum BM-1, produces plantaricin BM-1 Laboratory preservation

pKD46 Plasmid containing the lambda Red system, L-arabinose inducible BioVector NTCC

E. coli ReJW0688 E. coli JW0688 with ybfA complemented This study

The plantaricin BM-1 was purified through pH-mediated cell
adsorption–desorption and cation- exchange chromatography
on an SP Sepharose Fast Flow column. The purified plantaricin
BM-1 was freeze-dried and stored at−80◦C.

The concentration of purified plantaricin BM-1 was
quantified using a NanoDrop ND-1000 spectrophotometer.
Then, doubling dilution (39.04, 19.52, 9.74, 4.88, 2.44, 1.22,
0.61, and 0.305 mg/mL) were prepared with sterile water under
sterile conditions. Adding diluents to 1–8 columns (100 µL
per well) of 96-well plates in a diluted gradient, and the same
amount of sterile water was added to column 9 as a blank
control. Escherichia coli K12 grown to logarithmic growth phase
was collected and used to prepare a bacterial suspension at a
concentration of 104 CFU/mL. Then, an aliquot of the E. coli K12
suspension (100 µL) was added to each well. After mixing, the
96-well plates were incubated at 37◦C for 12 h, and the optical
density (OD) at 600 nm (OD600) was determined using an ELISA
plate reader. The minimum concentration of plantaricin BM-1
to E. coli K12 and E. coli JW0688 at which no bacterial growth
was detected (i.e., no increase in the OD600) was recorded as the
MIC (Lv et al., 2014). Each experiment was repeated three times.

Construction of a ybfA-Complemented
Mutant of E. coli JW0688
The ybfA complemented mutant in E. coli JW0688 was
constructed using the lambda Red homologous recombination
method (Juhas and Ajioka, 2016). Briefly, the pKD46 plasmid
was transformed into competent E. coli JW0688 prepared with
cold 0.1 mol/mL CaCl2, and expression of the homologous
recombinase in pKD46 was induced by adding L-arabinose
(0.5 mg/mL in LB broth) at 30◦C. Competent cells of E. coli
JW0688 containing the pKD46 plasmid were prepared. The
ybfA gene fragment was amplified from E. coli K12 using the
primers ybfA-F (5′-3′): AAGGGGGAGAAAAGTATGGAACTC
TACAGA and ybfA-R (5′-3′): AAGTTTTGAGTCGTTTCAAT
AAAAATCACCA (homology underlined), and then transfected
into the prepared E. coli JW0688 competent cells. Next, 450 µL
of LB broth was added, and the cells were incubated at 37◦C
for 2 h. Then, the cells were diluted with physiological saline,
spread on LB agar, and incubated at 37◦C for 12 h. A single
colony was selected, and the recombinant was verified using
the ybfA-F/R primers. The bacterial that containing ybfA gene
was complemented successfully. And the verified complemented
E. coli strain was named ReJW0688.

Bacterial Growth Studies
Plantaricin BM-1 was purified as described by (Zhang et al.,
2013). Wild-type E. coli K12, E. coli JW0688, and E. coli
ReJW0688, at an initial concentration of 2.0 log10 CFU/mL, were
cultured in LB broth with or without plantaricin BM-1 (3 ×

MIC) at 37◦C for 14 h. The OD600 was measured every 2 h,
and the mean values of triplicate experiments were plotted. All
experiments were repeated three times.

Electron Microscopic (EM) Analysis
Escherichia coli K12 and E. coli JW0688 strains (2.0 log10
CFU/mL) were cultured in LB broth with or without plantaricin
BM-1 (3×MIC) at 37◦C for 4 h. The bacterial cells were collected
by centrifugation (8,000 rpm, 10min, 4◦C), washed three times
with 0.1 mol/L PBS, and then prepared for EM analysis (Wang
et al., 2020a,b).

Scanning EM (SEM): The washed cells were fixed with 2.5%
glutaraldehyde at 25◦C for 2 h and then washed with PBS (0.1
mol/L) three times. The cells were dehydrated with a graded
series of ethanol (50, 70, 80, 90, and 100%, three times). The
dehydrated samples were treated with 100% tert-butyl alcohol
three times and dried for 2 h in a freeze dryer. The sample was
placed on the sample table and coated with a 10 nm gold film
using an ion sputter coater (Cao et al., 2018). The specimens were
imaged using an SEM (SU8010; Hitachi, Japan).

Transmission EM (TEM): Cells were washed with PBS (0.1
mol/L) three times, fixed with 2.5% glutaraldehyde for 2.5 h, and
washed with PBS (0.1 mol/L) three times. The dehydration steps
were the same as those described for SEM. After dehydration, the
sample was washed with acetone three times, soaked in a mixture
of acetone and embedding agent (3:1) for 2 h, and then placed
on an embedding plate containing pure embedding agent. The
embedding plates were polymerized at 40 and 60◦C for 48 h. The
sample was processed to a trapezoid shape with a surface area
of less than 0.2 × 0.2mm. The embedded material was ultrathin
sectioned to a thickness of 50–90 nm. Finally, the ultra-thin
sections were stained with uranium and lead dyes and washed
for 5min (Yi et al., 2018). Imaging and analysis of samples were
performed using a TEM (7800; Hitachi, Japan).

Proteomic Analysis
Escherichia coli K12 and E. coli JW0688 (2.0 log10 CFU/mL)
were cultured in LB broth at 37◦C for 12 h. After centrifugation,
the collected cells were resuspended in lysate buffer (8M urea,
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1% SDS, protease inhibitor). The samples were ground three
times and then dissolved on ice for 30min. Finally, the treated
samples were centrifuged at 10,000 rpm for 30min at 4◦C
to isolate the total protein. The total protein concentration
was measured using the Pierce bicinchoninic acid (BCA) assay
(Thermo Fisher, USA).

A 10 µL protein sample was mixed with 90 µL of lysate
buffer and then treated with 10mM TECP (Thermo Scientific,
USA) and 40mM iodoacetamide (Thermo Scientific, USA) at
room temperature for 40min. The sample was mixed with
chilled acetone at a volume ratio of 6:1 (sample:acetone),
and incubated at −20◦C for 4 h to precipitate protein. The
samples were centrifuged at 10,000 rpm for 20min. The
precipitated proteins were completely dissolved in 100 µL
of 100mm TEAB and digested with trypsin at a ratio of
1:50. The peptides (100 µg) were mixed with an appropriate
amount of TMT reagent for labeling (Thermo Fisher, USA)
and incubated at room temperature for 2 h. Following this,
hydroxylamine was added, and the sample was incubated at
room temperature for 15min, and then lyophilized in a vacuum
freeze dryer for liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis. The analysis was conducted
using a reversed-phase liquid chromatography system (Thermo
Scientific Vanquish Flex; Thermo Scientific, USA) equipped
with a reverse phase C18 column (ACQUITY UPLC BEH C18
Column, 1.7µm, 2.1 × 150mm; Waters, USA) and high pH
liquid phase separation TMT labeling peptide. Peptide elution
was monitored at 214 nm, and after 5min, the eluted peptide
fractions were collected once per min. A total of 10 fractions
were pooled and lyophilized. The dried fractions were identified
and quantified on a Q Exactive MS (Thermo Scientific, USA)
using a C18 column (75µm × 25 cm; Thermo Scientific,
USA). The parameters for identification were as previously
published (Wu et al., 2018).

The data were processed using Proteome DiscovererTM

Software 2.2 (Thermo Fisher Scientific, USA). A protein
search was conducted using the UniProt-E. coli (strain K12)
[83333]-4353s-20190412 database, with a false discovery rate
(FDR) ≤0.01. Proteins with at least one unique peptide
were used for protein quantification. Differential proteins with
fold changes >1.2 (upregulated) or <0.83 (downregulated)
were selected. A P value less than 0.05 was considered
significant. Gene ontology (GO) and KEGG pathway analysis
of the proteomics results were performed using BLAST2GO
and KOBAS.

RT-qPCR
Wild-type E. coli K12 and mutant E. coli JW0688 at an
initial concentration of 2.0 log10 CFU/mL, were cultured in
LB broth at 37◦C for 14 h. Total bacterial RNA was extracted
for RT-qPCR. The RT-qPCR reaction conditions were 50◦C
for 15min, 95◦C for 30 s, 95◦C for 10 s, 60◦C for 30 s,
40 cycles, using primers as shown in Table 3. Using wild-
type E. coli K12 as internal reference factor, the relative
gene expression in mutant E. coli JW0688 was calculated by
2−11CT method.

Analysis of the Sensitivity of E. coli K12
BasS/BasR Two-Component System
Mutant to Plantaricin BM-1
TheMIC of E. coli JW4073 (basS null mutant) and E. coli JW4074
(basR null mutant) to plantaricin BM-1were determinded by
using the same method in Determination of minimal inhibitory
concentration (MIC).

Three E. coli strains, E. coli JW4073 (basS null mutant),
E. coli JW4074 (basR null mutant), and E. coli K12 (at an initial
concentration of 2.0 log10 CFU/mL) were treated with 3 ×

MIC plantaricin BM-1 and cultured in LB broth at 37◦C for
24 h. The OD600 was measured every 2 h, and the average of the
three growth curves was plotted. All experiments were repeated
three times.

RESULTS

Determination of the Minimal Inhibitory
Concentration
After culturing of the bacterial strains with various
concentrations of plantaricin BM-1 at 37◦C for 12 h, the
OD600 of each bacterial suspension was determined, and the
concentration at which the OD did not increase, indicating that
the bacteria were not growing, was recorded as the MIC. The
MIC of plantaricin BM-1 in E. coli K12 and E. coli JW0688 were
1.22 and 8.54 mg/mL respectively.

Construction and Confirmation of the ybfA
Complemented Strains in E. coli JW0688
The 207 bp ybfA gene fragment was amplified from the E. coli
K12 genome by PCR using the primer pair ybfA-F/R, which was
then used to replace the kanamycin resistance gene in E. coli
JW0688 via Red homologous recombination. Genomic DNAwas
extracted from E. coli JW0688 and the complemented strain
E. coli ReJW0688, and PCR was performed on the two extracted
genomes using primers ybfA-F/R to confirm proper construction.
A 207 bp product was amplified from the complemented strain
E. coli ReJW0688, but no amplified band was detected in E. coli
JW0688 (Figure 1). Sequencing showed that the amplified gene
fragment from E. coli ReJW0688 had the same sequence as the
ybfA gene fragment in E. coli K12, which proved that E. coli
ReJW0688 was successfully constructed.

Inhibitory Effect of Plantaricin BM-1 on
E. coli K12
The effects of plantaricin BM-1 on the growth of E. coli K12,
E.coli JW0688, and E. coli ReJW0688 were assessed by generating
standard growth curves (Figure 2). In the absence of plantaricin
BM-1, all three strains showed similar exponential growth. The
OD600 values of E. coliK12, E. coli JW0688, and E. coli ReJW0688
at 14 h were 0.585, 0.454, and 0.608, respectively. At this time, the
growth of E. coli JW0688 was slightly lower than that of wild-type
E. coli K12, which might be caused by some changes in growth
metabolism and carbon and nitrogen source absorption after
ybfA gene mutation was removed. In the presence of plantaricin
BM-1, wild-type E. coli K12 grew slowly over the 14 h period, and
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TABLE 3 | Primers for RT-qPCR.

Primers name Primer sequence (5′-3′) Gene function

16sF ACCCTTATCCTTTGTTGCC Reference genes

16sR TCTTTGTATGCGCCATTGTA

bassFbassR ACCCTGCTGCGGATGTTATTGC Translating sensor protein BasS

AATACCTGGTCCTTCATCTTCAACTGC

basrF TTGTTGAAGACGATACGCTGTTATTGC Translating transcriptional regulatory protein BasR

basrR AAATCCAGTACCACCAGGCTGTAATG

dgkaF GGTATTGTTGGCGGTGGTC Diacylglycerol kinase Diacylglycerol kinase Diacylglycerol kinase

dgkaR TTCGATGGCGCTATTGAGG

mlaeF CGGGTTCTTCTGGTCGGCAATG Translating intermembrane phospholipid transport system permease protein MlaE

mlaeR ACACCACGCTCTTAATCAGACAGTTG

FIGURE 1 | Verification of E. coli ReJW0688 construction. PCR products were

detected using 2% agarose electrophoresis. Lane M is the 2000 bp DNA

Marker, Lanes 1 and 2 contain the PCR product from E. coli ReJW0688, and

lanes 3 and 4 contain the PCR products from mutant E. coli JW0688.

the OD600 at 14 h was 0.030, indicating that wild-type E. coli K12
is sensitive to plantaricin BM-1. In comparison, E. coli JW0688
grew slowly from 0 to 6 h, and then grew rapidly after 6 h,
reaching exponential phase. The OD600 at 14 h was 0.306, which
was significantly (P < 0.05) higher than that of wild-type E. coli
K12. Our results indicated that the ybfA null mutation reduced
the sensitivity of E. coli K12 to plantaricin BM-1. In addition,
the growth curve of the complemented strain (E. coli ReJW0688)
in the presence of plantaricin BM-1 was similar to that of wild-
type E. coli K12. The growth of E. coli ReJW0688 was slow, and
the OD600 at 14 h was 0.035, which indicated that the sensitivity
of the complemented strain was increased to wild-type levels,
further indicating that YbfA regulates the sensitivity of E. coli to
plantaricin BM-1.

Effect of Plantaricin BM-1 on E. coli K12
Morphology
Morphological changes in E. coli K12 and E. coli JW0688 with
and without plantaricin BM-1 treatment were observed by SEM
(Figure 3) and TEM (Figure 4). SEM showed that, in the absence

FIGURE 2 | Effect of plantaricin BM-1 on the growth of wild type E. coli K12,

mutant E. coli JW0688, and E. coli ReJW0688. �, N and � represent the

OD600 values of wild type E. coli K12, mutant E. coli JW0688, and E. coli

ReJW0688 in the absence of bacteriocin, respectively. •, N and ◭ represent

the OD600 values of wild type E. coli K12, mutant E. coli JW0688, and E. coli

ReJW0688 in the presence of plantaricin BM-1 (3× MIC), respectively.

of plantaricin BM-1, the bacterial morphology of E. coli K12 and
E. coli JW0688 was not significantly different. The cells were
short, rod-shaped, and smooth in appearance, and the edges
were intact (Figures 3A,B). In the presence of plantaricin BM-
1, the morphology of E. coli JW0688 was not obviously different
than the morphology without plantaricin BM-1; the cell surface
showed a slight fold contraction, the overall edge was intact,
and there was no obvious rupture (Figure 3C). However, the
morphology of E. coli K12 significantly changed in the presence
of plantaricin BM-1; the cell surface was incomplete, the edges
were uneven, and the surface of the cell showed obvious pitting
and rupture (Figure 3D).

TEMwas used to observe structural details within the bacterial
cells (Figure 4). In the absence of plantaricin BM-1, the bacterial
morphology of the E. coli K12 and E. coli JW0688 strains was not
significantly different, and both bacteria showed uniform internal
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FIGURE 3 | SEM of E. coli K12 and E. coli JW0688 with and without plantaricin BM-1. (A,B) show wild type E. coli K12 and E. coli JW0688 without plantaricin BM-1,

respectively; (C,D) show wild type E. coli JW0688 and E. coli K12 with plantaricin BM-1(magnification: 20,000×).

structures and smooth and complete appearance (Figures 4A,B).
However, in the presence of plantaricin BM-1, the cytoplasm
of E. coli JW0688 showed a slight contraction (Figure 4C). In
contrast, the cytoplasm of E. coliK12 had contracted significantly
in the presence of plantaricin BM-1, the cell surface had ruptured,
the contents leaked out, and the outer membrane was separated
from the inner membrane. Thus, the cell morphology was not
maintained (Figure 4D).

Proteomic Analysis
TMT labeling-based proteomics was applied to characterize
the effect of plantaricin BM-1 on E. coli. A total of 2,780
proteins were identified, and 323 proteins were differentially
expressed in E. coli JW0688 using a threshold of 1.2-fold (P <

0.05, Figure 5). Among the 323 differentially expressed proteins,
284 proteins were labeled as cell components (CC), and the
content related to membrane proteins was 56.04%. Of these 323
differentially expressed proteins, 118 were downregulated and
205 were upregulated in E. coli JW0688 when compared with
E. coli K12.

Among the downregulated proteins, many proteins related to
biological pathways (BP) were significantly enriched, including
localization (GO: 0051179), cellular component organization or
biogenesis (GO: 0071840), biological regulation (GO: 0065007)

and regulation of biological process (GO: 0050789). In terms
of molecular function (MF), binding (GO: 0005488), catalytic
activity (GO: 0003824) and transporter activity (GO: 0005215)
were significantly enriched (Table 4). Among the downregulated
differential proteins, the HTH-type transcriptional regulator
HdfR (P0A8R9), which negatively regulates the transcription of
the main flagellar operon, was downregulated 2.27 fold, and the
expression of quorum-sensing molecule AI-2 in the receptor
protein transcriptional regulator LsrR (P76141) was reduced
1.35 fold.

Among the upregulated proteins, contains 117 membrane
proteins (GO:0016020),these included 16 outer membrane
proteins (GO: 0019867) and 15 cell outer membrane proteins
(GO: 0009279); membrane part (GO: 0044425), cell part
(GO: 0044464), and macromolecular complex (GO: 0032991)
were significantly enriched in the cellular component. In
addition, among the upregulated proteins, a variety of proteins
related to biological pathways were significantly upregulated,
including cellular process (GO: GO:0009987), metabolic process
(GO: 0008152), single-organism process (GO:0044699), and
response to stimulus (GO: 0050896) (Table 5). In biological
pathways, we found that the expression of the BasS/BasR
two-component system was significantly upregulated in
E. coli JW0688.
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FIGURE 4 | TEM of E. coli K12 and E. coli JW0688 with and without plantaricin BM-1. (A,B) show wild type E. coli K12 and E. coli JW0688 without plantaricin BM-1,

and (C,D) show E. coli JW0688 and E. coli K12 with plantaricin BM-1.

FIGURE 5 | Changes in the E. coli K12 proteome after ybfA deletion. Volcano

plots of 2780 identified proteins are shown. The colors indicate the fold

changes. Red represents proteins with the fold changes greater than 1.20,

and green represents proteins with the fold changes <0.83 (P < 0.05).

Mechanism by Which the BasS/BasR TCS
Regulate the Sensitivity of E. coli to
Bacteriocins
As show in Table 6, compared with wild-type E. coli, the
expressions of BasR (P30843) and BasS (P30844) were

respectively 2.24 and 2.26 times higher in E. coli JW0688.
Proteins that are targets of BasR include MlaE (P64606), PutF
(P07117), DgkA (P0ABN1), PotF (P31133), and others that also
increased to a certain extent (Ogasawara et al., 2012). In addition,
RT-qPCR results (Figure 6) also showed that the transcriptional
levels of basS, basR, mlaE, and dgkA of E. coli JW0688 were all
increased significantly (p < 0.05). These results also supported
proteomic results, indicated that the expression of BasS/BasR
TCS and its downstream regulatory genes in E. coli increased by
ybfA gene mutation.

Sensitivity Analysis of the BasS/BasR
Two-Component System in E. coli to
Plantaricin BM-1
TheMIC of E. coli JW4073 and E. coli JW4074 to plantaricin BM-
1 were 0.46 and 0.61 mg/mL, all of which significantly decreased
compared with that for wild type E. coli and Figure 7 shows that
the growth curves of E. coli K12, E. coli JW4073, and E. coli
JW4074 with and without the presence of plantaricin BM-1.
During the experiment time, the three strains cultured without
plantaricin BM-1 showed a typical growth trend. However,
in the first 14 h, the three strains without the presence of
plantaricin BM-1 showed no obvious growth. Therefore, growth
was inhibited in the first 14 h. Beginning on the 16th hour, the
growth of all three strains increased significantly. At 24 h, the
OD600 of E. coliK12 was 0.550, while the OD600 of E. coli JW4073
and E. coli JW4074 were 0.274 and 0.301, respectively, (p <

0.05). Based on the OD600 values of E. coli K12, E. coli JW4073,
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TABLE 4 | GO categories for the down-regulated proteins in E. coli JW0688.

Term type GO term GO ID JWE0688 vs. K12 percent

Molecular function Binding GO:0005488 83/118

Molecular function Catalytic activity GO:0003824 82/118

Molecular function Transporter activity GO:0005215 36/118

Molecular function Nucleic acid binding transcription factor activity GO:0001071 7/118

Biological process Cellular component organization or biogenesis GO:0071840 25/118

Biological process Biological regulation GO:0065007 24/118

Biological process Regulation of biological process GO:0050789 21/118

Biological process Localization GO:0051179 41/118

Cellular component Organelle part GO:0044422 5/118

Cellular component Membrane-enclosed lumen GO:0031974 4/118

TABLE 5 | GO categories for the up-regulated proteins in E. coli JW0688.

Term type GO term GO ID JWE0688 vs. K12 percent

Biological process Cellular process GO:0009987 180/205

Biological process Single-organism process GO:0044699 163/205

Biological process Response to stimulus GO:0050896 69/205

Biological process Metabolic process GO:0008152 162/205

Cellular component Membrane GO:0016020 117/205

Cellular component Membrane part GO:0044425 98/205

Cellular component Cell part GO:0044464 180/205

Molecular function Molecular transducer activity GO:0060089 15/205

Molecular function Electron carrier activity GO:0009055 12/205

TABLE 6 | BasS/BasR two-component system in E. coli JW0688 regulates protein expression changes.

Accession number Description Fold change P value Protein Function

P30843 Transcriptional regulatory protein BasR 2.24 0.000184 BasR Transcription

P30844 Sensor protein BasS 2.26 0.0251 BasS Autophosphorylation

P0ABN1 Diacylglycerol kinase Diacylglycerol kinase 1.28 0.03058 DgkA Cell wall/membrane/envelope biogenesis

P64606 Intermembrane phospholipid transport system permease protein MlaE 1.23 0.01298 MlaE Cell wall/membrane/envelope biogenesis

P23827 Ecotin 1.22 0.01075 eco Unknown

P04949 Flagellin 4.73 0.000144 FliC Cell motility

P77398 Bifunctional polymyxin resistance protein ArnA 2.15 0.00000206 ArnA Cell wall/membrane/envelope biogenesis

P77690 UDP-4-amino-4-deoxy-L-arabinose–oxoglutarate aminotransferase 1.92 0.000148 ArnB Cell wall/membrane/envelope biogenesis

P27127 Lipopolysaccharide 1,6-galactosyltransferase 0.76 0.002109 RfAB Cell wall/membrane/envelope biogenesis

P07117 Sodium/proline symporter 2.18 0.000013 PutP Cell wall/membrane/envelope biogenesis

P31133 Putrescine-binding periplasmic protein 1.94 0.0001931 PotF Cell wall/membrane/envelope biogenesis

and E. coli JW4074 at 24 h, compared with E. coli K12, E. coli
JW4073 and E. coli JW4074 were more sensitive to plantaricin
BM-1, that is, plantaricin BM-1 had a more obvious inhibitory
effect on the E. coli strains that did not express the BasS/BasR
two-component system.

DISCUSSION

IIa bacteriocins are small peptides that significantly inhibit the
activity of the gram-positive bacterium Listeria monocytogenes
(Hu et al., 2012). The antibacterial mechanism of IIa bacteriocins

in gram-positive bacteria involves the mannose permeable
enzyme EIIMan

t , which is located on the bacterial cell membrane,
as the receptor. EIIMan

t is part of the phosphotransferase
system, which is involved the phosphorylation and transport
of sugars in some bacteria (Stoll and Goebel, 2010). In L.
monocytogenes, EIIMan

t is composed of three subunits, IIA and
IIB, which comprise the hydrophilic phosphotransferase domain
located in the cytoplasm that is involved in phosphorylation
and IIC and IID, which are hydrophilic phosphoryl transferase
domains located on the membrane that are involved in
mannitose transport (Kjos et al., 2011). In E. coli, the mannose
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FIGURE 6 | Expression levels of BasS/BasR two-component system and its

downstream regulatory genes in E. coli JW0688. *Means significant result.

FIGURE 7 | Effect of plantaricin BM-1 on the growth of wild type E. coli K12,

E. coli JW4073, and E. coli JW4074. �, • and N represent the OD600 of wild

type E. coli K12, E. coli JW4073, and E. coli JW4074 in the presence of

plantaricin BM-1 (3× MIC), respectively. ◭, H and � represent the OD600 of

wild type E. coli K12, E. coli JW4073, and E. coli JW4074 without the

presence of plantaricin BM-1, respectively.

phosphotransferase system has been shown not to be a
bacteriocin receptor (Kjos et al., 2009), and E. coli can maintain
the ultrastructure of cells by accelerating peptidoglycan synthesis
and regulating the expression of membrane proteins to resist the
damage of bacteriocins (Wang et al., 2020a,b).

The cell membrane of E. coli is the primary barrier by
which defend against external harmful substances. Bacteriocins
affect bacteria through adsorption and insertion into the cell
membrane, resulting in increased membrane permeability, holes,
leakage of cell contents, and finally collapse and death (Huang
et al., 2010; Cui and Guo, 2018). The barrier effect of the cell
membrane is important for resistance to antimicrobial peptides
and can protect bacteria from external antimicrobial substances

(Liu et al., 2013a,b). Thus, the ability of bacteria to maintain and
modify their cell membranes is critical to resistance (Chen and
Groisman, 2013).

In this study, an E. coli strain with an ybfA mutation
(E. coli JW0688) was used. Studies have shown that YbfA is
associated with sensitivity to radiation (Neil et al., 2016) and
is a carrier gene of type 2 integrants (Wang et al., 2019).
YbfA is also a predicted inner membrane protein. In our
growth curve experiment, E. coli JW0688 showed reduced
sensitivity to plantaricin BM-1, proteomic analysis and RT-qPCR
showed that the expression of the BasS/BasR two-component
system and its downstream genes were increased in the ybfA
deletion strain. Previous studies have shown that the E. coli
BasS/BasR two-component system can regulate the composition
of outer membrane lipopolysaccharide or the expression of
modification genes through targets, thereby controlling the
formation and function of the membrane (Ogasawara et al.,
2012) and enhancing membrane permeability and altering the
resistance to antimicrobial peptides (Lee et al., 2005). The
BasS/BasR two-component system is an iron-zinc induction
transcription regulator that is mainly involved in the reaction to
divalent metal ions (Fe, Zn) that while essential are also toxic
to E. coli (Ogasawara et al., 2012). The regulatory mechanism
is similar to that of the PmrA/PmrB two-component system
of Salmonella. BasS protein, which is responsible for receiving
environmental signals, is stimulated by external signals. The
HATPase domain on BasS provides energy for the hisKA domain,
phosphorylates the histidine in this domain, and sends a signal
to BasR activating it. The BasR protein further regulates other
target genes to respond to external stimuli (Gunn, 2008; Yu
et al., 2015). Target genes that are activated by BasR usually
contain a fixed BasR Box binding sequence consisting of five
nucleosides. Studies have shown that some proteins in E. coli
contain this binding sequence and have been proven to be BasR
targets. These proteins are related to membrane structure and
function (Ogasawara et al., 2012). The proteomics experiment
showed that DgkA (P0ABN1), MlaE (P64606), PutF (P07117),
and PotF (P31133) are downstream proteins regulated by BasR,
and their expression levels were significantly changed. These
proteins are mainly responsible for regulating cell membrane
function and increasing the rigidity of the cell outer membrane
(Ogasawara et al., 2012). The increased expression of these
proteins indicates that excessive expression of the BasS/BasR two-
component system in E. coli K12 can stabilize the expression
of E. coli membrane proteins, maintain the function of the cell
membrane, and promote the stability of the outer membrane
(Ogasawara et al., 2012).

In summary, the ybfA gene in E. coli K12 regulates the
expression of the BasS/BasR two-component system: when
the ybfA gene is knocked down, the expression of BasS/BasR
two-component system in E. coli K12 is increased, which
directly affects the expression of proteins regulated by this two-
component system. In this study, we found that the expression of
the BasS/BasR two-component system was upregulated by ybfA
gene deletion, which promoted cell membrane modifications in
E. coli, which protected the bacteria and reduce the damage
caused by the bacteriocin. In conclusion, YbfA regulates
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plantaricin BM-1 sensitivity in E. coli via the BasS/BasR two-
component regulatory system.
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Balance of Membrane Partitioning
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Heiko Heerklotz1,3,4*
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Belgium, 3 Leslie Dan Faculty of Pharmacy, University of Toronto, Toronto, ON, Canada, 4 Signaling Research Centers BIOSS
and CIBSS, University of Freiburg, Freiburg, Germany

Pseudodesmin A (PSD) is a cyclic lipodepsipeptide produced by Pseudomonas that kills
certain bacteria at MIC1/2 in the single micromolar range, probably by permeabilizing
their cellular membranes. Synthetic PSD variants, where the native decanoic (C10) acyl
chain is varied in length from C4 to C8 and C12 to C14 carbons, were described to
be not or less active against a panel of gram-positive strains, as compared to native
PSD-C10. Here, we test the membrane-permeabilizing activity of PSD-C4 through PSD-
C14 in terms of calcein release from liposomes, which is characterized in detail by
the fluorescence-lifetime based leakage assay. Antagonistic concentrations and their
chain length dependence agree well for liposome leakage and antimicrobial activity.
The optimal chain length is governed by a balance between membrane partitioning
(favoring longer chains) and the local perturbation or “damage” inflicted by a membrane-
bound molecule (weakening for longer chains). Local perturbation, in turn, may involve
at least two modes of action. Asymmetry stress between outer and inner leaflet builds
up as the lipopeptides enter the outer leaflet and when it reaches a system-specific
stability threshold, it causes a transient membrane failure that allows for the flip of some
molecules from the outer to the inner leaflet. This cracking-in may be accompanied
by transient, incomplete leakage from the aqueous cores of the liposomes observed,
typically, for some seconds or less. The mismatch of the lipopeptide with the lipid leaflet
geometry, expressed for example in terms of a spontaneous curvature, has two effects.
First, it affects the threshold for transient leakage as described. Second, it controls the
rate of equilibrium leakage proceeding as the lipopeptide has reached sufficient local
concentrations in both leaflets to form quasi-toroidal defects or pores. Both modes of
action, transient and equilibrium leakage, synergize for intermediate chain lengths such
as the native, i.e., for PSD-C10. These mechanisms may also account for the reported
chain-length dependent specificities of antibiotic action against the target bacteria.

Keywords: cyclic lipodepsipeptides, membrane-permeabilizing, structure-function relationship, Pseudomonas,
pseudodesmin A, liposome leakage, lipid chain length, equi-activity analysis
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INTRODUCTION

Naturally occurring lipopeptides and other membrane-active
compounds may have great potential for a more individual,
selective design of antimicrobials, insecticides, plant protection
agents, and drugs and are considered a “gold mine” (Cochrane
and Vederas, 2016) and a highly promising approach to
resolve growing resistances and loss of biodiversity, even
though their modes of action are yet still partially enigmatic
(Balleza et al., 2019; Wimley and Hristova, 2019). Besides
classic antimicrobial peptides, which are often produced via
ribosomal synthesis (Datta et al., 2014; Kormilets et al., 2019), the
diverse collective of membrane-active biomolecules also includes
cyclic lipopeptides (CLiPs) (Raaijmakers et al., 2006; Kleijn and
Martin, 2018) synthesized non-ribosomally by bacteria such as
Bacillus (Ongena and Jacques, 2008) or Pseudomonas (Geudens
et al., 2017; Geudens and Martins, 2018). They consist of a
(partially) cyclic oligopeptide group attached to a lipid chain
and are amphipathic. These CLiPs may show plant beneficial,
antimicrobial, antiviral, antitumoral, or antifungal activity,
presumably by perturbing cellular membranes (Raaijmakers
et al., 2010; Schneider et al., 2014; Bonnichsen et al., 2015; Komin
et al., 2017; Li et al., 2017; Guha et al., 2019).

The impact of the lipidic tail length on biological activity has
already been noticed in classic studies based on the separation of
individual species from natural mixtures comprising a variety of
chain lengths. Ongena and co-workers (Henry et al., 2011) have
demonstrated that surfactins, a family of CLiPs from Bacillus,
were able to trigger an immune reaction based on hydrogen
peroxide release from tobacco plant cells if they included a
sufficiently long lipidic chain with 14 or 15 carbons (denoted
C14 and C15) while the C12 and C13 variants showed almost no
activity. Furthermore, it has been reported that the anti-Candida
activity of bacillomycin-D-like lipopeptides, also produced by
Bacillus, increased with chain length from the C14 to the C15
and further to the C16 tail variant (Tabbene et al., 2011). Similar
results have been found by Eshita et al. (1995) for bacillomycin-
L homologs (C14 to C16) while investigating their anti-
fungal activity. However, since these studies employed naturally
occurring variants, they were limited both in scale and in scope.

Recently, De Vleeschouwer et al. (2020) studied the effect
of the lipidic chain length of the CLiP pseudodesmin A (PSD)
from Pseudomonas on antimicrobial activity using variants
obtained through total synthesis. The native pseudodesmin A
with its 10-carbon chain (denoted PSD-C10 here) turned out
to be active against all six tested strains from Enterococcus,
Staphylococcus, and Streptococcus genera with minimal inhibitory
concentrations that inhibit 50% bacterial growth (MIC1/2)
of 1–4 µg/ml. Synthetic, shorter chain analogs turned out
less active (PSD-C8) or inactive (PSD-C6 and PSD-C4). The
longer chain analogs PSD-C12 and PSD-C14 retained full
activity against four of the six strains. The two genera
Enterococcus faecium and Staphylococcus aureus were inhibited
exclusively by the native PSD-C10.

Here, the access to these synthetic PSD lipid tail variants
(Figure 1) is exploited for a biophysical investigation of the
impact of lipid tail length on membrane permeabilization. The

first objective of our study is to test whether the occurrence of
a minimal or optimal chain length for antimicrobial activity of
PSD analogs is paralleled by an optimal chain length for the
permeabilization of liposomal model membranes. The second
objective is to provide detailed, mechanistic, and quantitative
insight on which parameters govern such an optimal CLiP chain
length. To test the hypothesis that these chain-length effects may
be due to rather unspecific bilayer interactions, we selected POPC
liposomes as a generic membrane model examining only this
level of interactions. This approach deliberately eliminates other
important, potential determinants of lipid selectivity (Fiedler
et al., 2015) that may arise from specific lipids contained in
the outer and inner leaflet of the plasma membranes of gram-
positive bacteria. This aims at assigning chain length effects on
activity and selectivity to their underlying molecular interactions;
it does not attempt modeling the bacterial membrane as
good as possible.

The strategy of our study is to separate the contributions
to dose-response curves of membrane permeabilization arising
from (i) membrane partitioning and (ii) the extent of local
damage caused by membrane-inserted molecules. In this context,
“local damage” stands for any local structure or event induced by
a membrane-inserted PSD that gives rise to membrane leakage.
It does not distinguish between specific modes of action such as
the potential formation of pore-forming PSD assemblies, (which
have only been observed in chloroform) (Sinnaeve et al., 2009a),
the formation of double-stranded PSD-filaments (Crowet et al.,
2019) or the rather unspecific induction of lipid bilayer stress that
results in leakage.

This partitioning versus local damage strategy is inspired by
the finding that other hydrophobic size optima of membrane-
active compounds are a result of a balance between membrane
insertion (favoring long chains) on the one hand and higher
local activity within the membrane (favoring shorter chains)
on the other hand. This principle applies, at least to some
extent, to membrane permeabilization (de la Maza et al.,
1998) and solubilization (Heerklotz, 2008) by detergents.
Also the famous Meyer-Overton rule (Meyer, 1899; Overton,
1901), which describes the increase in activity of general
anesthetics with increasing lipophilicity, is limited by a
loss of local activity of too lipophilic compounds (Cantor,
2001; Ingólfsson and Andersen, 2011). Finally, a common
window of optimal hydrophobicity was also found for
the vast majority of drugs that have to diffuse across
membrane barriers to reach the blood stream (Lipinski
et al., 2001; Lipinski, 2004), in this case resulting from
the need to dissolve sufficiently in both, hydrophilic and
lipophilic, environments.

In this work, membrane leakage is characterized using
a fluorescence-lifetime based leakage assay (Patel et al.,
2009) which combines the self-quenching of entrapped
calcein (Blumenthal et al., 1977; Allen and Cleland, 1980)
enabling simultaneous quantification and characterization
of free and entrapped dye utilizing time-correlated single-
photon counting (TCSPC) without neglecting the potentially
increasing fluorescence intensity from dye remaining
entrapped. An equi-activity analysis is performed to
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FIGURE 1 | Molecular structure of the pseudodesmin A analogs PSD-C4 to PSD-C14. The color code of each 3-hydroxy fatty acid chain indicates the respective
analog (C4–C14) throughout the study.

separate effects of partitioning from those of local damage
(Encinas and Lissi, 1982; Heerklotz et al., 1994; Paternostre
et al., 1995; de la Maza and Parra, 1997; Heerklotz and
Seelig, 2007; Fan et al., 2014). To this end, liposome
leakage is measured as a function of both, lipid and PSD
concentrations. As a result, a clearer picture emerges for
the role of the lipidic chain length in the expression of
antimicrobial activity.

MATERIALS AND METHODS

Materials
Lipoid GmbH (Ludwigshafen, Germany) kindly provided the
phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC). Calcein and ethylenediaminetetraacetic acid (EDTA)
were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Tris(hydroxymethyl)aminomethane (Tris),
chloroform, dimethyl sulfoxide (DMSO), NaCl, NaOH, and HCl
were purchased from Carl Roth GmbH (Karlsruhe, Germany).

The cyclic lipopeptide pseudodesmin A (PSD-C10) was
isolated as previously described (Sinnaeve et al., 2009b). Its
synthetic analogs PSD-C4, PSD-C6, PSD-C8, PSD-C12, PSD-
C14, solubilized in DMSO, were synthesized as described (De
Vleeschouwer et al., 2014, 2020) and quantified by NMR using
the digital ERETIC method based on PULCON (Wider and
Dreier, 2006). All solutions were prepared using ultrapure
water prepared by the arium R© pro system (Sartorius AG,
Göttingen, Germany).

Liposome Preparation
Large unilamellar POPC vesicles encapsulating the fluorescence
dye calcein (calcein-LUVs) were prepared by thin lipid

film hydration method. First, dry lipids were dissolved
in chloroform and pipetted in desired amounts into
1.5 mL HPLC vials using a positive displacement pipette
(Eppendorf AG, Hamburg, Germany). Chloroform was
removed by a RVC 2–18 CDplus vacuum centrifugator
at 36◦C (Martin Christ GmbH, Osterode am Harz,
Germany) and thin lipid films were dried under high
vacuum overnight. Dried lipid films were covered with
inert argon gas and vial lids were sealed with parafilm. Lipid
films were either stored at −20◦C or used for liposome
preparation immediately.

Subsequently, lipid films were hydrated with calcein buffer
(70 mM calcein, 10 mM Tris, 0.5 mM EDTA, pH 7.4) at
room temperature, followed by four freeze-thaw cycles using
dry ice and a water bath at 50◦C, and extruded with a
LiposoFast hand extruder (Avestin Inc., Ottawa, ON, Canada)
through a 200 nm (30×) and a 100 nm polycarbonate
membrane (51×). Z-Average hydrodynamic diameter (115–
125 nm) and polydispersity index (<0.1) were checked by
dynamic light scattering (DLS) using a Zetasizer Nano ZS
(Malvern Panalytical Ltd., Worcestershire, United Kingdom).
LUVs were loaded on a PD-10 desalting column (GE Healthcare,
Little Chalfont, United Kingdom) to remove free calcein and
to exchange the external calcein buffer by isotonic standard
buffer (10 mM Tris, 110 mM NaCl, 0.5 mM EDTA, pH
7.4). The final phospholipid concentration was analyzed via
colorimetric determination of inorganic phosphate according to
Bartlett (1959) and liposomes were stored at room temperature
to avoid phase transition.

Leakage Kinetics Experiments
First, a dispersion of calcein-LUVs was filled into disposable
fluorescence cuvettes (Sarstedt AG & Co., KG, Nümbrecht,
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Germany). Then, an aliquot of the respective PSD solution
in DMSO was slowly added and gently mixed with the
liposome dispersion to start the incubation time. The final
lipid concentration in these samples was 30 µM and the final
DMSO content was ≤3 v%. The samples were incubated on
a rotary shaker (400 rpm) at 25◦C and protected from light.
TCSPC measurements as described below were carried out
practically immediately after mixing and after incubation for
10 min, 30 min, 1 h, 2 h, and 24 h. Samples without any
PSD, containing only Tris buffer and calcein-LUVs, were always
included as controls.

Here, the use of stock solutions in DMSO to enhance
dissolution and mixing of PSD with the liposome suspension
follows the procedure utilized by, e.g., Coraiola et al.
(2006) or Geudens et al. (2017). Small aliquots of these
stock solutions are injected into liposome dispersions to
start the incubation and, potentially, the leakage process
(“peptide-into-lipid” mixing). The final DMSO concentration
upon incubation was ≤3 v%. Reference experiments at
various DMSO contents ranging from 1 to 20 v% indicated
that at up to 5 v%, DMSO does not affect CLiP-induced
liposome leakage.

Dose-Response Curves at Variable Lipid
Concentrations
Experiments at various lipid concentrations were performed
following a top-up protocol as described (Heerklotz and
Seelig, 2007; Patel et al., 2011; Fiedler and Heerklotz, 2015).
This procedure allows to study the effect of different lipid
concentrations during the incubation time of the liposomes with
the PSDs on the one hand but conserves the lipid and the
calcein concentrations upon TCSPC measurement on the other
hand. This approach also keeps inner filter effects and turbidity
constant for all measurements, which is particularly important
for steady-state experiments. TCSPC is unaffected by general
intensity changes but we nevertheless followed this optimal
protocol, which also reduces the total amount of calcein-LUVs
needed. The dilution upon top-up must be considered to induce
the release of bound peptide from the liposomes, thus slowing
down or quenching further leakage. Hence, diluted samples do
not permit recording kinetic data by repeated measurements of
the same sample.

According to this protocol, specific amounts of PSD were
incubated with calcein-LUVs all containing 42 nmol of lipid,
either in 210 µL (200 µM lipid), in 420 µL (100 µM lipid), in
700 µL (60 µM lipid), or in 1,400 µL (30 µM lipid), respectively.
These samples were prepared directly in disposable cuvettes
(Sarstedt AG & Co., KG, Nümbrecht, Germany) and shaken.
Prior to the measurement, all samples were topped up with
standard buffer to 1.4 mL, thus diluting the lipid to 30 µM and
the PSD in proportion.

In addition to the top-up series, a set of samples was measured
after incubating the PSDs with 15 µM lipid in 1.4 mL without
top-up, i.e., with half the lipid and calcein concentrations
compared to the 30 µM series, and with 1 µM lipid in 1.4 mL
(for PSD-C10 and PSD-C12) without top-up.

Time-Correlated Single-Photon Counting
(TCSPC)
PSD-induced calcein leakage from LUVs was measured as
described (Patel et al., 2009) by TCSPC in a FluoTime 100
spectrometer (PicoQuant, Berlin, Germany). Excitation was at
467 nm (pulse width 20 ps) using an LDH-P-C-470 laser diode
(PicoQuant, Berlin, Germany) operated by a PDL 800-D laser
driver with a 20 MHz repetition rate. Pile-up was kept below 1
count per 100 excitation pulses (sync) by a suitable attenuator.
Fluorescence was accumulated at ≥530 nm (OG530 longpass
filter) by a PMA 175-N detector for 30 s, giving rise to about 105

peak counts, and recorded with a resolution of 25 ps per bin. For
each series of runs, the instrument response function (IRF) was
recorded using a Ludox HS-40 scattering standard.

Using the FluoFit software (PicoQuant), the TCSPC data were
fitted by reconvolution of the IRF with a biexponential decay of
the amplitude, B, as a function of time after the trigger signal of
each excitation pulse, t:

B (t) = BE · e
−

t
τE + BF · e

−
t

τF (1)

Here, τF ≈ 4 ns stands for the fluorescence lifetime of dilute
calcein, i.e., the dye outside the liposomes. After complete
leakage, the concentration of the free dye is about 5 µM. Dynamic
self-quenching reduces the lifetime of liposome-entrapped dye,
τE, to 0.4 ns at the original dye concentration of 70 mM. Partial
release of dye from the liposomes and the resulting gradual
dilution cause intermediate values of 0.4 ns < τE < 4 ns
and, hence, alter the contribution of the entrapped dye to the
fluorescence intensity. The same would apply in case of potential
interactions of some calcein with the inner liposome surface
as described for carboxyfluorescein (Chen and Knutson, 1988).
However, the preexponential factors, BF and BE, obtained from
the fit scale to a good approximation with the total numbers of
free and entrapped dye molecules, respectively, thus yielding the
fraction of leaked dye, L, as:

L =
BF − BF0

BF − BF0 + QStat · BE
(2)

Here, BF0 represents free calcein present without leakage
(due to imperfect removal of free calcein by size exclusion
chromatography) and,

QStat =
BF − BF0

BE0 − BE
≈ 1.2 ± 0.2 (3)

corrects for a small contribution of static quenching of entrapped
calcein (see Patel et al., 2009 for details).

RESULTS

Test of Assay and Error Assessment
Preliminary experiments showed that PSDs became inactivated
for membrane permeabilization when attempted to be dissolved
in buffer with ≤3 v% of DMSO. What turned out possible was
a peptide-into-lipid mixing assay injecting very small aliquots
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FIGURE 2 | Error analysis for different “peptide-into-lipid” mixing protocols.
Leakage kinetics data for 25 µM PSD-C14 acting on liposomes of 30 µM
POPC (=lipid) as a function of incubation time. Gray solid symbols represent
mixing sequences with 30 µM lipid + PSD-C14, open orange symbols with
vertical bar denote the sequence of 15 µM lipid + PSD-C14 + 15 µM lipid (so
far, all liposomes calcein loaded), and half-blue symbols represent the
sequence of 15 µM lipid without calcein + PSD-C14 + 15 µM lipid calcein
loaded. Different symbol types with the same color/style stand for individual
series of experiments. Grid lines point to the 1 h standard incubation time (red)
and typical L errors after 1 and 5 h (green).

of PSD solutions in DMSO into a liposome dispersion. As the
DMSO gets diluted, the PSD can bind to liposomes and, hence,
its precipitation is avoided. A general drawback of this approach
compared to the “lipid-into-peptide” protocol (Wieprecht et al.,
1999; Heerklotz and Seelig, 2007; Patel et al., 2011) is that it does
not exclude locally and transiently higher PSD concentrations
interacting with liposomes during the mixing process, typically
on a sub-second timescale. Such heterogeneity effects may affect
leakage data if the redistribution of the peptide to equilibrate
between the liposomes is not faster than leakage.

First, we tested experimental error ranges that include not
only variations observed by simple repetitions but also possible
shifts due to mixing heterogeneity issues. To this end, we
recorded leakage kinetics in samples incubating 25 µM PSD-
C14, the compound with the lowest solubility in our study,
with liposomes of 30 µM POPC (Figure 2). Gray symbols
represent samples with calcein-loaded liposomes (30 µM lipid)
to which the PSD was added (standard “peptide-into-lipid”
protocol), either in a gentler fashion or with the sample
on the rotation mixer upon pipetting the PSD-C14. Half-
blue symbols were obtained by starting with a 15 µM POPC
liposomal dispersion containing no calcein, i.e., not contributing
to the leakage readout. Then, the PSD-C14 was added and
right after, another aliquot of liposomes, this time calcein-
loaded ones, adding another 15 µM lipid. The overall contents
after mixing are the same as before, 30 µM lipid exposed to
25 µM PSD-C14, but the PSD that has bound to the “empty”
liposomes upon injection can leak the calcein-loaded liposomes
only after redistributing between the liposomes. Finally, orange

symbols with a vertical bar refer to the sequence of additions
starting with 15 µM calcein-loaded liposomes and adding,
first, 25 µM PSD-C14 and, second, another 15 µM calcein-
loaded liposomes.

Inspection of the results shows likely significant deviations
up to about 30 min incubation for the “empty-PSD-calcein”
protocol (half-blue symbols), indicating that redistribution of
PSD-C14 proceeds on the timescale of minutes. After 1 h,
all data seem to scatter within the same range, L = (9 ± 2
SD) % and after 5h, L = (50 ± 10)%. Note that the crucial
error range of this assay is not so much that of L but
rather that of the active concentration at which significant,
e.g., 50%, leakage occurs, cPSD

50. For the curves shown in
Figure 3A, an error of ±10% in L would convert into ±10% in
cPSD

50.
Slow redistribution of a PSD can be seen from two

perspectives. On the one hand, it could be considered an
experimental artifact if the measured extents and kinetics of
leakage are affected by the speed of the peptide to actually reach
each liposome equally. On the other hand, compounds with poor
solubility in the range of their active concentration will also
suffer from reduced bioavailability and, hence, reduced or delayed
activity in vivo.

The other crucial error in this study is that of the intrinsically
active concentration of bound PSD. This is obtained from the
statistics of the fit of the equi-activity lines as explained in section
“Equi-Activity Analysis” below.

Typical Dose-Response Curves
Dose response curves represent a defined response (here:
calcein leakage after a given incubation time) as a function
of the active agent (here: PSD concentration) at a set target
concentration (here: lipid concentration). In line with literature
standards (Wimley and Hristova, 2019) and considering
practicability, we decided to use an incubation time of
60 min and a set lipid concentration of 30 µM calcein-
LUV to measure typical dose-response curves for all PSD
analogs (Figure 3A).

The most leakage-active PSD analogs according to this
criterion were, interestingly, the natural compound with its 10-
carbon chain, PSD-C10, and its C8 analog. They show sigmoidal
and rather steep dose-response curves centered at cPSD (L = 50%)
≡ cPSD

50
≈ 6 µM, increasing from 20 to 80% leakage over a

factor of about 2 in concentration (the typical step in an MIC
assay). Analogs with longer acyl chains appear less active, the
associated curves shifting to the right (see cPSD

50 in Table 1)
while keeping their slope roughly unchanged. Shortening the
chain rendered the compounds less active as well. Furthermore,
PSD-C6-induced leakage was less cooperative as inferred from
the less steep dose-response curve compared to the longer chain
analogs. The PSD-C4 analog carrying the shortest lipid chain
shows almost no membrane-permeabilization activity anymore
up to a concentration of 22 µM.

The chain length dependence of the leakage-inducing activity
is moreover illustrated by the amount of calcein leakage of 30 µM
calcein-LUVs induced by 1 h preincubation with 10 µM of the
PSD analogs (Figure 3B, filled symbols). Plotting leakage, L, as
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FIGURE 3 | Induced leakage of 30 µM calcein-LUV after 1 h incubation time as a function of PSD concentration (A). Leakage of 30 µM calcein-LUV induced by
10 µM PSD as a function of PSD acyl chain length after 1 h (filled symbols) and 24 h (open symbols) incubation time (B).

TABLE 1 | Effective PSD concentrations to induce 20, 50, and 80% calcein leakage of 30 µM calcein-LUVs after 1 and 24 h incubation time.

PSD 1 h incubation 24 h incubation

cPSD
50 cPSD

20 cPSD
80 cPSD

50 cPSD
20 cPSD

80

All in µM

C4 >20 >20 >20 >20 >20 >20

C6 13 6 >18 8 4 16

C8 6 4 9 4 2 6

C10 6 4 9 4 3 6

C12 10 6 13 6 4 10

C14 21 15 >25 8 5 13

The data represent individual measurements, for a general analysis of errors see section “Test of Assay and Error Assessment.”

a function of the PSD acyl chain length yields a bell-shaped
activity curve. After 24 h incubation, the activity maximum
remains at PSD-C10 as already seen after 1 h. However, the
longer-chain compounds PSD-C12 and PSD-C14 “catch up,”
inducing more calcein leakage with time due to their slower yet
ongoing leakage (Figure 3B, open symbols; see also section on
kinetics below).

Leakage Kinetics
Dose-response curves refer to a snapshot of leakage after a
defined incubation time, in our example 60 min. This raises the
question of how fast an antimicrobial agent should kill its target
bacteria to be active in vivo. Different incubation times may
compromise the comparison between different assays of activity.
Furthermore, the progress of leakage as a function of incubation
time can also provide additional information about the mode
of action of the compound (Hovakeemian et al., 2015; Stulz
et al., 2019). Therefore, we have recorded leakage kinetics over
several hours at a constant cL = 30 µM for all PSDs studied here
(Figure 4) to reflect the occurrence and effectiveness of leakage
events over time. The curves reveal different types of leakage

kinetics which have been classified by Wimley and Hristova
(2019) as transient, equilibrium, and hybrid leakage.

Transient leakage results from a non-equilibrium state of
the membrane that equilibrates, at least partially, upon leakage
so that leakage stops after a transient, limited efflux of dye.
A typical cause of transient leakage is asymmetry stress between
a peptide-containing outer and a peptide-free inner leaflet of
the bilayer; for a detailed discussion, see below. By contrast,
“equilibrium leakage” may occur within a relaxed, relatively
equilibrated membrane that does not change its principal
properties associated with the dye release. Individual defects or
pores may close after some time, but others will appear with the
same likelihood. Ideally, equilibrium leakage proceeds with first
order kinetics until practically all dye is released. Hybrid leakage
is a combination of the two.

The kinetics in Figure 4 imply that most PSDs show hybrid
leakage yet with proportions changing markedly with chain
length. Transient leakage accounts for the limited levels of
leakage by PSD-C4 reached within approximately 10 min. It
then becomes faster and more pronounced with increasing chain
length as evident from the increasing “starting” leakage, L (t
≈ 1 min), for PSD-C6 and PSD-C8. For PSD-C10, there is
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FIGURE 4 | Cumulative leakage kinetics over 24 h of calcein-LUVs (=30 µM) induced by PSD-C4 (A), PSD-C6 (D), PSD-C8 (B), PSD-C10 (E), PSD-C12 (C), and
PSD-C14 (F). The amount of total leakage (=released calcein) in % is shown as a function of time on a logarithmic scale. Investigated time points are right upon
addition of the active compound and after 10, 30, 60, 120, (180 for PSD-C4 and PSD-C14), and 1440 min incubation time. Lines are to guide the eye, whereas the
rainbow color code changes from purple (=0 µM PSD addition) to dark red with increasing concentrations of the respective active PSD variant, as labeled.

no marked further increase compared to PSD-C8. For PSD-
C12 and PSD-C14, this fast leakage becomes very weak and
eventually vanishes.

Substantial equilibrium leakage is seen for PSD-C6 through
-C14, with slower rates for long-chain analogs, PSD-C12 and
-C14, compared to PSD-C8 and -C10. As discussed in the
section “Materials and Methods,” it cannot be ascertained that
the kinetics of PSD-C14 leakage, particularly on the minute
timescale, are unaffected by a slow redistribution of the molecule
after heterogeneously binding to liposomes upon mixing. The
finding of a significant lag time between mixing and the
beginning of leakage and the exact rates may be caused by
this phenomenon.

As mentioned, this is not just a technical issue as slow
redistribution and limited bioavailability due to low solubility
must be considered to affect biological function, too. General
modes of action related to such kinetics as well as potential
implications for antimicrobial activity will be discussed below.

Equi-Activity Analysis
At first glance, it appears counterintuitive that a continuous
change in the chain length of PSD analogs causes a bell-shaped
activity profile as illustrated in Figure 3B. A likely explanation
of this behavior is that membrane leakage requires a balance

of (i) membrane partitioning, which is a prerequisite for any
action within the membrane and should increase with increasing
chain length, and (ii) the extent of local damage induced by a
membrane-bound CLiP contributing to leakage.

To test this hypothesis, we have separated the contributions
of partitioning and local damage to the dose-response curves
by an equi-activity analysis (Heerklotz, 2008; Patel et al., 2009,
2011). This analysis assumes that a certain membrane change
(here: leakage) is unequivocally related to the content of an active
compound within the membrane, specified here by the mole ratio
of membrane-bound PSD cPSD

b to lipid cL, Rb:

Rb =
cb

PSD
cL

(4)

In other words, whenever a certain leakage, L, is measured,
the membrane contains a corresponding ratio Rb of PSD per
lipid. Practically, a certain degree of leakage can be obtained by
different combinations of total PSD and lipid concentrations,
cPSD and cL. Figure 5A shows leakage curves for five different
lipid concentrations (cL = 15–200 µM). Each curve reaches a
certain L value, for example, L = 40% (green horizontal line),
at a specific cPSD. The (interpolated) crossing points of e.g., the
green horizontal line for L = 40% with the leakage curves are then
plotted as green multiplication signs in Figure 5B.
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FIGURE 5 | Leakage after 1 h incubation of PSD-C8 with calcein-LUVs with lipid concentrations cL ranging from 15 to 200 µM (A). Plotting cPSD needed to trigger a
certain calcein leakage (%) for a given lipid concentration, cL, creates the equi-activity plot of PSD-C8 (B).

The fact that the crossing points describe a straight line
to a very good approximation is a direct consequence of the
assumption that all these points, sharing, e.g., L = 40%, also share
a common Rb, which shall be referred to as Rb

40. Namely, the
total PSD concentration cPSD is the sum of the concentrations
of bound and aqueous PSD, cPSD

b and cPSD
aq, and the former

can be replaced by Rb·cL. Using eq. (4), we then obtain the linear
relationship:

c40
PSD = R40

b · cL + caq,40
PSD (5)

The green line representing cPSD
40 as a function of cL in Figure 5B

with:
c40

PSD = 0.14 · cL + 1.6 µM (6)

implies that ∼14 bound molecules of PSD-C8 per 100 POPC
molecules (Rb

40, slope) induce 40% calcein leakage after 1 h,
and that this membrane is in equilibrium with a free PSD-C8

TABLE 2 | Rb
50, cPSD

aq,50 [µM], and K [µM−1] values for PSD analogs.

PSD Rb
50 cPSD

aq,50 [µM] K [µM−1]

C6 0.17(1 h) ± 0.043 7.0 ± 3.0 0.030 ± 0.0067

C8 0.16(1 h) ± 0.0034 1.6 ± 0.36 0.089 ± 0.0035

C10 0.18(1 h) ± 0.0029 1.3 ± 0.32 0.14 ± 0.007

C12 0.27(1 h) ± 0.014 1.4 ± 0.87 0.28 ± 0.020

C14 0.55(3 h) ± 0.042 Set to 0 n.d.

Rb
50 and cPSD

aq,50 [µM] derived by equi-activity analysis after 1 h (C6-C12)
or 3 h (C14) incubation time. K [µM−1] values derived by linear regression of
respective Rb and cPSD

aq [µM] data and shown by the slope and Y-Intercept of
the linear fits in Figure 5B. The very weak calcein leakage induced by PSD-C4 at
relevant concentrations did not warrant an equi-activity analysis. For PSD-C14, the
intercepts in the equi-activity fit, (cPSD(cL); cPSD

aq), were too small (within error of
zero) to be quantified so that K could not be calculated. Error ranges represent
standard errors of the equi-activity fit (as illustrated in Figure 5) for Rb

50 and
cPSD

aq,50 and of the fit of the partitioning isotherms shown in Figure 6B. Additional
errors may apply as discussed in section “Test of Assay and Error Assessment.”

concentration of 1.6 µM (y-intercept). The same procedure was
carried out for all other horizontal lines in Figure 5A yielding the
linear fits in Figure 5B and, in turn, series of corresponding L, Rb,
and cPSD

aq values for each PSD as listed in Table 2.
It should be noted that a complete equi-activity analysis

reaches its limits for compounds with very high membrane
affinity that yield y-intercepts of the equi-activity plot (displaying
cPSD as a function of cL as shown in Figure 5B), i.e., values of
cPSD

aq, that are within the error of the origin (Fan et al., 2014;
Fiedler and Heerklotz, 2015). This problem occurred for PSD-
C14. The resolution of the low-cL-range is limited by the signal-
to-noise ratio of the experiments. Due to this, a free linear fit of
the PSD-C14 data to calculate Rb and cPSD

aq was not possible.
Hence, the origin of the linear fits for the PSD-C14 data were set
to 0 for further analysis. Then, the analysis still provides a good
value for Rb (which, in this case, approaches the total mole ratio
in the sample) but does not warrant quantifying cPSD

aq and, in
turn, the partition coefficient (see below).

DISCUSSION

Activity as a Balance Between
Membrane Insertion, Local Membrane
Damage, and Bioavailability
Performing the equi-activity analyses supports our hypothesis
that the bell-shaped leakage-activity curve (Figure 3B),
indicating an optimal PSD chain length of 8–10 carbons
for POPC membrane permeabilization, is a consequence
of the balance between partitioning (favoring long chains,
see partitioning isotherms in Figure 6B) and induced local
membrane damage (favoring short chains, see universal leakage
curves in Figure 6A). Furthermore, very low solubility of
longer-chain compounds was discussed to limit bioavailability
and slow down kinetics of membrane insertion and leakage.
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FIGURE 6 | Leakage of calcein-LUVs after 1 h incubation time induced by
PSD-C6 (blue circle), PSD-C8 (cyan diamond), PSD-C10 (green star), and
PSD-C12 (yellow square), and after 3 h incubation time induced by PSD-C14
(red triangle), as a function of the mole ratio within the lipid membrane, Rb (A).
Rb as a function of free PSD (cPSD

aq) describing membrane partitioning for
C6, C8, C10, and C12 analogs (B). The standard Gibbs free enthalpy of
partitioning, 1G◦, as a function of the PSD chain length along with a linear fit
suggesting a methylene group contribution of –0.9 kJ/mol (C). Error bars
indicate standard errors of the equi-activity fit as illustrated in Figure 5.

Strong local damage imposed by a membrane-bound PSD
is indicated, e.g., by a low Rb

50. In fact, Rb
50 decreases with

decreasing chain length from C14 to C8 (Figure 6A and

Table 2); large uncertainties for PSD-C6 due to imperfect
leakage curve resolution obscure a possible trend as chain
length is further reduced. It should be noted that the
construction of the universal leakage curve eliminates the effect
of the absolute lipid concentrations used in the experiments,
but these leakage curves still change as a function of
incubation time. That means, slow leakage contributes little
to the local damage by long-chain PSDs after 60 min, but
these PSDs may “catch up” to some extent with increasing
incubation times.

The partitioning isotherms (Figure 6B) show that the affinity
of the PSDs to insert into the membrane increases monotonically
with increasing chain length. The slope of an error-weighted
linear fit through the origin yields the average, apparent mole-
ratio partition coefficient, K, as described in Lichtenberg (1985),
de la Maza et al. (1998), Heerklotz (2008):

K =
Rb

cPSDaq (7)

The resulting values for K are included in Table 2 and the
resulting standard Gibbs free enthalpy of partitioning, 1G◦, is
plotted as a function of chain length in Figure 6C. Note that the
slope reveals a standard Gibbs free energy increment of 11G◦
per methylene of −0.9 kJ/mol, which is considerably smaller
than those concluded from hydrocarbon solubility (−3.7 kJ/mol)
(Gill and Wadso, 1976), micelle formation (−3.1 kJ/mol)
(Heerklotz and Epand, 2001) and membrane partitioning of
detergents (3.4 kJ/mol) (Heerklotz, 2008). This is reminiscent
of a reduced increment found for micelle formation of short-
chain diacyl phosphatidylcholines (−2.5 kJ/mol) (Tanford, 1980;
Heerklotz and Epand, 2001) which was explained by chain-
chain contacts causing reduced water exposure in solution.
Analogously, we may explain this finding for PSDs by the chain
folding back to hydrophobic regions of the peptide moiety
in solution, as stated, e.g., for the CLiP Tolaasin I by Jo
(2011).

The Effect of PSD Chain Length on the
Mode of Membrane-Permeabilizing
Action
As mentioned already, membrane leakage by PSDs is based on at
least two distinct modes of action, with contributions that vary
depending on the PSD chain length.

While leakage data do not provide direct information about
the local PSD and lipid arrangements of membrane defects
or pores, they may provide indispensable, complementary
information on modes of action. For example, the finding of
transient, limited leakage can be considered a strong indication
for a mode of action that is eliminating its own driving force,
such as asymmetry stress. Accordingly, the PSD inserts between
the lipids in the outer leaflet of the membrane bilayer and,
thus, expands this outer leaflet (cartoon 1 in Figure 7). If the
bilayer cannot bend, the areas of both leaflets have to match and
hence, the inner leaflet gets stretched well beyond its optimal
area. This creates a mechanical area-asymmetry stress (Heerklotz,
2001; Heerklotz et al., 2004; Esteban-Martín et al., 2009) [for
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FIGURE 7 | Schematic representation of the expected membrane phenomena and their related modes of action to induce leakage by PSDs. The data suggest
PSD-C4 to act by asymmetry stress and to cause transient leakage accompanying its cracking-in (trace 1-2a-3a). Due to its weak membrane partitioning, PSD-C4
fails to reach the local content required to induce pores via curvature stress. PSD-C6 through PSD-12 induce transient leakage translocating PSD into the inner
leaflet that gives rise to curvature strain, hence, promotes subsequent equilibrium leakage (trace 1-2a-3b-4-3b-4 etc.). PSD-C14 shows no fast, transient leakage
but, after slow flip of some of it to the inner leaflet, equilibrium leakage (trace 1-2b-3b-4-3b-4 etc.). See text for further explanation.

reviews: see Heerklotz (2008); Wimley and Hristova (2019)],
that opposes further PSD uptake (Heerklotz, 2001; Heerklotz
and Seelig, 2001; Fan et al., 2016). This asymmetry stress can,
ultimately, be relaxed either by (i) a flip of individual molecules
across the intact membrane (cartoon 2b in Figure 7) or by (ii) a
transient local failure of the membrane that permits a “cracking-
in” of peptide and lipid (Fan et al., 2014, 2016) (cartoon 2a
in Figure 7) and is often accompanied by leakage between the
aqueous compartments at both sides of the membrane as well. As
the asymmetry stress is relaxed at least partially, the membrane
anneals and remaining entrapped dye can no longer be released
via this asymmetry stress driven mechanism (cartoon 3a in
Figure 7; Pokorny and Almeida, 2004). The respective cartoons
in Figure 7 are inspired by snapshots of an MD simulation of this
mechanism by Esteban-Martín et al. (2009) and Marrink et al.
(2009).

In addition to this transient, typically fast but limited leakage,
PSDs show a second, often slower but unlimited leakage process
which can tentatively be assigned to a local arrangement of PSDs
and/or lipids that induces a defect or pore. Examples for such
structures are pore-forming peptide oligomers, which have in
fact been proposed also for PSD (Sinnaeve et al., 2009a, 2012;
Crowet et al., 2019), and quasi-toroidal defects of the lipid bilayer
(cartoon 4 in Figure 7) with its high local interfacial curvature
stabilized by curvature-active peptides (Esteban-Martín et al.,
2009; Marrink et al., 2009). The latter phenomenon would be in

line with a weakening of the local damage with increasing chain
length because longer chains give rise to less positive spontaneous
curvature. However, it is also conceivable that the formation of
pore forming peptide assemblies favors shorter chains.

Taking all these findings together provides convincing,
possible explanations for the chain-length optimum for the
antibacterial activity of PSDs at intermediate chain lengths such
as decyl:

(i) Membrane partitioning increases with increasing chain
length. Of PSDs with shorter chains, a major fraction typically
remains in solution and these molecules are not active
in the membrane.

(ii) Local damage tends to decrease with increasing chain
length. This is expected concerning curvature activity but may
also be related to a lower tendency to self-assemble to form pores.

(iii) Bioavailability may become compromised for long-chain
PSDs on shorter timescales. Low solubility may slow down PSD
transport to and into the target membrane.

Antibacterial Activity and
Selectivity-Suggestions From Liposome
Leakage
The concentrations of the PSDs needed for liposome
leakage agree astonishingly well with the minimal inhibitory
concentrations which inhibit bacterial growth by at least 50%
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FIGURE 8 | Comparison of the minimal inhibitory concentrations which inhibited bacterial growth by at least 50% (MIC1/2) of PSD analogs against selected bacteria
(step functions with horizontal bars) as published by De Vleeschouwer et al., 2020, and the concentrations needed to induce 50% leakage from 30 µM calcein-LUVs
after 1 h (+, upper border of green area) and after 24 h (×, lower border). All characteristic concentrations are shown as a function of the chain length of the PSD
analogs.

(MIC1/2) against a panel of Gram-positive bacteria reported
by De Vleeschouwer et al. (2020), as illustrated by Figure 8.
The concentration range used for antibacterial testing extends
from 0.016 to 32 µg/mL in twelve dilution steps which
converts to ≈ 30 µM as the highest tested concentration (exact
concentrations range from 27.1 µM (PSD-C14) to 32.5 µM
(PSD-C4) due to minor differences in molar mass). Both S. aureus
(blue bar in Figure 8) and E. faecium (not shown in Figure 8) are
inhibited at concentrations below ≈ 30 µM only by the natural
PSD-C10, with all other chain length variants showing MIC1/2
values above this limit. Moreover, the C10-chain also represents
a threshold chain length for Enterococcus faecalis (orange bars in
Figure 8), Clostridium perfringens, and Streptococcus pneumonia
(not shown in Figure 8) as PSDs with shorter chain lengths
display MIC1/2 values equal to or above the 30 µM limit against
these three organisms. For PSD analogs with longer chains,
the activity against these three bacterial strains is comparable
to the observed activity for the natural PSD-C10. Finally,
Streptococcus pyogenes (red dashed bars in Figure 8) is sensitive
to a broader range of PSDs, with PSD-C10 and PSD-C12 being
the most active species.

The concentrations needed to induce 50% dye leakage from
30 µM POPC calcein-LUVs after 1 h (light green crosses in
Figure 8) to 24 h (dark green multiplication signs in Figure 8)
are used to define the boundaries of the green area in Figure 8.
For lower lipid concentrations, the boundaries would shift down,
approaching for cL→0 the values of cPSD

aq,50 which are given

in Table 2. Based on the hypotheses discussed in the previous
section, one could assign the upper boundary of the green
range to rather fast, primarily asymmetry-stress driven mode
of action and the lower boundary to also include equilibrium
defect formation.

These boundaries not only agree with the general
concentration range of the MIC1/2 but also, to a large extent, with
the observed chain length dependency and with their minimum
MIC1/2 for the C10 chain. Furthermore, a previous study of
liposome leakage induced by native PSD on a specific model for
bacterial membranes yielded fairly similar results as well. Leakage
of liposomes of phosphatidylglycerol, phosphatidylethanolamine
and cardiolipin (7:2:1 mole ratio, total 25 µM) progressed
between 2–8 µM PSD (cPSD

50 = 4 µM) (Geudens et al., 2017)
as compared to 3–10 µM (cPSD

50 = 6 µM) for 30 µM of
POPC obtained here.

In spite of these agreements, the results reported here should
be discussed with utmost caution. As discussed above, the simple
lipid bilayer model used in this work is not meant to represent at
all potentially important features of inner membranes of Gram-
positive bacteria. Instead, it demonstrates that the chain length
dependence obtained for several MICs can be generally explained
already on the lowest level of lipid bilayer complexity. The good
quantitative agreement of cPSD

50 with that of more elaborate
model membranes and with MIC1/2 values may be fortuitous
given expected influences of the specific lipid composition of the
bacterial membrane (Sohlenkamp and Geiger, 2016), non-lipid
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effects of bacterial targets, the open question which extent of
leakage corresponds to a deadly damage, et cetera. Nevertheless,
the generic phenomena suggested by our data to govern leakage
allow for hypotheses regarding modes of action and selectivity
criteria to inspire related, microbiological tests.

Equilibrium leakage requires a threshold content of PSD in the
inner leaflet and often proceeds at a slow rate. It could be opposed
by efflux pumps or other mechanisms to eliminate the PSD from
the inner leaflet on the time scale of hours. One may speculate
that S. aureus and E. faecium are able to resist slow, equilibrium
leakage whereas E. faecalis with its MIC1/2 values rather following
the lower, slow-leakage boundary of the green area, is not.

Fast, transient leakage by asymmetry stress would be avoided
by other membrane components that can quickly redistribute
between the leaflets hence balancing the outside insertion of
PSDs by accumulating these other compounds in the inner
membrane leaflet. Alternatively, resistance could arise from a
“blow-off valve” allowing for the controlled breakthrough of
lipids to the inner leaflet above a threshold stress, maybe similar
to mechanosensitive channels limiting symmetric membrane
stretching in hypoosmotic environments (Peyronnet et al., 2014).
Finally, an overall higher mechanical stability of the membrane
may help tolerating asymmetry stress. Maybe S. pyogenes is
less able to utilize such mechanisms than, e.g., S. aureus
which requires a combination of maximal asymmetry stress and
reasonably fast equilibrium leakage, as triggered presumably by
the natural PSD-C10, to be killed.

The maximal activity of PSD-C10 to leak membranes
was explained in the previous section on the basis of
maximal transient leakage, fastest equilibrium leakage
and a synergism between the two, along with sufficient
solubility. This combination of modes of action may render
susceptible microorganisms more prone to membrane failure
while also making it more difficult for microorganisms to
develop resistance.

CONCLUSION

The availability of a homologous series of lipid chain analogs
of a cyclic lipopeptide, provided by total synthesis, opens a
new avenue for the detailed, quantitative study of structure-
function relationships.

The native pseudodesmin A with its lipid chain length of C10
is also the most active chain-length variant of the series PSD-C4 –
PSD-C14 to permeabilize zwitterionic POPC lipid membranes.

The bell-shaped activity curve as a function of chain length of
the PSD analogs is explained by the balance between membrane

partitioning (increasing with increasing chain length), the local
damage caused by a membrane-inserted PSD (decreasing for
longer chains) and bioavailability and kinetic effects of solubility
(potentially limiting function for long chains).

Intermediate chain length variants act by a, potentially
synergistic, combination of two modes of action: transient
leakage to relax bilayer asymmetry stress and equilibrium leakage
due to local defects or pores induced by membrane destabilizing
arrangements of PSD or of lipids along with PSD.

Although here we only consider generic bilayer effects
devoid of particularly characteristic components of bacterial
membranes, the active concentrations for liposome leakage by
the different PSD analogs agree astonishingly well with inhibitory
concentrations against certain bacteria.
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New methods for antimicrobial design are critical for combating pathogenic bacteria in 
the post-antibiotic era. Fortunately, competition within complex communities has led to 
the natural evolution of antimicrobial peptide (AMP) sequences that have promising 
bactericidal properties. Unfortunately, the identification, characterization, and production 
of AMPs can prove complex and time consuming. Here, we report a peptide generation 
framework, PepVAE, based around variational autoencoder (VAE) and antimicrobial activity 
prediction models for designing novel AMPs using only sequences and experimental 
minimum inhibitory concentration (MIC) data as input. Sampling from distinct regions of 
the learned latent space allows for controllable generation of new AMP sequences with 
minimal input parameters. Extensive analysis of the PepVAE-generated sequences paired 
with antimicrobial activity prediction models supports this modular design framework as 
a promising system for development of novel AMPs, demonstrating controlled production 
of AMPs with experimental validation of predicted antimicrobial activity.

Keywords: antimicrobial peptides, minimum inhibitory concentration, generative deep learning, activity prediction, 
variational autoencoder

INTRODUCTION

Many pathogenic bacteria are resistant to the majority of, if not all, antibiotics that are currently 
being isolated using traditional methods. Because of this, generation of new antimicrobials is 
critical for survival in the post-antibiotic era (Brown and Wright, 2016). At the current rate, 
annual global death due to antibiotic resistance is projected to exceed 10 million by 2050, 
costing 100 trillion USD (O’Neill, 2014); however, investment has not kept up with the task 
with very few antibiotics currently in clinical development and far fewer likely to be  approved 
for treatment of patients (Trusts, 2019). To lower the burden required for antimicrobial 
development, various schemes for their discovery and refinement have been proposed, including 
improved methods for cultivation of antibiotic-producing organisms (Ling et  al., 2015) and 
repurposing of FDA-approved drugs as antimicrobials (Farha and Brown, 2019). Recent work 
has shown that generative deep learning techniques can be  applied to this problem: using a 
generative model, Stokes et  al. (2020) showed that by training on a starting database of 
compounds from ZINC15 (Sterling and Irwin, 2015) new small molecule antibiotics can 
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be  identified, such as halicin, which displays activity against 
Acinetobacter baumannii in a murine model of infection  
(Stokes et  al., 2020) and is currently in clinical trials.

Unlike many small molecule antibiotics, antimicrobial peptides 
(AMPs), essential components of the innate immune system 
of humans and other organisms, have retained effectiveness 
as antimicrobials despite their ancient origins and widespread 
and continual contact with pathogens (Lazzaro et  al., 2020). 
For this reason, among others, peptide antibiotics have been 
regularly deemed “drugs of last resort” for their ability to kill 
multidrug resistant bacteria, an increasingly important 
classification due to resistance formation toward conventional 
antibiotics (Lewies et  al., 2019). Generally acting through 
mechanisms associated with membrane disruption, as well as 
other routes of incapacitation (Chung et  al., 2015), the relative 
immutability of bacterial membranes and other essential AMP 
targets make the development of resistance to AMPs rare, but 
possible (Kubicek-Sutherland et  al., 2016), thus increasing the 
importance of their reliable, continued discovery, to grow to 
the antimicrobial stockpile (Lazzaro et  al., 2020).

Attempts at both generating new AMPs and improving their 
activity have been carried out with varying degrees of success 
(Mahlapuu et al., 2020). Many of these new or enhanced AMPs 
have been generated using low-throughput design methods, 
including rational design and specific amino acid substitution, 
de novo peptide design of alpha helices such as (LKKL)3, use 
of templates or motifs, or otherwise high throughput techniques 
such as rational library design, each of which requiring expert 
knowledge (Huan et  al., 2020). Certain high throughput 
computational techniques such as genetic algorithms have shown 
promise; however, in many applications starting sequences are 
directed toward canonical amphipathic alpha-helical peptides, 
restricting output to a small subset of possible structures and 
sequences (Porto et  al., 2018).

In order to increase the rate of discovery of AMPs, newer 
high-throughput and low expertise design approaches are needed. 
In a similar vein to Stokes et  al. (2020), several recent preprints 
and publications have demonstrated the application of generative 
deep learning on the design of AMPs, using long short-term 
memory (LSTM) networks (Müller et  al., 2018; Nagarajan et al., 
2018), Generative Adversarial Networks (GANs; Tucs et  al., 
2020), and Variational Autoencoders (VAEs; Das et  al., 2018; 
Dean and Walper, 2020). These works have been facilitated by 
thousands of AMP sequences housed in various databases, 
including Antimicrobial Peptide Database 3 (Wang et  al., 2016) 
and Data Repository of Antimicrobial Peptides (Kang et  al., 
2019), which pair peptide sequences with experimentally 
determined activity against Gram-negative and Gram-positive 
bacteria, fungi, HIV, and cancer cells. To date several of these 
datasets have been formatted, so the sequential amino acid 
residues of AMPs can be  represented in the form of a string 
of characters enabling machine/deep learning training and analysis 
of these datasets to identify novel AMP sequences (Müller et al., 2018;  
Nagarajan et  al., 2019; Witten and Witten, 2019).

Although, recent results using generative deep learning for 
producing new sequences has shown promise, including a 
handful of experimental demonstrations of their activity 

(Nagarajan et  al., 2018; Dean and Walper, 2020; Tucs et  al., 
2020), some improvements are necessary. Of foremost importance, 
as many of these systems readily generate sequences that are 
both predicted and experimentally found to be inactive, machine/
deep learning systems would benefit from integrated activity 
prediction functions. Although, AMP activity prediction 
applications exist, many are classifiers, predicting a binary 
antimicrobial vs. not (Gabere and Noble, 2017), where regression 
models would be  of greater value. Additionally, a general 
reduction in filtering steps would reduce bias in predicted 
AMPs, since amphipathicity and helicity are explicitly selected 
for by certain models (Nagarajan et  al., 2018; Porto et  al., 
2018). Thus, generation of new sequences with desired predicted 
activity via a semi-unsupervised and streamlined AMP-generation 
framework with minimal input parameters and less potential 
for biased output would be  an improvement over previous 
works. In this study, we report the joining of predictive models 
for AMP activity [minimum inhibitory concentration (MIC)] 
with a generative VAE for an automated framework to produce 
new peptides with experimentally testable predicted activity. 
We  demonstrate an improved automated semi-supervised 
approach for generating promising new sequences and 
experimental investigation, resulting in low MIC AMPs against 
Escherichia coli, Staphylococcus aureus, and Pseudomonas 
aeruginosa output from a handful of input parameters.

MATERIALS AND METHODS

Dataset and Analysis of Sequence 
Characteristics
The dataset used in this study was based on Giant Repository 
of AMP Activity (GRAMPA) as described by Witten and Witten 
(2019), with some modifications. Witten and Witten (2019) 
scraped all data from APD (Wang et al., 2016), DADP (Novković 
et  al., 2012), DBAASP (Pirtskhalava et  al., 2016), DRAMP (Fan 
et  al., 2016), and YADAMP (Piotto et  al., 2012), each accessed 
in Spring 2018, resulting in a combined 6,760 unique AMP 
sequences and 51,345 MIC values, and is publicly available on 
GitHub: https://github.com/zswitten/Antimicrobial-Peptides. A 
small percentage of MIC values were independently spot-checked 
and confirmed; however, methods vary widely between 
publications, and therefore, MIC values herein should 
be interpreted as approximations of activity. Since MICs determined 
against E. coli were the most-commonly available 
(Supplementary Figure S1A), these were used for the study. 
To avoid issues with synthesis, the dataset was further modified 
by excluding peptides with cysteine or any recorded modifications 
with the exception of C-terminal amidation. For ease of synthesis 
and to keep costs low, sequences ≥40 amino acids in length 
(representing 3.1% of sequences) were excluded; see 
Supplementary Figures S1B,C for the length distribution before 
and after this step. Since only the sequences and MIC values 
were needed, all other data from the modified GRAMPA dataset 
was removed. All MIC values were log μM transformed as 
done previously (Witten and Witten, 2019). The sequences were 
tokenized, <end> token appended to each, and were represented 
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by a one-hot encoding scheme using binary vectors with length 
equal to the size of the amino acid vocabulary: the stopping 
token <end>, a, d, e, f, g, h, i, k, l, m, n, p, q, r, s, t, v, w, y, 
and a padding character. This resulted in a 3D data matrix of 
dimension 3,280, 21, and 41 for the number of sequences, length 
of the vocabulary, and feature vector length, respectively. This 
process was repeated for S. aureus and P. aeruginosa identically 
to E. coli. The final 3D data matrices for S. aureus and P. 
aeruginosa had 2,974 and 1,968 sequences, respectively, with 21 
and 41 length of the vocabulary and feature vector length. The 
S. aureus and P. aeruginosa datasets were only used for training 
of the MIC prediction regression models. Secondary structure 
of AMPs was predicted using the PredictHEC function from 
the DECIPHER R package within Bioconductor, providing the 
probability of helix, beta sheet, or coil (H, E, or C; Wright, 
2016). PredictHEC makes use of the GOR IV algorithm (Garnier 
et al., 1996). This method is one of the best-performing predictors 
that uses only the primary sequence and does not require input 
of other sequences. Welch’s t-test via NumPy (Walt et  al., 2011) 
was used throughout for sample comparison with a significance 
threshold of 0.01 unless otherwise noted.

Variational Autoencoder
The architecture of the VAE was implemented as described by 
Bowman et  al. (2015), as described by Dean and Walper (2020) 
with minor modifications. The VAE model was trained on sequences 
in the E. coli dataset. The loss function was comprised of 
reconstruction loss and KL loss to penalize poor reconstruction 
of the data by the decoder and encoder output representations 
of z (latent space variables) that are different from a standard 
normal distribution. The preprocessed data was encoded into 
vectors using a LSTM network. The encoder LSTM was paired 
with a decoder LSTM in order to do sequence-to-sequence learning. 
The decoder results were converted from binary one-hot encoded 
vectors back to peptide sequences. Training stoppage criteria was 
met when loss values did not decrease >0.0001 for five consecutive 
epochs. The VAE was trained using the Keras (Chollet, 2015) 
library with a TensorFlow (Abadi et  al., 2016) backend, and used 
the Adam optimizer. The number of neurons for the LSTM layers 
found in both encoder and decoder were both set to 1,024. The 
number of latent dimensions was set to 50. All models were 
trained on an Ubuntu workstation with an Nvidia GeForce 
GTX1070 GPU. The LSTM network used in the decoder-encoder 
is stochastic – decoding from the same point in latent space 
may result in a different peptide being generated and is dependent 
on the random seed set prior to running. Models were saved to 
binary files and are available upon request.

New Sequence Generation
Cosine similarity was used to compare latent space vectors 
generated by the VAE. To carry out cosine similarity calculations 
for each vector encoded, NumPy dot and norm functions were 
used which follow the notation:

 cosine similarity a,b( )= ==

= =
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Where a and b are vectors; a  and b  are Euclidean (L2) 
norms of vectors a = (a1, a2, …, an) and b = (b1, b2, …, bn; Han 
et  al., 2012), where each vector (b) was compared to the same 
reference (a): the vector representation of VLNENLLA, caseicin 
B-B1. Selected for its relative inactivity, caseicin B-B1 was 
reported to show a MIC of ≥1.25 mM against E. coli NCIMB 
11843  in a study of caseicin B (Norberg et  al., 2011).

Using the cosine similarity values, the five nearest to the 
caseicin B-B1 vector (Group A) and the five furthest from 
caseicin B-B1 (Group B) were identified. Around each of these 
vectors ( v) , new vectors were sampled by selecting random 
points from a normal distribution. In order to accommodate 
the relative variation of the latent codes, we  denote wij  as a 
new vector with the following equation:

 w , ij= + ∼ = = ( )( )( )= =∑ ∑i j i ij iv std v
1

10

1

10
0X N µ σ

Where vi  ith vector of Group A or Group B.
ij  random 1 × 50 vector sampled from a normal 

distribution  .
  normal distribution function (with mean m  and SD s ).
std vi( )  SD of ith vector of Group A or Group B.
The μ was set to 0 and σ equal to the SD of the vectors 

from Group A and Group B [ std v( ) ]. The resulting random 
1 × 50 vector ( )  was then added to the input vector, resulting 
in a new vector ( w ). Using this method, 10 new vectors were 
sampled for Group A and Group B, and all vectors were 
decoded to new peptide sequences. Following removal of 
duplicate sequences, 38 remained (sequences and other 
information available in Table  1).

Latent Space Visualization
For dimensionality reduction principal component analysis 
(PCA), T-distributed stochastic neighbor embedding (t-SNE), 
Uniform Manifold Approximation and Projection (UMAP) – 
each with two components – were used. PCA and t-SNE used 
were imported from Scikit-learn, while UMAP was from McInnes 
et  al. (2018). For t-SNE, perplexity was set to 30, and learning 
rate was set to 100. UMAP was performed using Bray-Curtis 
Similarity as the metric, with default settings. The MIC thresholds 
for coloring were: <0.2 log μM was set to blue, >2 log μM 
was set to red, and those with values ≥0.2 and ≤2 were set 
to light gray. To visualize the cosine similarity values of each 
encoded vector in latent space, the vector for each peptide 
was colored according to cosine similarity value on a 2D t-SNE 
projection. To highlight the locations of Group A and Group 
B, black and white stars were placed at the points representing 
the peptides caseicin B-B1 and trialysin peptide P4, respectively.

Regression Models
Eight different regression models for predicting AMP MIC 
values: convolution neural network (CNN) as implemented by 
Witten and Witten (2019), Elastic Net (ENet), Gradient Boosting 
(GB), Kernel Ridge (KR), Lasso, and Random Forest (RF) 
models used were from the Python Scikit-learn library (Pedregosa 
et  al., 2011), while Light Gradient Boosting Machine (LGBM) 
and EXtreme Gradient Boosting (XGB) used lightgbm  
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TABLE 1 | PepVAE-generated peptides.

Peptide name Cosine similaritya Group Idb Sequence Parent peptide IDc MIC prediction (log μM)

p1 1.000 A VLNANLLR 3,088 3.6
p2 1.000 A VLIKTRLFIKRK 3,088 1.2
p3 1.000 A LNWKAILKHIIK 3,088 1.2
p4 1.000 A VLPKVMAHMK 3,088 2.0
p5 1.000 A LNWGAVLKHVVK 3,088 1.9
p6 1.000 A LILKRKRKRKRILI 3,088 1.8
p7 0.994 A LNWGAIKKHIIK 3,085 2.0
p8 0.994 A VLNENLLA 3,085 3.8
p9 0.994 A LNWGAFLKHFFK 3,085 1.3
p10 0.994 A VLNENLLH 3,085 3.9
p11 0.993 A VLNENAAR 3,090 3.9
p12 0.993 A VLNENLRR 3,090 3.7
p13 0.993 A VLNENLLR 3,090 3.7
p14 0.993 A VDLKNLLK 3,090 3.1
p15 0.993 A VALNENLLR 3,090 3.9
p16 0.984 A LRRLRLRLLRLLRRLLRLL 3,087 0.9
p17 0.984 A VLNNLLR 3,087 3.4
p18 0.984 A VLNENLAA 3,087 3.9
p19 0.984 A VLNEALLR 3,087 3.5
p20 0.981 A LNWGAWLKHWWK 3,089 1.3
p21 0.981 A LVKRVKKVL 3,089 1.3
p22 0.981 A VNLKNLLR 3,089 3.6
p23 −0.952 B KWKLWKKIEKWGQGIGAVLKWLTTWL 2,220 −0.3
p24 −0.952 B KWKSFLKTFKSPVKTVFYTALKPISS 2,220 0.4
p25 −0.952 B KWKSFIKKLTSVLKKVVTTAKPLISS 2,220 0.2
p26 −0.952 B KWKSFIKKLTSAAKKVVTTAKPLISS 2,220 0.2
p27 −0.952 B KWKSFLKTFKSPARTVLHTALKPISS 2,220 0.5
p28 −0.958 B KWKSFIKKLTSAAKKVLTTGLPALIS 2,227 0.0
p29 −0.958 B KWKSFLKKLTSAAKKVLTTALKPISS 2,227 0.0
p30 −0.963 B KWKSFLKTFKSAVKTVLHTALKAISS 2,228 0.0
p31 −0.963 B FIGGLRRLFATVVGTVVGAINKLGGG 2,228 1.1
p32 −0.965 B KFFKKLKKAVKKGFKKFAKV 1,802 1.1
p33 −0.965 B FFFHIIKGLFHAGRMIHGLV 1,802 1.1
p34 −0.965 B FFFKLLPKAIGALKKI 1,802 1.1
p35 −0.981 B FKIKASKKLLKKVGKGALGAVAKALAQQA 1,809 0.8
p36 −0.981 B KWKKFIKKLTSAAKKVLTTGLPALIS 1,809 0.0
p37 −0.981 B KWKKFLKKLTSAAKKVLTTALKPISS 1809 0.0
p38 −0.981 B FFKKFIGGVAKIAGKAAPHGVGQLIPHVTP 1,809 0.6

aCosine similarity: cosine similarity calculated using VLNENLLA as a reference.
bGroup ID: A and B groupings.
cParent peptide ID: index of the parental peptide sampled nearby.

205

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


Dean et al. Variational Autoencoder for AMP Generation

Frontiers in Microbiology | www.frontiersin.org 5 September 2021 | Volume 12 | Article 725727

(Ke et  al., 2017) and xgboost (Chen and Guestrin, 2016) 
libraries, respectively. The model parameters for each are provided 
in Supplementary Material. The data used for the regression 
models was the same as described in the Dataset and analysis 
of sequence characteristics section above, prior to one-hot 
encoding. The input peptides sequences were encoded numerically 
to vectors, each amino acid or padding characters – which 
were appended to the end vector below the maximum length 
(40) – receiving a unique number. The data was randomly 
shuffled and split into training:test sets at a 90:10 ratio. Initial 
comparison of the eight different regression models for predicting 
AMP MIC values against E. coli was performed by calculating 
Root mean square error (RMSE) and R2 values from actual 
MIC (log μM) vs. predicted on a holdout test dataset. From 
these the top performing four – GB, RF, LGBM, and XGB 
– were examined with shuffled split cross validation in each 
case (n = 25) for predicting the MICs in the E. coli, S. aureus, 
and P. aeruginosa datasets. The top-performing MIC predictor 
for each organism was selected by lowest median RMSE.

Minimum Inhibitory Concentration Assays
Minimum inhibitory concentration measurements values were 
measured using broth dilution method for AMPs (Wiegand 
et  al., 2008). Peptides synthesized for use in this study are 
listed in Table  1. Peptides were synthesized by Genscript, Inc. 
(Piscataway, NJ, United  States) and each confirmed to have 
greater than 80% purity. Lyophilized peptides were solubilized 
in water, aliquoted, and stored at −20°C. Overnight cultures 
of E. coli K-12, S. aureus ATCC 12600, and P. aeruginosa 
27853 were grown in Mueller Hinton II Broth (BD, San Jose, 
CA, United  States) at 37°C. Cultures were diluted to a final 
concentration of approximately 5 × 105 CFU/ml into fresh broth. 
An inoculum volume of 100 μl was added to each well of a 
96-well non-treated polystyrene plate (Celltreat Scientific 
Products, Pepperell, MA, United States) and 10 μl of the peptide, 
which was diluted in series, so that final peptide concentrations 
examined ranged from 128 to 0.5 μM. After incubation at 37°C 
for 24 h, the MIC was determined by OD600 measurement using 
a BioTek Synergy Neo2 plate reader (Winooski, VT, United States) 
to identify the lowest concentration of peptide which inhibited 
growth. Statistical analysis of predicted and experimental MIC 
data was performed using the Fisher’s Exact Test from stats 
package in R (R Core Team, 2013).

Circular Dichroism
Circular dichroism (CD) spectra of the generated AMPs were 
obtained using a Jasco J-815 spectropolarimeter. Samples were 
allowed to equilibrate to 20°C prior to data collection in a 
0.1 cm path length cuvette, with a chamber temperature of 
20°C throughout each scan. Spectra were collected from 195 
to 260 nm in 0.1-nm intervals. Data shown is an average of 
three scans, performed for each sample. All AMPs were analyzed 
at 25 μM concentration in either 10 mM sodium phosphate 
(pH 7) or 60 mM sodium dodecyl sulfate (SDS) in 10 mM 
sodium phosphate, both from Sigma (St. Louis, Missouri, 
United States). Baselines obtained prior to the experiment with 

peptide-free buffers were subtracted from each scan. Mean 
residue molar ellipticity (MRME) was calculated as follows:
 MRME cl R= q /

Where q  is ellipticity (mdeg), c  is peptide concentration 
(mol/L), l  is cell path length (cm), and R  is the length of 
the peptide. MRME is presented multiplied by 1,000 to 
improve clarity.

RESULTS

Dataset Characterization and Framework 
Design
This study makes use of the Witten and Witten (2019) GRAMPA 
dataset as the starting point. Within this dataset, amino acid 
sequence and MIC values for peptides targeting several common 
bacterial species including E. coli, S. aureus, and P. aeruginosa 
are reported with E. coli being the most counted at 9,150 
different entries (Supplementary Figure S1A). After filtering 
the dataset on bacteria species, peptides that were of length ≥ 40 
or contain cysteine were removed in order to avoid costly 
and difficult synthesis of long peptides, as well as the 
complications cysteine-containing peptide create for their 
production, activity testing, and aggregation. The peptide  
length distribution of AMPs (without cysteine) tested against 
E. coli had a median of 17 amino acids prior to filtering on 
length (Supplementary Figure S1B), and median of 16  
amino acids following removal of long sequences 
(Supplementary Figure S1C). Of the remaining peptides 
(N = 3,280), the median log μM MIC value was found to be 1.19 
with a net charge of +4 (Supplementary Figures S1C,D). 
Finally, to obtain a glimpse of possible secondary structures 
of the AMPs in this dataset, we  calculated the hydrophobic 
moments at different angles. The noticeably higher hydrophobic 
moment at 100 degrees in Supplementary Figure S1E suggests 
helical secondary structure likely predominates, with a relatively 
minor proportion of beta sheet and random coil comprising 
the remainder.

For the next two most common species found in the dataset 
following E. coli, S. aureus and P. aeruginosa, we  performed 
the same characterization as described above. Although, the 
overall counts were lower for the S. aureus and P. aeruginosa 
AMP datasets at 2,974 and 1,968, respectively, both the 
distributions and median values for length, MIC, charge, and 
hydrophobic moment were found to be  similar to those found 
for E. coli (see Supplementary Figures S2, S3, respectively).

Using the above defined dataset for E. coli, we  designed a 
VAE AMP generation pipeline (Figure  1). Broadly, the VAE 
AMP generation and design process occurs in two stages: (1) 
algorithm training and (2) AMP evaluation. In the first stage, 
the VAE is trained on a curated AMP dataset followed by 
development of a regression model for activity prediction and 
the subsequent development of the latent space. Stage 2 includes 
the identification of new AMP sequences from the latent space 
(sampling) and the subsequent production and characterization 
of the AMPs including determination of the MIC values.  
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A VAE implemented as previously described (Dean and Walper, 
2020), making use of VAE described by Bowman et  al. (2015), 
was trained on the E.coli dataset as described above. The 
number of intermediate dimensions was set to 1,024 and latent 
dimensions was set to 50. Training was stopped after 500 
epochs or when loss decreased at a sufficiently low rate. The 
final state of the model was saved and used for sampling 
novel sequences. A more detailed description of the framework 
design is provided in the Methods section. As demonstrated 
in previous work, the implicit starting assumption was that 
sequence order and characteristics dependent on that sequence 
were the components “learned” by the VAE (Dean and Walper, 
2020). Output of the VAE was a 50-dimensional latent space, 
where each of the sequences is encoded to a unique location. 
Once generated, coordinates can be  chosen from the latent 
space and translated to AMP sequences using the generated 
decoder (see diagram in Figure  1).

VAE, Latent Space Visualization, and 
Sampling
In order to visualize the organization of the developed 
50-dimension latent space, multiple dimensionality reduction 
techniques were tested: PCA, t-SNE, and UMAP 
(Supplementary Figure S4A). Upon visual inspection, t-SNE 
and UMAP show separation between the distant MIC thresholds 

of <0.2 log μM and >2 log μM, while separation between the 
two groups in the first two components of the PCA is less 
clear; this is supported using Adjusted Rand Index (ARI) 
measurement and Adjusted Mutual Information (AMI) scores 
(Supplementary Figure S4B). Here, 2D projects (via PCA, 
t-SNE, and UMAP) of the latent representation was used as 
input to the K-means algorithm and measure the overlap 
between the resulting clustering annotations and the pre-specified 
subpopulations (the <0.2 log μM and >2 log μM labels) using 
the Rand index and AMI scores. By ARI, t-SNE shows the 
highest separation measure with 0.62, with UMAP at 0.58, 
and PCA at 0.47. Using AMI score, t-SNE is also highest at 
0.59, t-SNE at 0.56, and PCA at 0.47. These results suggests 
that (1) the AMPs encoded to the latent space are not randomly 
distributed in terms of their MIC value classification, and (2) 
t-SNE provides superior 2D clustering visualization in this 
application, relative to PCA and to a lesser extent UMAP. 
t-SNE projections are shown in Figures  2A,B.

To delve into the organization of specific AMPs encoded 
to the latent space, we  used cosine similarity as a measure of 
distance between AMPs using their 50-dimension vectors as 
input. First, the cosine similarity for all vectors was calculated 
relative to each vector, generating a similarity list for every 
AMP. For each similarity list, the associated MICs for the five 
most similar vectors were averaged; this process was repeated 
for the five least similar vectors, and the difference between 

FIGURE 1 | Schematic of variational autoencoder (VAE) antimicrobial peptide (AMP) generation and design process. The VAE AMP generation and design process 
occurs in two stages: (1) training the VAE for the development of the latent space and a regression model for activity prediction, and (2) sampling from the latent 
space, generation of new AMPs, and assignment of predicted MIC values. The first step of Stage 1 was to train the VAE on the E. coli dataset. The general design 
of the VAE was previously described (Dean and Walper, 2020), making use of VAE described by Bowman et al. (2015), which was reported for use in generating 
new sentences. Here, the number of intermediate dimensions was set to 1,024 and latent dimensions was set to 50. Training was stopped after 500 epochs or 
when loss decreased at a sufficiently low rate. The final state of the model was saved; the encoder is used in Stage 1 and the decoder is used in Stage 2. The MIC 
prediction regression model is similarly trained on the same dataset and used in Stage 2 following sequence generation by the VAE decoder to assign MIC values 
for those new AMPs against E. coli. A more detailed description of the framework design is provided in the Methods section.
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the two averages was taken. From this process, the greatest 
difference highlighted a largely inactive AMP, VLNENLLA, 
called caseicin B variant B1, a variant of caseicin B which is 
found in milk. Regardless of mutation, caseicin B exhibited a 
MIC of approximately 1,250 μM against E. coli NCIMB 11843 
(Norberg et  al., 2011). Since this variant of caseicin B and 
other mutants each showed low activity against E. coli 
(≥1.25 mM), we  were confident in sampling from latent space 
near their location would likely produce new AMPs similarly 
inactive and hypothesized that AMPs generated in a region 
most distant from this reference point were likely to be  highly 
active against E. coli. Caseicin B-B1 is identified in Figures 2A,B 
at the black star; a white star is located at the embedding 
most distant in cosine similarity encoding for the peptide 
KFGKIVGKVLKQLKKVSAVAKVAMKKG, trialysin peptide P4. 
Trialysin peptide P4 is a potent pore-forming peptide found 
in the saliva of Triatoma infestans, the insect vector of Chagas’ 
disease, and lytic to E. coli in LB broth at approximately 10 μM 
(Martins et  al., 2006). In Figure  2A, both caseicin B-B1 and 
trialysin peptide P4 locate within regions of low activity and 
high activity AMPs as organized within latent space, respectively, 
and in Figure  2B both encode to regions of similarly high 
and low cosine similarity.

Next, we  took the highest and lowest five AMPs (by cosine 
similarity) and grouped them: parent Group A and parent 
Group B. Here, the parent Group A five AMPs (closest to 
and including caseicin B-B1) were identified as VLNENLLA, 
VLNENLAA, VLNENLLK, VLNENLL, and VLNENLLH, each 
of which are caseicin B variants reported by Norberg et  al. 
(2011). And parent Group B (most dissimilar to caseicin B-B1) 

was: KWKLWKKIEKWGQGIGAVLKWLTTWL, KWKSFIKK 
LTSAAKKVVTTAKPLISS, KWKSFIKKLTSVLKKVVTTAKP 
LISS, KFFKKLKKAVKKGFKKFAKV, and KFGKIVGKVLKQ 
LKKVSAVAKVAMKKG. The average MIC against E. coli for 
parent Group A group was 2,500 μM, and for parent Group 
B: 1 μM. Nearby these 10 AMPs (two groups of five) a total 
of 100 peptides were generated by the decoder. Following 
removal of duplicates, 38 remained and were synthesized (see 
sequences in Table  1), with 22 peptides in the Group A and 
the remaining 16 peptides were in the Group B. The 38 
sequences were designated names p1-38 and were associated 
with Parent peptide IDs corresponding to those Peptide IDs 
found in Supplementary Table S1 – the dataset used for 
training the model. Cosine similarity listed in Table 1 is relative 
to caseicin B variant B1. For purposes of comparison, in 
addition to the 38 peptides from Group A and Group B, 100 
control sequences were decoded from random 
50-dimension vectors.

AMP Generation, Characterization, and 
MIC Results
A secondary structure prediction algorithm (GOR IV) was 
used to predict helix, sheet, and coil percentages of the Group 
A and Group B sampling groups. Group A peptides were 
predicted to have similar proportions sheet and coil with 
medians 30% sheet and 37% coil, with a median of 0% helix 
(Figure 3A). Conversely, Group B peptides were predominately 
helical at 62%, with the remainder composed of approximately 
equal proportion sheet and coil. Group A and Group B peptides 
are significantly different for both predicted proportion of helix 

A B

FIGURE 2 | Latent space characterization. Dimensionality reduction for visualization of the 50-dimension latent space. (A) 2D contour plot of t-distributed 
stochastic neighbor embedding (t-SNE) with two components performed on the encoded peptides. The MIC thresholds for coloring were: <0.2 log μM is shown in 
blue, >2 log μM shown in red, and those with values ≥0.2 and ≤2 were set to light gray. Regions of higher density are darker. The black star is located at the peptide 
caseicin B-B1, and a white star is located at the embedding most distant in cosine similarity (encoding for the peptide trialysin peptide P4). Group A and Group B 
sampling locations are schematically shown at the dashed circle around caseicin B-B1 and trialysin peptide P4, respectively. (B) Scatterplot of t-SNE projection 
showing encoded peptides colored by cosine similarity calculated using the vector encoding for peptide caseicin B-B1 (black star) as reference. Higher similarity 
values indicate more similarity between vectors; lower values indicate more difference.
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and coil (p < 0.01, Welch’s two-sided t-test). For comparison, 
the group of 100 random sequences were not found to 
be  statistically different from Group A, while Group B had 
significantly higher in percent helix and significantly lower in 
percent coil (p < 0.01, Welch’s two-sided t-test; 
Supplementary Figure S5A). Given the relatively high proportion 
of peptides predicted to be helical in Group B, the amphipathic 
nature of both groups was examined via calculated hydrophobic 
moments at 100 degrees. Predictably, differences between Group 
A and Group B are significant (p < 0.01, Welch’s two-sided 
t-test; Figure 3B). As expected, the distribution of hydrophobic 
moment of the randomly generated group was similar to that 
of the sequences found in the training set when the hydrophobic 
moment at 100 degrees is calculated, suggesting the VAE 
generations aligned well with real data (see 
Supplementary Figures S1F, S5B). Altogether, these results 
suggest the 22 Group A peptides are predicted to be significantly 
less helical than the 16 Group B peptides, while randomly 
sampling captures a wider range of predicted structures and 
non-amphipathic/amphipathic AMPs. Importantly, the 
predictions suggest controlled sampling from distinct 

subpopulations of latent space generates sequences with 
significantly different characteristics.

Experimental investigation of secondary structure was 
performed using CD in phosphate buffer with SDS micelles as 
a membrane-mimicking agent (Tulumello and Deber, 2009). To 
account for concentration and difference in peptide length, 
MRME was plotted to visualize the relative proportion of secondary 
structure for each group A and B (Figure  3C). Results in the 
presence of SDS show that the average Group A peptide presents 
a mixture of random coil and helical character with minima 
predominant at ~205 nm suggests a largely random structure, 
with a smaller but noticeable dip at 222 nm suggesting a minor 
percentage of helix. Individual scans separated out 
(Supplementary Figure S6A) shows a mixture of structures. 
Group B peptides were predominantly helical, with paired minima 
at ~208 and ~222 nm and, unlike Group A, were more uniform 
in the scans of individual peptides. Using the circular dichroism 
analysis program Beta Structure Selection,1 secondary structure 
was estimated from the CD data (converted to ee ).  

1 http://bestsel.elte.hu/

A

C

B

FIGURE 3 | Generated peptide characterization. (A) Boxplot of the predicted helix, sheet, and coil percentages calculated from Group A and Group B sampling 
groups into the GOR IV algorithm. Group A and Group B are significantly different (p < 0.01, Welch’s two-sided t-test) for helix, sheet, and coil. (B) Boxplot of the 
calculated hydrophobic moments obtained by applying the modlAMP function calculate_moment on the sequences from Group A and Group B sampling groups. 
The differences between Group A and Group B groups are significant (p < 0.01, Welch’s two-sided t-test). (C) Mean residue molar ellipticity (MRME) plots of peptides 
from group A (left) and group B (right) in the presence of membrane mimic 60 mM sodium dodecyl sulfate (SDS). Each scan was averaged from three scans for each 
peptide with peptide-free buffer baseline scan subtracted. Lighter colored lines are individual peptide scans; darker colored lines are average scan for the group. 
Vertical lines highlight approximate minima of average scans: 205 nm for Group A; 208 and 222 nm for Group B.
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Following summation of antiparallel, parallel, and turn into 
“sheet,” the results were plotted for both Groups A and B 
(Supplementary Figure S6B). Analysis showed that Group A 
and B with median percent helicity of 4 and 63%, respectively. 
The results are comparable to those estimated from sequence 
via GOR IV.

Although, secondary structure and particular measurements 
such as hydrophobic moment are closely related to the antimicrobial 
activity of AMPs, particularly those with alpha helical character, 
more predictive measures are available in the form of regression 
models. Witten and Witten (2019) and others have reported 
use of regression models, including a CNN. In our study, 
we  implemented the reported CNN as well as several machine 
learning regression models for MIC prediction against E. coli. 
Preliminary tests utilized model frameworks within the Statistics 
and Machine Learning Toolbox and Regression Learner app in 
MATLAB (Supplementary Figure S6). However, the long training 
time of the best performing model identified (Rational Quadratic 
Gaussian Process Regression) led us to migrate to other models 
implemented in Python. The CNN from Keras, elastic net, GB, 
kernel ridge, lasso, and RF, each from Scikit-learn, as well as 
LGBM and an XGB model were initially tested. Our results 
showed that three of the examined models significantly 
underperformed the others: lasso, kernel ridge, and elastic net, 
each with R2 < 0.4 and relatively high RMSEs 
(Supplementary Figure S8A). This underperformance was also 
visible in the actual-predicted difference histograms 
(Supplementary Figure S8B), where each of their distributions 
were flatter than the others. For this reason, these three models 
were excluded from further study. In addition, the relatively 
complex CNN implemented as described by Witten and Witten 
(2019) in Keras was underperforming in relationship to the 
length of time required to train the model and was therefore 
also excluded. The remaining four models – GB, RF, LGBM, 
and XGB – were further interrogated. Representative scatterplots 
are shown in Figure  4A, with each showing R2 higher than 
0.67. Following successive train-test split-shuffling cross validation, 
GB was found to have both the highest median R2 (0.73) and 
lowest RMSE (0.50; Figures  4B,C) and was used going forward 
for MIC prediction of AMPs against E. coli. Likewise, using 
the S. aureus and P. aeruginosa datasets, we  identified the best-
performing models for predicting MIC against both S. aureus 
(Supplementary Figure S9) and P. aeruginosa 
(Supplementary Figure S10). For S. aureus XGB was found to 
be  the best predictor after cross validation 
(Supplementary Figure S9), while for P. aeruginosa, although, 
the RSME and R2 measures disagreed, the RF model was selected 
(Supplementary Figure S10). Although, several regression models 
for MIC prediction of AMPs on E. coli have been reported 
with varying degrees of accuracy (Wu et  al., 2014; Xiao and 
You, 2015; Nagarajan et al., 2018; Gull, 2020), none have publicly 
accessible models in order to directly compare with our results. 
Nevertheless, given the modular nature of the described PepVAE 
framework, any superior MIC prediction system could be  used 
in place of the described models.

Minimum inhibitory concentrations predicted for Group A 
and Group B peptides are provided in Figure  5 and Table  2. 

For E. coli, the median predicted MIC of the Group A group 
was 1,809 and 2 μM for Group B, and the sets were found 
to be significantly different (p = 1 × 10−8, Welch’s two-sided t-test). 
As expected, the median of predicted MICs for the peptides 
decoded from randomly selected points in latent space was 
in between groups A and B: 12 μM (Supplementary Figure S5C). 
These predicted results are similar to the MICs of the parent 
AMPs used for generation of Group A and B. To investigate 
the predicted MICs of an intermediate location, we  filtered 
regions of the latent space by cosine similarity relative the 
caseicin B variant B1 reference, randomly sampled 10 sequences, 
then generated new sequences (n = 10) around these using the 
same method as described above and predicted the MICs for 
each group (Supplementary Figure S11). Each group was 
found to be  significantly different from the other (p < 0.01). 
These results suggest intermediates locations between the polar 
ends of cosine similarity (and between Group A and Group 
B) would likely on average have corresponding intermediate MICs.

While the VAE was trained on the E. coli dataset, and 
sampling was performed with activity against E. coli in mind, 
we  additionally examined the effectiveness of the generated 
AMPs on S. aureus and P. aeruginosa, the two most common 
bacteria in the modified GRAMPA dataset after E. coli 
(Supplementary Figure S1A). For S. aureus, the median predicted 
of Group A was 181 and 11 μM for Group B (Figure  5). A 
Welch’s two-sided t-test on Group A and B found p = 1 × 10−1. 
Meanwhile, against P. aeruginosa the median predicted of Group 
A was 78 and 5 μM for Group B (Figure 5). A Welch’s two-sided 
t-test indicated a significant difference with p = 3 × 10−7. For 
both S. aureus and P. aeruginosa, random sampling yield median 
predicted MICs of 13 and 14 μM, respectively 
(Supplementary Figure S5C).

To experimentally investigate the MIC of each of the 38 
synthesized peptides against E. coli, the peptides were diluted 
in Mueller Hinton broth with a constant number of bacteria. 
Following incubation, we  found that consistent with above 
predictions, the recorded MICs between the two sampling 
groups were significantly different. Among Group A AMPs, 
63% of the MICs were found to be  greater than 128 μM, while 
none of the 16 Group B AMPs were found to have MICs 
above 16 μM, other than peptide p34 (Table  2). After sorting 
for activity, the median value for Group A and Group B, was 
found to be  >128 and 4 μM, respectively, which may be  in 
line with the median predicted values of 1,809 and 2 μM, 
although, determining the accuracy of the values for Group 
A that are over 128 μM was not possible due to solubility 
issues. Importantly, the MIC predictions were not found to 
be different or independent from the experimental MICs, when 
categorized into >128 and ≤128 μM (p < 0.01, Fisher’s exact test).

The MIC results paired with secondary structure estimates 
from circular dichroism experiments, highlight a number of 
active AMPs within Group B were composed of a low (<50%) 
proportion of helix, including peptides p23, p24, p27, and notably 
the unique p38, which displayed high activity against each 
bacteria. In addition, we  found that both generated AMPs p31 
and p33 have net charge ≤3, which in similar generative studies 
including Nagarajan et  al. (2018) and others would have been 
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placed below their threshold for proceeding to experimental 
testing of activity. Similarly, within Group A, there was a 
low-activity peptide with high helicity (>50%) for p16, and 
relatively low-activity peptides with high net charge. The novel 
p16 peptide was also particularly interesting due to its incorrect 
predicted MIC (≤11 μM for each bacteria), but experimental 
MICs that were in-line with the rest of Group A.

The experimentally determined MICs against S. aureus and P. 
aeruginosa were – unlike E. coli – further from their respective 
MIC predictions. For S. aureus, while 12 AMPs in Group A were 
predicted to have MICs >128 μM, 18 of the 22 peptides were 
found to have MICs at that level experimentally. The median 
MICs for Group A and Group B was found to be  >128 and 
32 μM, respectively, while the median predicted values were 181 
and 11 μM. Similar to E. coli, the MIC predictions for S. aureus 
were similar, consistent with experimentally determined MICs 
when categorized into >128 and ≤128 μM (p < 0.01, Fisher’s exact 
test). Although, more of the predictions and experimental results 
were not in agreement, an insignificant difference was found using 
receiver operating characteristic analysis. Receiver operating 
characteristic analysis was performed to evaluate for classification 
predictions for both species, which resulted in area under the 
curve values for E. coli and S. aureus at 0.93 and 0.9, respectively 
(Supplementary Figure S12). For P. aeruginosa, the median MICs 
for Group A and Group B were experimentally determined to 
be 32 and 4 μM, respectively, compared to median predicted values 
of 78 and 5 μM. Consistent with the predicted MICs, the 
experimentally determined MICs for E. coli displayed a larger 

separation between Groups A and B for than for the corresponding 
comparison for S. aureus and P. aeruginosa (Figure  5A; Table  2). 
When predicted and experimental MIC determinations found in 
Table  2 are plotted relative to one another (Figure  5B), after 
accounting for the >128 μM inequalities the predictions and 
experimental results closely align for E. coli and P. aeruginosa, 
with the exception of a few peptides deviating beyond a 5-fold 
difference in experiment vs. prediction, notably p34 tested against 
E. coli highlighted above. Peptide 16 for both E. coli and P. 
aeruginosa was also found be inactive, while having a low predicted 
MIC. In contrast, for S. aureus, experiments notably deviate from 
predicted MICs for many of the peptides, where most of Group 
B predicted MICs significantly overestimated activity.

DISCUSSION

This study reports the use of a peptide generation framework, 
PepVAE, for discovery and design of new AMP sequences. 
Using the learned latent space, we  demonstrate the 
identification of new active AMPs using reference peptides 
as input. Paired with antimicrobial activity prediction models, 
this modular framework shows the ability to produce AMPs 
with both predicted and experimentally validated activity 
against the targeted bacteria. Previous work on generative 
deep learning models for the design of AMPs has demonstrated 
the ability of VAEs to form a well-organized, usable latent 
space representation from which novel peptide sequences 

A B

C

FIGURE 4 | Comparison of MIC prediction models. Four regression models for predicting AMP MIC values against E. coli. (A) Representative scatterplots of 
Predicted vs. Actual MIC (log μM) of EXtreme Gradient Boosting (XGB), Gradient Boosting (GB), Light Gradient Boosting Machine (LGBM), and Random Forest (RF) 
predictions on holdout test dataset with RMSE and R2 values displayed. Lines represent standard diagonals, in addition to the diagonal +/− 1 and 2 SDs of the 
points. (B) Results of cross validation using shuffled split (n = 25) shown as a violin plot for each model, sorted from highest to lowest mean R2 value, with GB at the 
top with a median of 0.73. (C) Cross validation results for RMSE sorted from lowest to highest mean RMSE value, with GB at the top with a median of 0.54.
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can be  generated (Das et  al., 2018; Dean and Walper, 2020). 
These reports when paired with similar promising work on 
the discovery of small molecules using VAEs and other 
generative deep learning models broadly establishes these 
techniques as valuable new methods for molecular and 
material design (Sanchez-Lengeling and Aspuru-Guzik, 2018). 
Although, generative deep learning models for AMP generation 
have previously shown their ability to produce distributions 
of characteristics that closely match the databases of sequences 
on which they were trained, unconditional generation alone 
does not readily solve the problem of discovering new AMPs 
that are potent against target bacteria. In particular, previously 
described systems would benefit from certain functions to 
improve automated discovery of new potent AMPs: testable 
activity prediction, a mechanism for AMP generation via 
a reference peptide for controlled sequence generation, and 
an expanded sequence space from which to sample.

Many previously described systems readily generate sequences 
that are both predicted and experimentally determined to 
be  inactive, by nature of the models used when training sets 
include inactive or low-activity sequences. In the literature, 
while classifiers for AMP activity are widely available and 
meta-analyses of their performance has been reported  

(Gabere and Noble, 2017), regression models for activity 
prediction – MIC, half maximal effective concentration, or 
other metrics – are less common. Several studies make use 
of the CAMPR3 predictor (Waghu et al., 2016) or other similar 
models that output abstract activity predictions as a probability 
[probability(active AMP)], not readily relatable to MIC or another 
antimicrobial activity metrics (Müller et  al., 2018; Nagarajan 
et  al., 2018; Dean and Walper, 2020). Beyond the lack of 
testability of these predictions, it likely that the increasing 
hydrophobic moment yielded higher probabilities in the CAMPR3 
predictor and other models suggesting that simply alternating 
groups of positively ionizable and hydrophobic amino acids 
will score highly, highlighting the importance of experimentally 
verifying the antimicrobial activity of generated AMPs. To 
address these issues, our study implemented ML models trained 
on sequence data and adjoining experimental MIC values to 
predict MICs of new peptide sequences. Critically, we  found 
that the MIC predictions for E. coli were not statistically different 
from the experimental MICs and can, therefore, be  used for 
assessing whether a potential AMP is likely to be active against 
E. coli prior to peptide synthesis. While the MIC predictions 
and for S. aureus and P. aeruginosa were similarly found to 
be  statistically similar to the experimental outcomes, the 

A

B

FIGURE 5 | Predicted and experimental MICs against E. coli, S. aureus, and P. aeruginosa. (A) Predicted MICs using the top-performing models for the Group A and 
Group B sampling groups are show in a boxplot, for E. coli, S. aureus, and P. aeruginosa, respectively. Group A and Group B are significantly different for each of the 
species (p < 0.01). (B) Experimental MICs of Group A and Group B peptides against E. coli, S. aureus, and P. aeruginosa, with predicted MICs shown (with lighter 
coloring) for reference. Experimental MICs resulting in >128 μM determinations are shown with arrows extending up from 128 μM. All values are provided in Table 2.
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TABLE 2 | Minimum inhibitory concentration (MIC) assay results.

Peptide 
name

Group Id Sequence Escherichia coli 
predicted MIC (μM)

Escherichia coli 
experimental MIC 
(μM)

Staphylococcus 
aureus predicted 
MIC (μM)

Staphylococcus 
aureus experimental 
MIC (μM)

Pseudomonas 
aeruginosa 
predicted MIC (μM)

Pseudomonas 
aeruginosa 
experimental MIC (μM)

p1 A VLNANLLR 4,406 >128 620 >128 79 32
p2 A VLIKTRLFIKRK 15 64 13 >128 9 8
p3 A LNWKAILKHIIK 18 16 29 128 20 16
p4 A VLPKVMAHMK 102 64 110 >128 23 32
p5 A LNWGAVLKHVVK 84 64 53 >128 86 32
p6 A LILKRKRKRKRILI 69 64 13 >128 12 128
p7 A LNWGAIKKHIIK 94 128 34 >128 84 16
p8 A VLNENLLA 6,281 >128 1,031 >128 117 32
p9 A LNWGAFLKHFFK 18 16 46 64 79 32
p10 A VLNENLLH 8,761 >128 1,353 >128 122 32
p11 A VLNENAAR 8,333 >128 1,450 >128 70 32
p12 A VLNENLRR 4,691 >128 1,693 >128 80 32
p13 A VLNENLLR 5,307 >128 1,147 >128 78 64
p14 A VDLKNLLK 1,221 >128 200 >128 117 32
p15 A VALNENLLR 7,546 >128 203 >128 22 32
p16 A LRRLRLRLLRLLRRLLRLL 8 >128 6 128 11 >128
p17 A VLNNLLR 2,398 >128 612 >128 123 64
p18 A VLNENLAA 8,661 >128 981 >128 94 64
p19 A VLNEALLR 3,233 >128 793 >128 81 32
p20 A LNWGAWLKHWWK 18 64 29 64 68 32
p21 A LVKRVKKVL 19 >128 28 >128 24 64
p22 A VNLKNLLR 3,894 >128 162 >128 70 32
p23 B KWKLWKKIEKWGQGIGAVLKWLTTWL 1 2 1 32 0 32
p24 B KWKSFLKTFKSPVKTVFYTALKPISS 3 2 18 >128 7 8
p25 B KWKSFIKKLTSVLKKVVTTAKPLISS 2 4 18 32 2 4
p26 B KWKSFIKKLTSAAKKVVTTAKPLISS 2 4 13 >128 1 4
p27 B KWKSFLKTFKSPARTVLHTALKPISS 3 16 16 >128 8 4
p28 B KWKSFIKKLTSAAKKVLTTGLPALIS 1 2 3 16 2 4
p29 B KWKSFLKKLTSAAKKVLTTALKPISS 1 4 11 64 2 4
p30 B KWKSFLKTFKSAVKTVLHTALKAISS 1 4 5 16 1 4
p31 B FIGGLRRLFATVVGTVVGAINKLGGG 12 4 4 64 14 8
p32 B KFFKKLKKAVKKGFKKFAKV 13 8 14 128 7 16
p33 B FFFHIIKGLFHAGRMIHGLV 13 8 3 8 18 32
p34 B FFFKLLPKAIGALKKI 13 >128 18 64 22 64
p35 B FKIKASKKLLKKVGKGALGAVAKALAQQA 6 4 18 >128 15 0.5
p36 B KWKKFIKKLTSAAKKVLTTGLPALIS 1 2 3 32 1 4
p37 B KWKKFLKKLTSAAKKVLTTALKPISS 1 2 11 8 2 2
p38 B FFKKFIGGVAKIAGKAAPHGVGQLIPHVTP 4 2 10 16 13 16
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inaccuracy of the predictions for MICs against these bacteria 
relative to E. coli was not unexpected due to the smaller training 
sets and lower accuracy of the MIC predictions on the test 
set. Increases in both data quantity and quality, with respect 
to the specific strain used, may significantly improve MIC 
predictions, especially for non-E. coli bacteria. Pairing with 
PepVAE, further compilation of data for would likely allow 
for improved generation of AMPs targeting species of interest.

Generative models for AMP design can be  bifurcated into 
those that use a starting sequence and those that do not (i.e., 
de novo design). To address the development of a mechanism 
for selecting a reference AMP for controlled sequence output, 
as opposed to unconditional generation, which would improve 
existing AMP generation frameworks, we implemented a simple 
AMP generation by reference method that uses limited input 
parameters: reference peptide selection and the number of new 
sequences to generate. We  show that this method can produce 
peptides with similar MICs as the input reference peptides, 
but with novel sequences not found in the training set. One 
possible limitation of this system is the likely requirement of 
colocalization with nearby similar AMPs with similar activity 
to raise confidence in sampling in the region. In our testing, 
we  generated AMPs in reference to caseicin B-B, encoded 
nearby a series of single and double mutants with similar 
activity. It is possible that an isolated, single reference peptide 
is not sufficient, and that a small panel of AMPs may be required 
for assurance – sampling from a sparsely populated region 
will likely produce results similar to that of the random sample 
group in this study, who is predicted MICs span a wide range.

Another issue our study improved upon is the expanded 
sequence space from which to sample. Other groups have 
shown the benefits of tying a continuous activity prediction 
to output from an AMP-generating models rather than simple 
classification, following up with experimental validation. These 
methods, however, used predicted amphipathicity, MIC, and 
charge filtering steps in order to obtain target active sequences 
(Nagarajan et al., 2018; Porto et al., 2018), restricting sequence 
output to a specific set of positively charged, alpha helical 
peptides. Our results showing that our list of newly generated 
active peptides includes non-canonical AMPs of low helicity 
and low net charge supports using the described VAE method, 
without imposing thresholds on peptide characteristics or 
otherwise biasing output post-sequence generation. However, 
we  did perform pre-training biasing due to cost and synthesis 
limitations on both length and cysteine presence, and we expect 
the structural diversity of generated AMPs to have been greater 
had these limitations not been a factor, and we  plan to avoid 
more of these biasing factors in future studies.

In addition to investigating AMPs generated using models 
trained on data without length or cysteine constraints, given 
sufficient funds for synthesis costs, future studies will examine 
our results that suggest sampling from nearer regions (i.e., not 
highest or lowest code similarity but interpolations in between) 
would on average result in generated AMPs with middling activity 
in a range between the polar Groups A and B. This interpolation 
may look similar in outcome to our proof-of-concept report on 
de novo generation of short ≤12-mer peptides using a VAE  

(Dean and Walper, 2020) but would further validate that the 
VAE is producing a smooth, well-organized latent space. Another 
interesting feature to investigate in the future, relating to the 
ability to sample nearby a particular selected AMP, are the 
characteristics best retained by the newly generated AMPs. The 
results here suggest the average MIC of the generated AMPs 
from both Group A and Group B is similar to that of those 
AMP encoded near the location they were sampled from, but it 
is unclear whether other measurable features will be  retained. 
For example, if an AMP with highly specific activity particular 
species or Gram classification is used as the reference, will the 
generated AMPs also selectively kill? The above-mentioned possibility 
of pairing with PepVAE with further compiled non-E. coli data 
for likely allowing for improved generation of AMPs targeting 
species of interest leads us to speculate whether this framework 
can result in a species-level granularity in terms of activity or 
whether other techniques would be  better suited for this goal. 
In addition, we  highlight that this study utilized a vanilla LSTM 
VAE that was used previously, not a more sophisticated variant, 
such as a conditional VAE (CVAE) for AMP generation (Das 
et  al., 2018). It is unclear whether the results would be  improved 
by conditioning the latent space on MIC information without an 
explicit comparison paired with experimental validation; in future 
studies, we plan to investigate this, comparing the output of CVAE 
to PepVAE, as well as other generative models to determine which 
performs the best for controlled AMP sequence generation.
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Antibiotic resistance is emerging as a hot issue with the abuse and overuse of antibiotics, 
and the shortage of effective antimicrobial agents against multidrug resistant bacteria 
creates a huge problem to treat the threatening nosocomial skin and soft tissue infection. 
Antimicrobial peptides (AMPs) exhibite enormous potential as one of the most promising 
candidates of antibiotic to fight against pathogenic infections because of its unique 
membrane penetration mechanism to kill pathogens, whereas the clinical application of 
AMPs still faces the challenges of production cost, stability, safety, and design strategy. 
Herein, a series of Trp-rich peptides was designed following the principle of paired Trp 
plated at the ith and ith + 4 position on the backbone of peptides, based on the template 
(VKKX)4, where X represents W, A, or L, to study the effect of intramolecular aromatic 
interactions on the bioactivity of AMPs. Through comparing the antimicrobial performance, 
hemolysis, cytotoxicity, and stability, VW5 which is equipped with the characters of direct 
antimicrobial efficacy (GM = 1.68 μM) and physical destruction of bacterial membrane 
(SEM and electron microscopy) stood out from the engineering peptides. VW5 also 
performed well in mice models, which could significantly decrease the bacterial colony 
(VW5 vs infection group, 12.72 ± 2.26 vs 5.52 ± 2.01 × 109 CFU/abscess), the area of 
dermo-necrosis (VW5 vs infection group, 0.74 ± 0.29 vs 1.86 ± 0.98 mm2) and the 
inflammation cytokine levels at the abscess site without causing toxicity to the skin. Overall, 
this study provides a strategy and template to diminish the randomness in the exploration 
and design of novel peptides.

Keywords: antimicrobial peptide, intramolecular aromatic interaction, antimicrobial activity, bacterial infection, 
subcutaneous abscess

INTRODUCTION

The cutaneous abscess, formed from the accumulated pus and located underneath the dermis, 
is one of the most common symptoms of skin and soft tissue infection induced by the invasion 
of pyogenic bacteria (pus producing bacteria) with the sign of redness, swelling, warmth, and 
pain (Brook and Frazier, 1997). There is no need to carry out medical intervention for the 
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abscess, which is associated with transient painful lumps; 
however, a combination of surgically drained and antibiotic 
treatment is necessary to treat the severe cases of large deep 
abscess with the complication of bloodstream dissemination, 
traditionally (Trowbridge, 2010). While the therapeutic efficiency 
of antibiotics was weakened once the abscess formed and 
excessed to a certain size, there are complex components (the 
debris of necrotic cells, fibrin, bacteria, and so on) and abnormal 
pathological change (decreased pH level and low redox potential) 
at the site of the abscess (Bryant and Mazza, 1989). In addition, 
the antibiotic resistant bacteria with high virulent was 
continuously emerging along with the misuse and overuse of 
antibiotics for the past decades. For example, the well-known 
ESKAPE pathogens were the most recalcitrant resistant bacteria 
causing hospital acquired infection (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 
baumannii, Pseudomonas aeruginosa, and Enterobacter species; 
Pletzer et  al., 2017; Su et  al., 2020). Therefore, the shortage 
of efficient antimicrobial agents was an urgent problem to 
be  solved to cope with various resistant bacterial infections 
(Xue et  al., 2021).

Antimicrobial peptides (AMPs) have been elected as one 
of the most potential alternatives of antibiotics to deal with 
the increasing shortage of antimicrobial agents fighting against 
antibiotic resistant bacteria because of the distinguished mode 
of action (Dong et  al., 2014a; Song et  al., 2020). The physical 
membrane permeabilization depends on the well-known 
amphipathicity of AMPs, which could be  interpreted as the 
characters of electro-positivity and hydrophobicity amino acid 
residues located at different sides on the backbone of peptides 
(Lyu et  al., 2019). The cationic residues on the polar face of 
peptide generated the identification ability of negative bacterial 
membranes through electrostatic interaction and the hydrophobic 
residues on other side were mainly provided the insertion 
force for the peptide to disrupt the bacterial membrane (Tossi 
et  al., 2000). Whereas the clinical application of most natural 
AMPs still faced the challenge of complicated physiological 
environment, undesired cost, and potential systemic toxicity 
(Di et al., 2020). Therefore, numerous single-factor modification 
strategies have been developed to enhance the structural features 
and functional diversity of AMPs, including the truncation of 
sequence, substitution of residues, hybridization of functional 
sequence, cyclization of the peptides, and so on (Wang et  al., 
2019; Elliott et  al., 2020).

It was well discussed that the hydrogen bond of an α-helical 
structure, formed by the backbone N-H group (ith) and the 
backbone C=O group (ith + 4), was the essential factor to 
stabilize the peptide secondary structure (Lyu et  al., 2019). 
Beside the hydrophilic interaction of the hydrogen bond on 
the backbone, the interactions between the side chain of residues 
also played a vital role to maintain the low-energy structure, 
structural stability, and diversity of bioactivity of the peptide 
(Bi et  al., 2013). The intramolecular aromatic interactions (π–π 
interactions of benzene rings) were exactly the representative 
side chain interactions which could impact the structure and 
function of peptides among those side chain interactions (Waters, 
2004). In addition, among the aromatic amino acids, tryptophan 

was frequently employed to design a novel peptide because 
of the unique bulky indole ring on the side chain which 
exhibited the affinity to near-surface of lipid and the headgroup 
of the membrane (Chan et  al., 2006). However, there was not 
a lot of information and systematic research about the effect 
of intramolecular aromatic interactions on the bioactivity of 
AMPs. Therefore, a series of peptides was synthesized with 
the paired Trp residues located on the ith and ith + 4 position 
on the backbone of the peptide using the template (VKKX)4, 
where X represents W, A, or L. Leu was introduced to the 
sequence to compare the effect of different types of hydrophobic 
side chain on the bioactivity of peptides (the paired aliphatic 
amino acid residues and the aromatic amino acid residues). 
The Ala residues are equipped with a non-bulky and chemically 
inert functional group, which was to help to mimic the structure 
preferences of other amino acids. Therefore, the Ala residues 
were employed to mutate specific Trp sites on the sequence 
to study the role of the specific site and the amounts of Trp-Trp 
pairs to the bioactivity of peptides (Sato et  al., 2000). Then 
the antimicrobial activity, biocompatibility, the mode of action, 
and the in vivo antimicrobial activity of peptides was 
further studied.

MATERIALS AND METHODS

Strains and Peptides Synthesis
The tested strains were kindly provided by the laboratory of 
Veterinary Microbiology and Immunology, the College of 
Veterinary Medicine, Northeast Agricultural University (gram-
negative bacteria, Salmonella enterica serovar typhimurium 
C77-31, Salmonella typhimurium ATCC 14028, Escherichia coli 
ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and gram-
positive bacteria, Staphylococcus aureus ATCC 29213, 
Staphylococcus aureus ATCC 43300, Staphylococcus epidermidis 
ATCC 12228, Staphylococcus aureus ATCC 25923).

The well-known solid-phase method was employed to 
synthesize the testing peptides (GL Biochem, Shanghai, China) 
and the C-terminal of peptides was amidated with the purpose 
of the stabilization of the secondary structure and the supply 
of the extra positive (Liu et al., 2008). In addition, the synthesized 
peptides were purified by RP-HPLC to reach the >95% purity 
at 220 nm with a nonlinear water/acetonitrile gradient (contained 
0.1% trifluoroacetic acid) under the flow rate of 1.0 ml/min. 
Then, the peptides were further characterized by MALDI-TOF 
MS (Linear Scientific Inc., U.S.) and analytical RP-HPLC 
(GS-120-5-C18-BIO 4.6 × 250 mm column). The power of 
synthesized peptides was dissolved in DI water for further testing.

CD Spectrum
The circular dichroism (CD) spectrum was further determined 
by analysis the secondary structure of peptides in different 
membrane-mimic environments (Dong et  al., 2014b). The two 
totally different mimic environments were 10 mM PBS and 
50% TFE solution and the final concentration of peptides was 
fixed at 150 μM Then the samples were transferred into a 
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rectangular quartz cuvette (1 mm path length) and further 
underwent the scanning of J-820 spectropolarimeter (Jasco, 
Tokyo, Japan) at the speed of 50 nm/min. The wavelengths 
ranged from 190 to 250 nm and were recorded to plot the 
observed ellipticity curve. The observed value at each time 
point was the average of three scans. The results were presented 
of mean residue ellipticity, which was calculated from the 
observed ellipticity as follows.

θ θM obs c l n= ⋅( ) ⋅ ⋅1000 / ( );  (Zhu et  al., 2014a)

The meaning of each letter was displayed as followed: θM, 
residue ellipticity [deg.cm2.dmol−1]; θobs, observed ellipticity 
[mdeg]; c, peptide concentration [mM]; l, path length [mm]; 
n, the number of amino acid residues of peptide.

Hemolytic Activity
The hemolytic activity of peptides was reflected by the 
releasing amount of hemoglobin from erythrocytes lysis 
induced by peptides (Dong et  al., 2014a). The informed 
consent was obtained from the volunteers (3 healthy 25-year-
old male volunteers) before the experiment. In brief, the 
human red blood cells (hRBCs), donated by volunteer, were 
collected, washed, and resuspended in PBS at pH 7.2. The 
peptides were serially diluted in PBS at different concentrations 
in a 96-well cell cultures plate and incubated with 50 μl 
hRBCs for 1 h at 37°C. The 0.1% Trition X-100 was selected 
as the treatment of positive control and the negative control 
was the hRBCs treated with PBS. After 1 h incubation, the 
supernatant, obtained by centrifuging the plate 1,000 g for 
5 min, was transferred to a brand-new plate for absorbance 
detection at 570 nm. The releasing amount of hemoglobin 
was converted to the percent hemolysis against to 0.1% 
Triton X-100 treatment. The lowest concentration caused 
5% hemolysis of hRBCs and was defined as the lowest 
hemolytic concentration of antimicrobial peptide.

Cytotoxicity
The MTT (3-[4,5 dimethylthiozol-2-yl]-2,5-
diphenylterazoliumbromide) dye was selected to analyze the 
cytotoxicity of peptides against the murine macrophage cell 
RAW 264.7 (National Collection of Authenticated Cell Cultures, 
Shanghai, China), human embryonic kidneys (HK293T), and 
the porcine intestinal epithelial cells (IPEC-J2) as in our 
previously study (Li et  al., 2020). In short, the cells (104 cells/
well) were seeded into 96-well plates and were cultivated 
overnight. Then the peptides with different final concentration 
(2 μM, 4 μM, 8 μM, 16 μM, 32 μM, 64 μM, and 128 μM) were 
introduced into the plate and challenged with cells for 24 h. 
After overnight incubation, the 50 μl MTT (0.5 mg/ml) was 
added into the cell cultures for 4 h. Then the plate was centrifuged 
to discard the supernatants and obtain the formazan crystals. 
The DMSO (dimethyl sulfoxide) was employed as a solvent 
to dissolve the formazan crystals on the bottom of the plate 
and the optical density was read at 492 nm with a 
microplate reader.

Antimicrobial Activity
The famous microtiter dilution, National Committee for Clinical 
Laboratory Standards, was adopted to measure the antimicrobial 
ability of the engineering peptides (Chou et  al., 2016). In brief, 
the 50 μl with serial dilution was incubated with the same volume 
bacteria (1 × 105 CFU/ml in midi-logarithmic phase) in a 96-well 
plate 18–24 h at 37°C. The positive control was the bacteria treated 
with culture medium and the negative control was merely culture 
medium. The MICs (minimum inhibitory concentrations) were 
defined as the lowest concentration of peptides that prevented 
the production of visible turbidity (Tossi et  al., 2000).

Time-Kill Curve and Fractional Survival 
Tests
The logarithmic phase bacterial cells (P. aeruginosa ATCC 27853 
and S. aureus ATCC 29213) were harvested and diluted to 
1 × 105 CFU/ml (Dou et  al., 2017). The testing peptides at 
different concentrations (1 × MIC, 2 × MIC, and 4 × MIC) were 
challenged with bacteria at a series of time intervals (0, 5, 
10, 30, 60, and 120 min). Then the reaction system was diluted 
several times and plated on Mueller-Hinton agar (MHA, AoBoX, 
Shanghai, China) plates. The plates were incubated 24 h at 
37°C in order to count the bacterial colonies. The data were 
the means of three times independent assays.

Salt and Serum Sensitivity Assays
The antimicrobial performance of peptides against P. aeruginosa 
27853 cells was further studied under the complicated 
physiological conditions (Lyu et  al., 2016). The concentrations 
of salts were selected as the same as the physiological 
concentration to test the effect of antimicrobial activity (150 mM 
NaCl, 4.5 mM KCl, 6 μM NH4Cl, 8 μM ZnCl2, 1 mM MgCl2, 
and 4 μM FeCl3). The serum was also taken into the consideration 
for the adverse impact on the antimicrobial effect of peptides. 
The AMPs were operated at different concentrations of human 
heat-inactivated serum (12.5, 25, and 50%) as previously studied 
(Ma et  al., 2014).

LPS Binding
The BODIPY-TR-cadaverine (BC) displacement assay was 
performed to analyze the LPS binding ability as previously 
studied (Ma et  al., 2012). At the beginning, the LPS-probe 
solution was formed by 4 h incubation of 50 μg/ml LPS (derived 
from Pseudomonas aeruginosa, purchased from Sigma-Aldrich, 
Shanghai, China) and 5 μg/ml BC dye in Tris buffer. After 
which, the peptides with different concentrations (1 μM, 2 μM, 
4 μM, 8 μM, 16 μM, 32 μM, and 64 μM) were added into a 
mixture to react for 1 h and the fluorescence values were 
detected (excitation λ = 580 nm, emission λ = 620 nm). The result 
of LPS-binding ability of peptides was calculated as the percentage 
against fluorescence value induced by 10 μg/ml Polymyxin B.

Outer Membrane Permeabilization
The outer membrane permeabilization of peptides was observed 
by monitoring the fluorescence change of dye 
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1-N-phenylnaphthylamine (NPN; Dong et al., 2014c). The 10 μm 
NPN (Sigma-Aldrich, Shanghai, China) was first incubated 
with the P. aeruginosa ATCC 27853 cells (OD600 = 0.2, suspended 
in 5 mM HEPES buffer supplied with 5 mM glucose) for 30 min. 
Afterward, the mixture was subjected to the detection of 
fluorescence, which served as the background at the excitation 
wavelength (λ = 350 nm) and the emission wavelength 
(λ = 420 nm). Then the peptides with various concentrations 
(1 μM, 2 μM, 4 μM, 8 μM, 16 μM, 32 μM, and 64 μM) were added  
into the mixture and the fluorescence was monitored until 
the value was tended to stable. The %NPN uptake against 
10 μg/ml polymyxin B was calculated to analyze the outer 
membrane permeability of peptides.

Cytoplasmic Membrane Electrical 
Potential
The cytoplasmic membrane depolarization of peptides was 
analyzed with membrane potential-sensitive dye DISC3-5 
(Ma et  al., 2011). First, 0.4 μM DISC3-5 (Sigma-Aldrich, 
Shanghai, China) was incubated with the P. aeruginosa ATCC 
27853 cells (OD600 = 0.05) suspended in 5 mM HEPES buffer 
supplied with 20 mM glucose for 1 h. Then 100 mM K+ was 
introduced into the mixture for the reason of keeping K+ 
concentration equilibration of bacterial cytoplasmic and 
extracellular conditions. Afterward, the peptides were reacted 
with the bacterial cells and the fluorescence value was tracked 
over time to plot the fluorescence curve (excitation λ = 622 nm, 
emission λ = 670 nm).

Scanning Electron Microscope
The field emission scanning electron microscope (SEM) was 
adopted to analyze the morphology changes of the bacterial 
membrane as previously studied (Dong et  al., 2012a). In short, 
the bacterial cells (P. aeruginosa ATCC 27853 and S. aureus 
ATCC 29213) in the exponential growth phase were harvested 
and treated with the peptides at MIC values for 30 min. Then, 
the bacterial cells were fixed with glutaraldehyde (2.5% w/v) 
overnight and dehydrated with various concentration ethanol 
solutions (50, 70, 90, and 100%) 10 times. Subsequently, the 
bacterial cells were further incubated with a mixture containing 
half volume of alcohol and half volume of tert-butanol 30 min 
and pure tert-butanol for 1 h. The critical point dryer was 
employed to dry the bacterial cells and the SEM was introduced 
to visualize the morphology.

Transmission Electron Microscope
The sample for the test of the Transmission Electron Microscope 
(TEM) was to follow the same procedure as SEM. After the 
overnight pre-fixation with 2.5% glutaraldehyde, the bacteria 
was then post-fixed with 2% osmium tetroxide (sealed ampule, 
Shanghai, China). Afterward, the samples were dehydrated with 
ethanol at a series of concentrations (50, 70, 90, and 100%) 
and substituted the 100% ethanol with 50% ethanol+50% 
acetone, 100% acetone, 50% acetone+50% epoxy resin, and 
100% epoxy resin successively. Finally, the samples were sectioned 
and stained for observation.

Subcutaneous Abscess Model
The in vivo antimicrobial performance of peptides was assessed 
by the treatment effect of the subcutaneous bacterial abscess 
model (Pletzer et  al., 2017). In brief, 24 female ICR mice 
(weighted 18–20 g, WeiTonglihua Co., Ltd. (Beijing)) were 
divided into four groups and each group contained 6 mice 
(n = 6). The back hair of mice was carefully cleaned, shaved, 
and sterilized for the preparation of the experiment. Then, 
the Pseudomonas aeruginosa ATCC 27853 cells (100 μl, 108 CFU/
ml) were injected into the subcutaneous layer of the dorsum 
skin. 1 hour after infection, the mice were treated with saline, 
VW5 (5 mg/kg), and ciprofloxacin (5 mg/kg) intraperitoneally 
and the treatments were repeated twice a day until the experiment 
was finished. The non-infected mice served as a control, which 
was infected and treated with saline.

Assessment of Bacterial Infection
The therapeutic effect of peptides was further evaluated by 
colony counting, and the appearance and the level of inflammatory 
cytokine (Tan et  al., 2020). The appearance of abscesses was 
taking photos and the area of dermonecrotic tissue was measured 
and calculated with calipers at Day 3. The infected skin on 
the back of the mouse was harvested entirely and homogenized 
with saline at Day 3. The homogenate of abscess was spread 
on the MHA plates and cultivated for 18–24 h at 37°C. Then 
the bacterial colony was counted for data analysis. The serum 
was collected for proinflammatory cytokines (TNF-α, IL-1α, 
IL-1β, and IL-2) tests at Day 3. The cytokine levels were 
determined by commercial ELISA kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China).

Histological Examination
The histopathology of abscesses lesions was further analyzed 
by hematoxylin/eosin (HE) staining (Aladdin, Shanghai, China). 
The tissue samples at Day 3 were excised and fixed in 4% 
paraformaldehyde solution. In addition, the cell nuclei were 
stained blue and the cytoplasm was stained pink.

Skin Toxicity
The potential toxicity of peptides to normal skin tissues was 
further tested by TUNEL assay (Huang et  al., 2009). The back 
hair of mice was carefully removed and was injected with 
100 μl 100% DMSO, saline, and VW5 (5 mg/kg) subcutaneously 
for 24 h. The 100 μl 100% DMSO treatment served as a positive 
control, which was well-known for its toxicity to induce skin 
necrosis. Then, the skin samples were harvested and were 
subjected to TUNEL assay and counterstain with 4,6-diamidino-
2-phenylindole (DAPI).

Statistical Method
The data were derived from the three times independent 
experiments and are presented as means ± standard deviation 
with the analysis of ANOVA by SPSS 16.0 software. In addition, 
the statistical significance involved in this work was regarded 
as value of p<0.05.
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RESULT

Characterization of the Peptides
It was suggested by the consistency of theoretical molecular 
weights and measured molecular weights that the peptides 
were successfully synthesized and purified (confirmed by 
MALDI-TOF MOS, matrix-assisted laser desorption/ionization 
time-of-fight mass spectrometry; Table  1). The engineering 
peptides were designed following the template (VKKX)4, where 
X represents W, A, or L, and the paired Trp was decreased 
from 3 to 0 (VW5 to VW1) accompanying the Ala involved 
into the sequence to mute the Trp residues (Figures  1A,B). 
The values of measured and theoretical molecular weights were 
the same, which was indicated in that all peptides were successful 
synthesized. The net charge of all engineering peptides was 
maintained at +9 and the peptides exhibited amphipathic 
structure from the helical wheel (Figure  1C). As the paired 
Trp residues were introduced to the sequence, the hydrophobicity 
was gradually increased from 0.13 to 0.37 (Table  1). Even the 
VW1 and VW2 exhibited the same amino acid composition 
and hydrophobicity, they are not equipped with the same 
amount of paired Trp residues after the substitution of Ala 
residues (VW1 equipped with 0 paired Trp residues and VW2 
equipped with 1 paired Trp residues). The same condition 
also occurred in VW3 and VW4, which showed 1 and 2 
paired Trp residues, respectively. Among those peptides, VW5 
equipped with 3 paired Trp residues, which was the most 
amount of paired Trp residues.

CD Spectrum of Peptides
The secondary structure of peptides in different membranes 
mimics the environment, which was determined by CD 
spectroscopy (the aqueous environment which was mimicked 
by 10 mM sodium phosphate buffer and the hydrophobic 
environment which was mimicked by 50% TFE). As shown 
in Figure  1D, the peptide VW5 (150 μM) exhibited unordered 
conformation in the sodium phosphate buffer. Whereas the 
α-helical tendency could be detected with the spectrum character 
of two negative peaks at about 208 and 222 nm when the 
peptide existed in the 50% TFE.

Antimicrobial Activity
The MIC was employed to measure the antimicrobial activity 
of peptides against a panel of gram-negative and gram-positive 
bacteria (Tables  2, 3). In general, the broad-spectrum 
antimicrobial activity of most of the peptides could be observed 
at the test concentration. The antimicrobial activity of Trp 
substituted derivatives equipped with relative higher antimicrobial 
activity compared to its Leu substituted derivative counterparts. 
The antimicrobial activity of engineering peptides was gradually 
increased as the amount of paired Trp or Leu occurring in 
the sequence. The geometric mean (GM) of the MIC value 
was also calculated to evaluate the relative antimicrobial 
performance of engineering peptides (the GM of VW1, VW2, 
VW3, VW4, and VW5 was 76.11 μM, 41.50 μM, 7.34 μM, 3.36 μM, 
and 1.68 μM). Among those peptides, VW5 exhibited outstanding 

antimicrobial activity compared to other peptides and equipped 
with the same GM (1.68) as the well-known membrane disruption 
peptide melittin (GM = 1.68 μM). In addition, the peptide VW5 
showed effective antimicrobial activity against P. aeruginosa 
ATCC 27853 with the value of MIC of 1 μM.

Hemolytic Activity and the Cell Selectivity
To further research the potential toxicity to mammalian cells 
of peptides, which was hindered by the clinical application, 
the hemolytic activity of peptides against hRBCs was further 
determined. Among those peptides, all peptides maintained 
excellent biocompatibility which did not cause 5% hemolytic 
activities even at the highest test concentration of 128 μM. The  
well-known AMPs melittin exhibited terrible hemolytic activity 
which could cause 5% hRBCs hemolysis at 1 μM (Figure  2A 
and Table  3).

Cytotoxicity
To measure the toxicity of peptides to eukaryotic cells, the 
MTT methods were employed to detect the cell viability of 
RAW 264.7, HEK 293 T, and IPEC J2 after the treatments of 
peptides at a series of concentrations (Figure  2B). The result 
of cytotoxicity exhibited similar results as the hemolytic activity 
and the whole series of peptides did not exhibite cytotoxicity 
to those three types of cells even at the highest test concentration. 
The cell viability of VW5 was maintained at about 91.29% 
(RAW 264.7) and 97.93% (IPEC J2) at the highest test 
concentration of 128 μM. When the cytotoxicity of the positive 
control melittin was tested, the cell viability was significantly 
decreased compared to engineering peptides and the cell viability 
was below 5% at 32 μM (both RAW 264.7 and PEC J2).

Cell Selectivity
The cell selectivity of peptides to bacteria over mammalian 
cells was reflected by the calculation of the therapeutic index 
(TI, the ratio of MHC to GM or IC50 to GM), as shown in 
Table 3. It could be observed that the TI value in the environment 
of red blood cells was increased accompanying the paired Trp 
residues occurring in the sequence (TI of VW1, VW2, VW3, 
VW4, VW5 was >1.68, >3.08, >17.44, >38.1, and > 76.19, 
successively). Among those peptides, VW5 displayed the stronger 
antimicrobial activity (GM was 1.68 μM) and better 
biocompatibility (HC5 of hRBC was >128 μM). In addition, 
the paired Trp substitution exhibited relative larger TI values 
compared to its aliphatic acid substituted counterparts, and 
the TI of VL5 was >26.89 which was about 2.8-fold smaller 
than VW5. Even though the antimicrobial activity of melittin 
was excellent, the higher hemolytic activity decreased its 
therapeutic index (TI of hRBC was 0.59 and GM was 1.71), 
which hindered its clinical application. Besides, the therapeutic 
index of peptide in the mammalian eukaryotic cell (RAW 
264.7, HEK 293 T, and IPEC J2) was also calculated to study 
the biocompatibility of peptides. Still, peptide F5 is equipped 
with the largest TI value in the environment of IPEC-J2 cells 
(3051.34), HEK 293 T cells (5090.03), RAW 264.7 cells (1860.86), 
and the largest GM of TI (>1218.17).
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Salt and Serum Sensitivity
The stability of antimicrobial activity of AMPs could 
be  influenced by the complex physiological environment, 
such as salts, serum, and so on. Thus, the antimicrobial 
performance of peptides against P. aeruginosa ATCC 27853 
has been tested in the presence of various salts and serum 
(Table 4). The most potential candidate VW5 exhibited relative 
stability antimicrobial activity (1 μM) in the presence of most 
salts (Na+, K+, NH4

+, Zn2+, and Fe3+) excepts for the divalent 
cation (Ca2+ and Mg2+). The MIC values of VW5 were 
evaluated twofold (2 μM) against P. aeruginosa ATCC 27853 in 
the presence of Ca2+ and Mg2+ at their physiological 
concentration. The MIC value of F5 did not change compared 
to the control in the presence of 12.5% serum, but the MIC 
value increased twofold (2 μM) in 25% serum and fourfold 
in 50% serum.

Time Killing Curve
According to the performance of antimicrobial activity and 
toxicity, VW5 emerged as the most outstanding candidate 
among those peptides. Therefore, the killing effectives of VW5 
was determined by treating P. aeruginosa ATCC 27853 with 
1 × MIC, 2 × MIC, and 4 × MIC as a function of time (Figure 2C). 
It could be  observed that the killing effect of VW5 followed 
the manner of concentration-and time-dependence. The number 
of bacterial cells decreased rapidly after the treatment of VW5, 
and the bacterial cells were eradicated completely by 1 × MIC 
(1 μM) of VW5  in the system in 30 min (10 min and 30 min 
were taken by 2 × MIC (2 μM) and 4 × MIC (4 μM) of VW5, 
respectively). The melittin exhibited the same trends, which 
could effectively kill the bacterial cells in 30 min at their 
MIC concentration.

LPS Binding Assay
To fully study the antimicrobial mechanism of antimicrobial 
peptide to fight against bacteria, the ability of peptide to bind 
lipopolysaccharide (LPS from P. aeruginosa) was determined 
using the well-known BODIPY-TR-cadaverine dye displacement 
method (Figures  3A,B). It could be  observed that there was 
a dose-dependent manner occurring in the binding activity 
of VW5 to LPS, in which the fluorescence was gradually 
enhanced from 18.37 to 106.10%, which was compared with 
10 μg/ml polymyxin B accompanying the increase of the 
concentration of peptide from 1 to 64 μM (the binding activity 
for melittin was raised from 4.59 to 100.57%). When compared 
with fluorescence reaction after the melittin treatment, VW5 
exhibited relative higher LPS binding ability than melittin, 
especially in the low concentration 1 to 8 μm (VW5 vs. melittin, 
18.37% vs. 4.59% at 1 μM, 53.56% vs. 14.28% at 2 μM, 80.28% 
vs. 34.33% at 4 μM and 93.91% vs. 51.67% at 8 μM).

Outer Membrane Permeability
The ability of VW5 to penetrate through the outer membrane, 
the first barrier of gram-negative bacteria to protect itself 
from the invasion of antibiotic, was determined in P. aeruginosa 
with the fluorescent dye NPN (N-phenyl-1-naphthylamine).  TA
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In order to accurately evaluate the permeability of VW5, 
the well-known membrane-targeting antibiotics, polymyxin 
B, was selected as the standard and the fluorescence, which 
was induced by the 10 μg/ml polymyxin B, was defined as 
100% membrane penetration. With the increase of the 
concentration of VW5 and melittin (1 to 64 μM), the 
fluorescent values were increasingly strengthened and the 
percentage ratio of peptide treatment to polymyxin B treatment 
continually rose from 9.49 to 102.91% after the treatment 
of VW5 and from 6.55 to 86.99% after the treatment of 
melittin at the concentration of 1 to 64 μM. When considering 
the same concentration of VW5 and melittin, VW5 exhibited 
better permeability of the outer membrane than the control 
peptide melittin (Figure  3C).

Cytoplasmic Membrane Depolarization
The potential-sensitive fluorescence dye diSC3-5 was employed 
to monitor the depolarization of cytoplasmic membrane of P. 
aeruginosa ATCC 27853 bacterial cells after the treatment of 
VW5 and melittin at their 1/2 MIC, MIC, and 2 MIC 
concentrations (0.5 μM, 1 μM, and 2 μM of VW5 and 1 μM, 
2 μM, and 4 μM of melittin) and analyzed the disturbance of 
the cytoplasmic membrane potential. The change of fluorescence 
after VW5 and melittin treatment over time was recorded and 
the curve of the increased fluorescence was corrected by 
subtracting the fluorescence of untreated bacterial cells which 
served as the background fluorescence. As the time past from 
0 s to 1,020 s, the fluorescence reaction of VW5 was gradually 
increased until it reached its peak and maintained a relative 

A B1

B2 B3 B4 B5 B6

C1 C2 C3 C4 C5

D1 D2D2 D3 D4

FIGURE 1 | (A) Schematic structure of peptides based on the template (VKKX)4, where X represents W, A, or L. (B) The backbone structure and potential surface 
of peptides. The green structure represents Ala residues, the red structure is Trp residues, and the blue structure represents other amino acid residues involved in 
the sequence. (C) The helical wheel projections of peptides. The charged amino acid residues are colored as dark blue and the hydrophobic amino acid residues 
are painted as dark yellow. (D) The circular dichroism (CD) spectrum of peptides.
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stable status. In addition, the dose-dependent effect could also 
be  observed, which was reflected by the fluorescence and was 
faster to reach its peak and kept at higher fluorescence levels 
at higher concentration compared to the same peptide at lower 
concentration (Figure  3D).

Scanning Electron Microscope
The field emission scanning electron microscopy (FE-SEM) 
was employed to visualize the direct angle about the changes 
in surface morphology of P. aeruginosa ATCC 27853 and S. 
aureus ATCC 29213 (Figure  3E). The surface of untreated 
control P. aeruginosa ATCC 2785 was equipped with smooth 
and intact surfaces. After being treated with VW5 at MIC 
concentration (1 μM), the bacterial surface of P. aeruginosa 
was corrugated, atrophied, and surrounded by a large amount 
of cell debris. A similar phenomenon also appeared in S. aureus 
ATCC 29213 cells after being treated with VW5 at MIC 
concentration (2 μM). The S. aureus ATCC 29213 cells were 
equipped with smooth cell membranes and unbroken round 
cell structures. However, the surface of S. aureus ATCC 29213 
cells was shrunken, and some cells were even broken into 
debris and discrete blebs.

Transmission Electron Microscope
The TEM assay was also performed to revel the change in 
the ultrastructure of P. aeruginosa ATCC 27853 and S. aureus 
ATCC 29213 cells after the treatment of VW5. It could 
be  observed in Figure  3F, the cytoplasm P. aeruginosa and 
S. aureus cell presented as the dense form, which was well 
protected by the intact bacterial membrane. When the VW5 
at MIC concentration (1 μM) was introduced into the reaction 
system, the cellular contents of bacterial cells leaked with the 
sign of the reduce intracellular contents and conspicuous 
cytoplasmic zones surrounding the empty cavity of P. aeruginosa 
ATCC 27853 cells. A similar phenomenon occurred in S. aureus 
ATCC 29213 after being treated with VW5 at MIC concentration 
(2 μM). The structure of untreated S. aureus ATCC 29213 was 
intact, and the contents were well protected by unbroken cell 
membranes. Whereas the cytoplasm of S. aureus ATCC 29213 
cells could be observed, which were diffused around the shrunken 
cells after treatment of VW5.

The Therapeutic Effect of Peptides to 
Cutaneous Abscess
The in vivo antimicrobial performance and therapeutic potential 
of VW5 were analyzed through the bacterial cutaneous abscess 
model. As shown in Figure  4, the scab (5 mg/kg VW5 treatment 
and 5 mg/kg ciprofloxacin treatment) was macroscopically reduced 
compared to the saline treatment and the area of abscess lesion 
was calculated to be VW5 (0.74 ± 0.29) and ciprofloxacin (0.38 ± 0.09), 
which was significantly decreased compared to saline treatment 
(1.86 ± 0.98). There was a significant difference of the bacterial 
load in the abscess lesion (VW5 vs. saline, 12.72 ± 2.26 vs. 
5.52 ± 2.01 × 10 9 CFU/abscess). In addition, the ciprofloxacin 
treatment and the VW5 treatment showed no significant difference 
in the scab area and the bacterial load (Figure  4B).TA
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Proinflammatory Cytokines Level
The proinflammatory cytokines (TNF-α, IL-1α, IL-1β, and IL-2) 
in serum were determined to estimate the therapeutic potential 
antimicrobial peptide VW5 (5 mg/kg). According to Figure  4, 
the non-infection (control) maintained quite lower levels 
compared to the infected group no matter what kind of cytokines, 
in general (Figure  4D). Compared to saline treatment, VW5 
treatment and ciprofloxacin treatment exhibited significantly 
reduced proinflammatory cytokine levels in serum (saline vs 
VW5 and ciprofloxacin: TNF-α, 1020.654 ± 51.08 vs  
756.62 ± 39.12 and 773.35 ± 40.55 pg./ml; IL-1α, 99.95 ± 4.71 vs 
79.82 ± 4.79 and 80.08 ± 4.04 pg./ml; IL-1β, 95.99 ± 4.31 vs 
72.36 ± 4.15 and 72.18 ± 3.54 pg./ml; IL-2, 1492.65 ± 48.11 vs 
1296.25 ± 150.86 and 1250.826 ± 43.60 pg./ml).

Histological Examination
The histological examination was further applied to analyze 
the severity of inflammation in the abscess lesion and the 
integrity of skin structures. It is shown in Figure  4C that the 
structure of skin tissue was intact, which showed the epidermal 
layer, the dermal layer, and the subcutaneous adipose layers 
for healthy tissue. Several inflammatory responses occurred in 
the saline treatment with the character of extensive cell debris 
and inflammatory cells infiltration, and it also could be observed 
that the large-area necrosis tissue overlayed the epidermis at 
the abscess site. Nonetheless, the dermal tissue structures 
maintained relative integrity of the VW5 treatment (5 mg/kg) 
and ciprofloxacin treatment (5 mg/kg), and comparatively mild 
inflammatory response supported by less inflammatory cells 
aggregation in abscess lesions compared to the control skin, 
which was uninfected by bacteria.

Toxicity of VW5 to Normal Skin Tissue
The TUNEL assay was performed to study the potential toxicity 
of peptide to normal skin tissue. The apoptotic cells in the 

epidermal layer were stained green with fluorescein dUTP and 
the cell nuclei was counterstained as blue by DAPI. The 100% 
DMSO was served as positive control because of the well-
known cell toxicity. As shown in Figure 4E, the DMSO treatment 
was caused by heavy cell apoptosis and the epidermal cell 
was stained green with fluorescein-dUTP, which means obvious 
toxicity of skin tissue. The epidermal layer was stained with 
blue; however, no obvious green fluorescence occurred in the 
VW5 (5 mg/kg) and saline treatment.

DISCUSSION

Because of the special membrane active action and antimicrobial 
performance, AMPs are increasingly becoming the hot topic 
at the field of antibiotic candidates in fighting against the 
emerging drug resistant bacterial infection (del Rosso et  al., 
2019; Zhang et al., 2020). Although the antimicrobial performance 
and research potency are promising, the clinical application 
of AMPs still faces great challenges such as manufacturing 
costs, safety, bioactivity, rational design strategy, and so on 
(Tan et al., 2021; Wang et al., 2021), which makes it important 
to explore the novel design strategy to design AMPs with 
high cell selectivity (Shao et al., 2020). It has been well discussed 
that the Trp residues played an important role in the antimicrobial 
activity of linear a-helical antimicrobial peptide by deeply 
inserting into the negatively charged bacterial membrane, and 
the penetration of AMPs into the bacterial membrane could 
be  enhanced without causing obvious binding activity to the 
membrane of mammalian cells when the Trp residues occurred 
at the hydrophobic-hydrophilic interface (Song et  al., 2019). 
This insertion of Trp-rich peptides was mainly dependent on 
the hydrogen bonds formed by aromatic side chain and the 
bilayer surface, which were equipped with a dipole moment 
of about 2.1D. Meanwhile, bacterial insertion activity of Trp-rich 
peptides mainly relied on the position of Trp residues rather 

TABLE 3 | The biocompatibility of antimicrobial peptides.

Peptides
GMMIC

a  
(μM)

HC5
b (μM) IC50

c (μM) Therapeutc index (TI)d

GMTI
e

hRBC IPEC-J2 HEK 293 T RAW264.7 hRBC IPEC-J2 HEK 293 T RAW264.7

VL1 128.00 >128 7,508 9,615 8,795 >1.00 58.65 75.40 68.71 >23.48
VL2 117.38 >128 10,301 8,411 7,516 >1.09 87.76 71.65 64.03 >25.74
VL3 22.63 >128 8,955 8,217 6,258 >5.66 395.72 363.11 276.55 >122.44
VL4 19.03 >128 4,045 7,278 4,147 >6.73 212.53 382.42 217.91 >104.47
VL5 4.76 >128 4,559 7,494 1924 >26.89 957.83 1574.26 404.20 >357.80
VW1 76.11 >128 9,192 6,608 6,691 >1.68 120.77 86.82 87.91 >35.28
VW2 41.50 >128 5,663 5,978 5,665 >3.08 136.45 144.05 136.50 >53.63
VW3 7.34 >128 4,749 10,639 4,750 >17.44 646.97 1449.42 647.10 >320.73
VW4 3.36 >128 6,236 9,246 6,235 >38.10 1855.95 2751.71 1855.65 >775.15
VW5 1.68 >128 5,126 8,551 3,126 >76.19 3051.34 5090.03 1860.86 >1218.17
ME 1.68 1 3.34 5.38 3.79 0.59 1.99 3.18 2.26 1.71

aGMMIC means the geometric mean of the MICs.
bHC5, MHC is the lowest concentration of peptide that caused 5% hemolysis of human red blood cells.
cIC50 was the half maximal inhibitory concentration.
dTI, therapeutic index, is the ratio of MHC to GM or IC50 to GM, which was reflecting the cell selectivity of peptides.
eGMTI represents the geometric mean of TI of various cell lines.

225

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


Wang et al. Trp-rich Antimicrobial Peptides

Frontiers in Microbiology | www.frontiersin.org 10 October 2021 | Volume 12 | Article 733441

A B1

B2 B3

C1 C2

C3 C4

(continued)

226

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


Wang et al. Trp-rich Antimicrobial Peptides

Frontiers in Microbiology | www.frontiersin.org 11 October 2021 | Volume 12 | Article 733441

than the amount of Trp residues occurring in the sequence 
(Chan et  al., 2006; Shang et  al., 2020). Therefore, the Trp 
residue was selected as the basic components for de novo 
design of AMPs in this study because of its superiority to 
bioactivity of peptide.

The aromatic interaction of side chains widely occurred 
at the same side of the helix structure in helical peptides 
and this noncovalent interaction played an important role 
in the structure of protein (Saravanan et  al., 2014). The 
interaction between the aromatic rings at the i position 
and i + 4 position in the sequence could minimize the energy 
landscape of peptide and provide the greatest stability through 
the interaction of intramolecular aromatic rings (Waters, 
2004; Sanchez et  al., 2011). Even in the role of the aromatic 
interaction of side chains on structure stability of peptides, 
there were few studies discussed about the relationship 
between the aromatic intramolecularly interactions and 
antimicrobial activity. The sequence of motif was the de 
novo design which was inspired by the strategy of activity 
units tandem (Ong et al., 2014). The general initial sequence 
was (XYYX)n, where the X is hydrophobic amino acid and 
Y is cationic amino acid, and n means the repeat units. In 
this sequence, the percentage of hydrophobic amino acid 
residues was maintained at 50% following the design principle 
as previously (G et  al., 2016). As one of the most frequently 
charged amino acid residues occurred into the sequence of 
antimicrobial peptide according to the antimicrobial peptide 
database, the Lys residues were selected as the net positive 
charge donor to facilitate the targeting of cationic peptide 
to anionic bacterial membrane (G et  al., 2016). The Val 
residues, which were usually used as elements of AMPs de 
no design, were employed to provide the hydrophobicity to 
promote the antimicrobial peptide to penetrate the 

hydrophobic core of the bacterial cell membrane (Tossi et al., 
2000). Thus, VKKX was selected as the minimum activity 
unit and the repeat of sequence could work as the basic 
components to guarantee the generation of antimicrobial 
activity of the peptide base on previous studies (Ong 
et  al., 2014).

Therefore, a series of Trp-rich peptides was synthesized 
with the paired Trp residues placed on the i position and 
i + 4 position and the paired Leu residues were employed 
to substitute the Trp residues in the sequence compared to 
the effect of different types of amino acid on the antimicrobial 
activity. Finally, the specific site mutation of Ala residues 
was also studied to deplore the influence of the specific 
site of amino acid residues on the backbone and the number 
of Trp-Trp pairs occurred in the sequence on bioactivity 
of AMPs. According to the results of MICs, the antimicrobial 
activity of both series of peptides (Trp and Leu substitution) 
was gradually increased as hydrophobicity increased, which 
could promote the peptide to insert into the hydrophobicity 
core of the bacterial membrane (Lin et al., 2004). To deplore 
the amount of paired Trp residues on the antimicrobial 
activity, the Ala was introduced into the sequence to keep 
the hydrophobicity of peptides on the same condition and 
to eliminate the interference of hydrophobicity. When using 
the same template, the VW5 is equipped with stronger 
antimicrobial activity than VL5 compared to its Leu 
counterparts, which could be  explained by the bulky indole 
ring side chain which could enhance the antimicrobial ability 
of peptides (Dong et  al., 2014b). The antimicrobial activity 
of VW2, VW4, and VW5 gradually increased accompanied 
by more Trp residues introduced into the sequence, which 
could be explained by more Trp residues which could enhance 
the hydrophobicity of peptides and then strengthen the 

FIGURE 2 | (A) The hemolysis activity of peptides at different concentration (0.25 μM, 0.5 μM, 1 μM, 2 μM, 4 μM, 8 μM, 16 μM, 32 μM, 64 μM, and 128 μM). 
(B) Cytotoxicity of engineering peptide to HEK293T (B1), IPEC-J2 (B2), and RAW 264.7 cells (B3) followed by the MTT methods at different concentrations (2 μM, 
4 μM, 8 μM, 16 μM, 32 μM, 64 μM, and 128 μM). The data represented as means ± standard deviations of three independent experiments. (C) The killing curve of 
peptides against bacteria. The eruginosa ATCC 27853 and S. aureus ATCC 29213 were diluted into1 × 105 CFU/ml, and treated with VW5 (C1,C3) and melittin (C3, 
C4) at their 1 × MIC, 2 × MIC and 4 × MIC after 0, 5, 10, 30, 60, and 120 min treatment. The colony counting was performed to determine the survival rate of bacterial 
cells by plating on MHA plates.

TABLE 4 | MICs (μM) of peptides against P. aeruginosa in the presence of saltsa and serum.

VL1 VL2 VL3 VL4 VL5 VW1 VW2 VW3 VW4 VW5

Control >64 64 8 8 2 32 8 4 2 1
NaCl >64 >64 32 8 4 64 16 8 2 1
KCL >64 >64 16 16 4 32 8 4 2 1
NH4Cl >64 >64 16 8 2 32 8 4 2 1
MgCl2 >64 >64 32 8 2 32 16 8 4 2
CaCl2 >64 >64 32 16 4 >64 8 8 4 2
ZnCl2 >64 >64 16 8 4 32 8 4 2 1
FeCl3 >64 >64 16 8 2 32 8 4 2 1
12.5% serum >64 >64 16 8 4 32 8 4 2 1
25% serum >64 >64 32 16 4 64 16 8 2 2
50% serum >64 >64 64 32 16 >64 64 16 8 4

aThe concentration of salts was fixed at their physiological concentration (150 mM NaCl, 4.5 mM KCl, 6 μM NH4Cl, 1 mM MgCl2, 2.5 μM CaCl2, 8 μM ZnCl2, and 4 μM FeCl3), and the 
MIC values of the control were measured in the absence of these salts and serum.
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antimicrobial performance of the peptide (Dong et al., 2012b). 
Even the peptides VW3 and VW4 equipped with the same 
amino acid components and hydrophobicity, the VW 4, 
which has one more paired Trp residue, displayed obvious 
higher antimicrobial activity than VW3. In addition, the 
same condition also happened in the peptide VW1 and 
VW2, which indicates the antimicrobial activity could 
be  improved by the increase of the amount of paired Trp 
residues when the hydrophobicity was maintained on the 
same condition. Meantime, it was also well reported that 
the position of Trp residues rather than the amount played 
an important role on the bioactivity of AMPs (Chan et  al., 
2006). Through comparing the helical wheel of VW3 and 
VW4, it could easily be  found that the Trp residues of 
VW4 were introduced into the center of the hydrophobic 
face of the backbone but VW3 was into the noncentral site 
of the hydrophobic face. Even VW3 and VW4 equipped 
with the same amino acid composition, the VW4 possessed 
stronger amphipathicity, which has a profound influence on 
the biological activity of AMPs (Lyu et  al., 2019).

The cell selectivity of the peptide was also investigated 
to analyze the clinical potential of Trp-rich peptides by the 
calculation of the therapeutic index, which was the ratio 
of MHC to MICs (Chou et al., 2016). Among those engineering 
peptides, all peptides did not show hemolysis and obvious 
toxicity to a eukaryotic cell, which could be  explained by 
the moderate hydrophobicity of peptides. It has been reported 
that the moderate contents of hydrophobic residues would 
help to keep the hydrophobicity and the net charge on 
suitable balance (Zhu et  al., 2014b). Even the peptide VW5, 
which has the highest hydrophobicity, did not show obvious 
cytotoxicity, which was firmly proved in the previous studies 
that the antimicrobial activity would be significantly increased 
without causing undesired hemolysis when the paired 
tryptophan was introduced into the sequence at the hydrogen 
bond position (Lyu et  al., 2019). Among those  
peptides, VW5 stand out from the Trp derivatives  
because of the maximum TI, which means excellent cell  
selectivity.

The electrostatic attraction was the essential factor for 
peptides to identify and target a negative bacteria cell 
membrane; however, the complex physiological environment 
(mainly the cations and serum) was a huge challenge for 
AMPs to exert their antimicrobial activity by the electrostatic 
screening and binding effect (Fedders et  al., 2008). The 
electrostatic screen effect has widely existed between the 
antimicrobial peptide and the positive charged cations 
(monovalent cations Na+, K+, and NH4+ and multivalent 

cations Ca2+, Mg2+ and Fe3+) as in previous studies (Chou 
et  al., 2016; Dou et  al., 2017). In addition, this well-known 
electrostatic screen effect could have a negative effect on 
the antimicrobial peptide to penetrate the bacterial membrane 
and further effect the antimicrobial performance of AMPs 
(Wang et  al., 2018). In the current study, the antimicrobial 
activity of VW5 was kept stable in the presence of most 
of the physiological slats and was only slightly affected by 
Ca2+ and Mg2+, which suggested relative well stability. In 
addition, multivalent cations could also competitively bind 
to the anionic phosphate group of bacterial membrane and 
prompt the membrane to become more rigid, which would 
hinder the penetration effect. In the physiological environment, 
the plasma protein (mainly albumin) was another factor to 
weaken the antimicrobial effective to fight against various 
pathogens which could not be ignored. The MICs of candidate 
peptide VW5 were only increased fourfold in the 50% serum 
indicating its well performance in stability.

The interaction between AMPs and the bacterial membrane 
has been discussed for decades and the membrane 
permeabilization has been summarized as the main mechanism 
of AMPs to exert its antimicrobial activity (Hayouka et  al., 
2017). The negative charged components (mainly hydroxylated 
phospholipids and LPS) played a role as a target to attract 
positively charged AMPs toward the bacterial membrane by 
electrostatic attraction (Zhang et  al., 2019b; Dong et  al., 
2020; Fiorentino et  al., 2021). The LPS binding ability of 
VW5 was carried out by fluorescence-based displacement 
assay, and the efficiency of LPS binding of VW5 exhibited 
higher than melittin, which was known for its strong LPS 
binding ability. The concentration was gradually increased 
with gathering peptides to prepare the transmembrane action 
on a local site until the threshold was broken, and then 
the peptides obtained the initial force to penetrate the 
membrane and in the meantime the conformation of peptides 
was changed due to the change from an aqueous to a 
hydrophobic environment (Giangaspero et  al., 2001; Zhang 
et  al., 2019a). Thus, the peptides could further insert into 
the cytoplasmic membrane inducing a series of chain reactions 
included the disturbance of membrane electrical potential, 
the destruction of membrane integrity, the leakage of contents, 
and the death of bacteria ultimately (Forde et  al., 2018). 
Based on those theories, the effect of AMPs on the cytoplasmic 
membrane and inner membrane were further studied using 
NPN and diSC3-5. The result indicated that VW5 could 
penetrate the bacterial membrane in a similar manner as 
melittin and exhibited stronger outer membrane permeability 
and cytoplasmic membrane depolarization ability. It has been 

FIGURE 3 | (A) Schematic of the model of action of antimicrobial peptide. (B) LPS binding affinity of VW5 at different concentrations. The BODIPY-TR cadaverine 
fluorescent dye displacement assay was employed to evaluate the LPS binding activity of peptides at an excitation wavelength of 580 nm and an emission 
wavelength of 620 nm. (C) The outer membrane permeabilization of P. aeruginosa ATCC 27853 cells. The fluorescence change of 1-N-phenylnaphthylamine (NPN) 
dye was used to study the outer membrane permeabilization after the treatment of VW5 and melittin at a series of concentrations (1 μM, 2 μM, 4 μM, 8 μM, 16 μM, 
32 μM, and 64 μM). (D) Cytoplasmic membrane depolarization of P. aeruginosa ATCC 27853 after incubation of VW5 and melittin at 2 MIC, MIC, and 1/2 MIC 
concentration. (E) Scanning electron microscopic micrographs of P. aeruginosa ATCC 27853 and S. aureus ATCC 29213 after the treatment of VW5 at MIC (1 μM 
for P. aeruginosa ATCC 27853 and 2 μM for S. aureus ATCC 29213). (F) Transmission electron microscope of bacterial cells treated with VW5. The bacterial 
specimen of control received no treatment.
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long reported that the net positive charge of peptides was 
of vital importance in the antimicrobial performance (Jiang 
et  al., 2008). Furthermore, it was confirmed that the 
morphological change of bacteria to the peptides could cause 
the disruption of the bacterial membrane and leakage of 
the cytoplasmic content (Li et  al., 2021; Wang et  al., 2021).

A bacterial infection will induce the neutrophils invading 
into the abscess site through blood vessels at the early phase 
of abscess, and the aggregated neutrophils could capture 
bacteria and then secrete various kinds of proteases and 
reactive oxygen metabolites to ingest bacteria (Graeme and 
Guido, 1977; Trowbridge, 2010). However, neutrophils autolysis 
also inevitably occurred which was induced by their own 
lysosomal enzymes during the process of bacterial ingestion, 
and the proteases and reactive oxygen metabolites were 
released into the surrounding environment inducing normal 
tissue destruction (Kolar and Liu, 2016). Eventually, the 
abscess was formed, which was composed of various 
complicated elements such as pus, a large amount of cell 
debris, and bacteria (Hays and Mandell, 1974), which would 
invalidate the efficacy and penetration of most antibiotics. 
In this study, the bacterial load at the abscess lesions and 
the area of necrotic tissue significantly decreased, which 
indicated that the peptide VW5 was equipped with excellent 
in vivo antimicrobial activity. The proinflammatory cytokines, 
produced by active macrophages, has long been regarded 
as the indicator of the degree of inflammation because of 
the ability to upregulate the inflammation response (Müller 
et al., 2017). The level of cytokines in serum was significantly 
reduced after VW5 treatment, which signifies an excellent 
therapeutic effect for bacterial infection. The result of 
histological assay, in which the skin structure was relatively 
intact after VW5 treatment compared to control, further 
reflected the therapeutic potential of VW5. Through the 
DAPI assays, the antimicrobial peptide VW5 did not exhibit 
green fluorescence, indicating that the antimicrobial peptide 
did not cause cell apoptosis and was equipped with 
skin toxicity.
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The global spread of antibiotic-resistant infections has meant that there is an urgent
need to develop new antimicrobial alternatives. In this study, we developed a strategy
to boost and/or synergize the activity of conventional antibiotics by combination with
antimicrobial peptides tagged with the bulky non-natural amino acid β-naphthylalanine
(Nal) to their N- or C-terminus. A checkerboard method was used to evaluate synergistic
effects of the parent peptide and the Nal-tagged peptides. Moreover, boron-dipyrro-
methene labeled vancomycin was used to characterize the synergistic mechanism of
action between the peptides and vancomycin on the bacterial strains. These Nal-tagged
antimicrobial peptides also reduced the antibiotic-induced release of lipopolysaccharide
from Gram-negative bacteria by more than 99.95%. Our results demonstrate that
Nal-tagged peptides could help in developing antimicrobial peptides that not only
have enhanced antibacterial activities but also increase the synergistic effects with
conventional antibiotics against antibiotic-resistant bacteria.

Keywords: antimicrobial peptides (AMP), antibiotic resistance, synergism, bulky non-natural amino acid,
end-tagging

INTRODUCTION

The emergence of multidrug-resistant pathogens emphasizes the need for novel and alternative
therapeutics to fight against infections (Marston et al., 2016). Some AMPs can work synergistically
with conventional antibiotics to overcome the resistant problems and reduce the amount of
antibiotics (Cassone and Otvos, 2010; Sierra et al., 2017; Martinez et al., 2019; Zharkova et al., 2019;
Li et al., 2020). However, rules governing the design of AMPs with synergistic effects are still not
clear (Lazar et al., 2018).

Tryptophan, owing to its membrane disruptive and lipid interface anchoring activities, has
been found to play important roles in the design and development of Trp-rich AMPs (Mojsoska
and Jenssen, 2015; Godballe et al., 2016; Arias et al., 2018). Previously, a Trp-rich peptide PEM-
2-W5K/A9W (Ac-KKWRKWLKWLAKK-NH2) was developed based on the C-terminal region
of Bothrops asper myotoxin II (Yu et al., 2010). PEM-2-W5K/A9W was found to possess strong
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activities against both bacteria and fungi even under high
salt conditions (Yu et al., 2010). However, peptide S1
(Ac-KKWRKWLAKK-NH2), a shortened version of PEM-
2-W5K/A9W, only had antimicrobial activities in the low salt
LYM broth media (Chu et al., 2013). The antimicrobial activities
of S1 were diminished at high salt concentrations.

Several problems such as salt resistance, proteolytic stability, as
well as the lipopolysaccharide (LPS, endotoxin) outer membrane
of bacteria may hinder the development of AMPs (Chu et al.,
2013; Chih et al., 2015, 2019). Recent studies have indicated
that the salt resistance, serum proteolytic stability, and LPS
neutralizing activities can be increased by adding bulky non-
natural amino acids to the termini of short AMPs such as
peptide S1 (Chu et al., 2013; Chih et al., 2015). Nuclear
magnetic resonance structures have shown that the two terminal
β-naphthylalanine residues of S1-Nal-Nal were inserted into
the hydrophobic lipid A motif of LPS micelles and enhanced
membrane permeabilization and translocation of this peptide
(Yu et al., 2017). Similar results were also observed by adding
hydrophobic oligopeptide end tags to the termini of AMPs
(Schmidtchen et al., 2009, 2011; Song et al., 2019).

Evidence has highlighted the synergistic effects of using
AMPs in combination with conventional antibiotics against
multidrug-resistant bacterial strains. For example, polymyxin B
and its derivatives were found to function as “permeabilizers”
or “potentiators” to sensitize bacteria to other antibiotics
or potentiate the action of other antibiotics by interacting
with anionic lipopolysaccharide (LPS) outer leaflet of Gram-
negative bacteria (Vaara, 2019). It was also shown that
multidrug-resistant bacteria frequently show collateral sensitivity
to AMPs (Lazar et al., 2018). This finding can be used to
develop peptide-antibiotic combinations that can fight against
resistant bacteria (Lazar et al., 2018). Zharkova et al. (2019)
also found that synergism mainly occurs between highly
membrane-active AMPs and antibiotics with intracellular targets.
Cytotoxicity of these combinations toward normal eukaryotic
cells were rarely synergistic (Zharkova et al., 2019). In
addition, a bulky non-natural amino acid substituted version
of the antimicrobial peptide Bip-P-113 was found to act as
a potentiator to sensitize vancomycin against Gram-negative
bacteria such as Escherichia coli and to boost synergistic effects
with vancomycin against drug-resistant Gram-positive bacteria
(Wu et al., 2020).

The aim of this study was to test if the bulky non-natural
amino acid end tagging strategy of short AMPs can be used in
combination with various antibiotics to fight against antibiotic-
resistant bacterial strains. These results could provide important
insights into the synergistic mechanism between AMPs and
traditional antibiotics.

MATERIALS AND METHODS

Materials
S1, S1-Nal, and S1-Nal-Nal (Table 1) were purchased from
Kelowna International Scientific Inc. (Taipei, Taiwan). The
identity of the peptides was confirmed by electrospray

TABLE 1 | Sequences of S1, S1-Nal, and S1-Nal-Nal.

Name Sequencea Molecular weight (Da)

S1 Ac-KKWRKWLAKK-NH2 1,412.79

S1-Nal Ac-KKWRKWLAKK-Nal-NH2 1,609.98

S1-Nal-Nal Ac-KKWRKWLAKK-Nal-Nal-NH2 1,806.99

aNal, β-naphthylalanine.

mass spectroscopy and the purity (>95%) was assessed by
high-performance liquid chromatography. Both identity and
purity data were provided by Kelowna International Scientific
Inc. (Taipei, Taiwan). Tetracycline, ciprofloxacin and vancomycin
were purchased from Bio Basic Inc. (Toronto, ON, Canada).
BODIPY-labeled Vancomycin was obtained from Thermo Fisher
Scientific (Waltham, MA, United States). Mueller-Hinton broth
(MHB), Tryptic soy broth (TSB) were purchased from Becton,
Dickinson and Company (Franklin Lakes, NJ, United States).
Calcein-AM dye was obtained from Sigma-Aldrich (St. Louis,
MO, United States).

Bacterial Strains and Culture Conditions
Enterococcus faecium (BCRC 15B0132, VRE), Acinetobacter
baumannii strains including 14B0091, 14B0097, and 14B0100,
and E. coli strains including BCRC 13B0198 and BCRC
13B0207 were purchased from Bioresources Collection &
Research Center1 (BCRC, FIRDI, Hsinchu, Taiwan). Escherichia
coli and A. baumannii strains were incubated in MHB, and
E. faecium BCRC 15B0132 were incubated in TSB overnight
at 37◦C with 150 rpm shaking overnight. The turbidity of
bacteria was measured by the absorbance of optical density
at 600 nm (OD600 = 1, equal to approximately 108 CFU/mL)
with UV/Visible spectrophotometer (Biochrom, Cambridge,
United Kingdom).

Antimicrobial Activity Assay
The minimal inhibitory concentrations (MICs) of peptides
and antibiotics were determined by using microbroth dilution
technique, as described by the guidelines of the Clinical and
Laboratory Standards Institute (CLSI) (2015). The assay was
conducted manually using the single pipette following the CLSI
with some modifications. Briefly, E. coli and A. baumannii
strains were incubated in MHB, and E. faecium BCRC
15B0132 were incubated in TSB overnight at 37◦C. The cell
cultures were regrown to mid-log phase and then diluted
to a final concentration of 5 × 105 CFU/mL. 99 µl of
each diluted microbes were transferred into each well of
a 96-well plate, into which 1 µl of peptides or antibiotics
has previously been added and the final concentration of
the peptides and antibiotics would be 64–0.13 µg/mL. After
incubation for about 16 h at 37◦C, the MIC value of
peptides or antibiotics was determined by inspecting the
visible growth. The MIC value was defined as the lowest
concentration of an antimicrobial that will inhibit the visible
growth of a microorganism. All experiments were repeated three
times independently.

1https://catalog.bcrc.firdi.org.tw/
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Checkerboard Assay
The synergistic effects of peptides in combination with antibiotics
was assessed by using the microbroth dilution checkerboard
assay (Mataraci and Dosler, 2012; Mohamed et al., 2016). Each
well containing the mixture of 1 µl peptide (1/4 × MIC at
final concentration) and 1 µl antibiotic (64–0.13 µg/mL at
final concentration), and loaded 98 µl bacteria at the final
concentration of 5 × 105 CFU/mL into each well of a 96-well
plate. After incubation for about 16 h at 37◦C, the MIC value
of peptide/antibiotic combination was determined by inspecting
the visible growth. MIC values obtained were used to evaluate
the effects of combination between peptides and antibiotics by
calculating the Fractional Inhibitory Concentration Index (FICI)
according to the following formula:

FICI =
MICA in combination

MICA alone
+

MICB in combination
MICB alone

The calculated FICI was interpreted as synergistic
(FICI ≤ 0.5), no interaction (0.5 < FICI ≤ 4), or antagonistic
(FICI > 4) (Odds, 2003). The experiments were repeated three
times independently.

Confocal Laser Scanning Microscopy
The fluorescence experiments were performed with slight
modification as described previously (Joshi et al., 2010). Briefly,
the bacteria were diluted to 107 CFU/mL and incubated
with S1, S1-Nal, and S1-Nal-Nal peptides at 0.5 × MIC for
30 mins. Then, 2 µg/mL BODIPY-labeled vancomycin were
treated for 30 mins. Bacteria treated with BODIPY-labeled
vancomycin only served as a control. After treatment, the
cell pellet was obtained by centrifugation and washed with
PBS to remove free BODIPY-labeled vancomycin. The pellet
was resuspended and loaded on the glass slides (PolysineTM,
Thermo Fisher Scientific, Waltham, MA, United States)
and visualized under confocal laser scanning microscope
(LSM 510 META, Carl Zeiss, Jena, Thüringen, Germany)
equipped with 64 × oil objective lens (Carl Zeiss, Jena,

Thüringen, Germany). All experiments were repeated three
times independently.

Calcein Leakage Assay
Calcein acetoxymethyl ester (calcein-AM) is a non-fluorescent
dye and enters into the bacteria through diffusing across
the cell membrane, and hydrolyzed to fluorescent calcein
(C30H26N2O13) by cytoplasmic esterases (Xiong et al., 2005).
Briefly, the microbes were grown to mid-log phase and the pellet
was obtained by centrifugation, washed with PBS, resuspended
to OD600 of 1.0 with PBS containing 10% (vol/vol) broth.
The microbes were incubated with 3 µM calcein-AM for
1 h at 37◦C to form calcein-AM loaded cells. The calcein-
AM loaded cells were collected by centrifugation (3,000 × g,
10 mins), and resuspended to 107 CFU/ml by PBS. Cobalt was
added into cells and was used to quench the fluorescence of
calcein released into the extracellular environment. The cells
were treated with 0.5 × MIC of peptides in the sterile black-
wall 96-well plate and measured the fluorescence intensity
for 60 mins at an excitation wavelength of 485 nm and
an emission wavelength of 510 nm on a fluorescence plate
reader (VICTOR3, PerkinElmer, United States) (Essodaigui
et al., 1998). Bacteria treated with H2O served as negative
controls. The intensity of membrane permeabilization (%)
was calculated as the absolute percent calcein leakage by
peptides with respect to non-treated calcein-AM loaded cells
(Koo et al., 2001). All experiments were repeated three
times independently.

Anti-endotoxin Studies
Escherichia coli BCRC 13B0198 were cultured at the mid-log
phase and diluted to 104 CFU/ml, and then treated with peptide
alone at 1 × MIC or combination with vancomycin (both at
0.5 × MIC) at 37◦C for 6 h. The cells were filtered by using
a pyrogen-free 0.2 µm pore filter (Acrodisc, Pall Corporation,
United States) and the endotoxin level was determined by limulus
amebocyte lysate (LAL) PYROCHROME R© test (Associates of
Cape Cod, United States). The kinetic turbidity was analyzed by

TABLE 2 | The minimal inhibitory concentrations (MICs) of S1, S1-Nal, S1-Nal-Nal, vancomycin, ciprofloxacin, and tetracycline.

Bacterial strains MICa (µg/ml)

S1 S1-Nal S1-Nal-Nal Vancomycin Ciprofloxacin Tetracycline

Enterococcus faecium
BCRC 15B0132

>64 64 32 >64 >64 64

Acinetobacter baumannii
BCRC 14B0091

>64 8 2 >64 32 >64

Acinetobacter baumannii
BCRC 14B0097

>64 8 8 >64 >64 >64

Acinetobacter baumannii
BCRC 14B0100

>64 8 4 >64 64 >64

Escherichia coli
BCRC 13B0198

64 32 16 >64 32 >64

Escherichia coli
BCRC 13B0207

>64 32 16 >64 0.25 >64

aMIC, minimum inhibitory concentration.
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FIGURE 1 | The membrane permeabilization of Enterococcus faecium BCRC 15B0132, Acinetobacter baumannii BCRC 14B0091, A. baumannii BCRC 14B0097,
A. baumannii BCRC 14B0100, Escherichia coli BCRC 13B0198, and E. coli BCRC 13B0207, by S1, S1-Nal, and S1-Nal-Nal for 60 min exposure. Calcein-AM
loaded cells (107 CFU/ml) were resuspended by PBS, and the aliquots of 100 µl were added into a sterile black-wall 96-well plate, then treated with 0.5 × MIC of
peptides in each well and measured the calcein leakage immediately. Each time point for the peptides was repeated three times independently.
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using a microplate reader (SpectraMax ABS, Molecular Devices,
San Jose, CA, United States). The experiments were repeated
three times independently.

Statistical Analysis
The statistical results are performed as the mean± SEM and were
analyzed using one-way ANOVA analysis of variance. Statistical
analysis was performed using GraphPad Prism version 8.0 (San
Diego, CA, United States), where p < 0.05 was considered to
indicate a statistically significant difference.

RESULTS

Antimicrobial Activity
The antibacterial activities of S1, S1-Nal, S1-Nal-Nal,
vancomycin, ciprofloxacin, and tetracycline against Gram-
positive bacterium including vancomycin-resistant E. faecium
BCRC 15B0132 (VRE) and Gram-negative bacteria including
A. baumannii BCRC 14B0091, A. baumannii BCRC 14B0097,
A. baumannii BCRC 14B0100, E. coli BCRC 13B0198, and
E. coli BCRC 13B0207 were assessed by MIC assay. As shown
in Table 2, antibiotics, including vancomycin, ciprofloxacin,
and tetracycline had limited or no activities against all bacterial
strains except for E. coli BCRC 13B0207, which is sensitive to
ciprofloxacin. S1 peptide also had limited or no antibacterial
activities (>64 µg/ml). On the other hand, peptides S1-Nal and
S1-Nal-Nal with the addition of bulky non-natural amino acid
β-naphthylalanine at the C-termini demonstrated enhanced
activities against all bacterial strains. S1-Nal had the MICs of
64 µg/ml against E. faecium, 8 µg/ml against A. baumannii,
and 32 µg/ml against E. coli. S1-Nal-Nal had the MICs of
32 µg/ml against E. faecium, 2 µg/ml against A. baumannii
BCRC 14B0091, 4 µg/ml against A. baumannii BCRC 14B0100,
8 µg/ml against A. baumannii BCRC 14B0097, and 16 µg/ml
against E. coli. These results indicated that the addition of only
one or two bulky non-natural amino acid end tags could boost
the antimicrobial activity.

Bacterial Membrane Permeabilization
Permeabilities of S1, S1-Nal, and S1-Nal-Nal were measured
by the peptide-induced leakage of the fluorescent dye calcein
from bacterial cells (Figure 1). To determine the mechanism
of antibacterial action of the AMPs, we evaluated the ability of
peptides to permeabilize intact E. faecium, A. baumannii, and
E. coli membranes by measuring the peptide-induced leakage
of the fluorescent dye calcein from bacterial cells (Figure 1).
In general, the permeabilization ability is in the order of
S1-Nal-Nal > S1-Nal > S1. Addition of β-naphthylalanine to the
termini of S1-Nal and S1-Nal-Nal can increase permeability from
60 to 90% for E. faecium, from 50 to 60% for A. baumannii BCRC
14B0097, from 65 to 90% for E. coli BCRC13B0198, and from 40
to 70% for E. coli BCRC13B0207. However, for bacterial strains
A. baumannii BCRC 14B0091 and A. baumannii BCRC 14B0100,
the order of the permeabilization ability is S1-Nal = S1 > S1-
Nal-Nal. Nevertheless, All peptides showed substantial release of
calcein from these six bacterial cells.

Synergistic Effect With Vancomycin,
Ciprofloxacin, and Tetracycline in the
Presence of a Sub-Inhibitory
Concentration (1/4 × Minimal Inhibitory
Concentrations) of Peptides
Based on the strong antimicrobial activity and bacterial
membrane permeability, it is suggested that these peptides
could be used to potentiate conventional antibiotics such as
vancomycin, ciprofloxacin, and tetracycline against antibiotic-
resistant Gram-positive and Gram-negative bacterial strains.
Synergetic activities of S1, S1-Nal, and S1-Nal-Nal combined
with vancomycin, ciprofloxacin, and tetracycline were then
determined by the checkerboard assay (Table 3). For E. faecium
BCRC 15B0132 and A. baumannii BCRC 14B0097, S1-Nal-Nal
showed substantial synergy while combined with vancomycin,
ciprofloxacin, and tetracycline. The order of the synergistic
effects against E. faecium BCRC 15B0132 and A. baumannii
BCRC 14B0097 is S1-Nal-Nal > S1-Nal > S1. For A. baumannii
BCRC 14B0091 and A. baumannii BCRC 14B0100, S1-Nal
demonstrated better synergistic effects than S1-Nal-Nal and S1.
For E. coli BCRC 13B0198, all peptides had strong synergy
while combined with ciprofloxacin and vancomycin, but these
three peptides had only limited or no synergy while combined
with tetracycline. For E. coli BCRC 13B0207, all peptides

TABLE 3 | Synergistic effects of S1, S1-Nal, and S1-Nal-Nal in combination with
antibiotics against bacterial strains studied.

Strains Antibiotics
(µg/mL)

AMP (µg/mL) (1/4 × MIC)

S1 S1-Nal S1-Nal-Nal

+ FICIa + FICI + FICI

Enterococcus
faecium
BCRC 15B0132

Vancomycin >64 1.25 8 0.31 2 0.27

Ciprofloxacin 64 0.75 16 0.38 2 0.27

Tetracycline 16 0.5 8 0.38 1 0.27

Acinetobacter
baumannii
BCRC 14B0091

Vancomycin 16 0.38 2 0.27 >64 1.25

Ciprofloxacin 32 0.5 32 0.5 64 2.25

Tetracycline 64 0.75 32 0.5 >64 1.25

Acinetobacter
baumannii
BCRC 14B0097

Vancomycin 32 0.5 2 0.27 2 0.27

Ciprofloxacin >64 1.25 64 0.75 2 0.27

Tetracycline 64 0.75 64 0.75 2 0.27

Acinetobacter
baumannii
BCRC 14B0100

Vancomycin 32 0.5 2 0.27 4 0.28

Ciprofloxacin 64 0.75 32 0.5 32 0.75

Tetracycline 64 0.75 64 0.75 >64 1.25

Escherichia coli
BCRC 13B0198

Vancomycin 32 0.5 32 0.5 32 0.5

Ciprofloxacin 2 0.27 2 0.27 2 0.31

Tetracycline >64 1.25 64 0.75 64 0.75

Escherichia coli
BCRC 13B0207

Vancomycin 64 0.75 >64 1.25 64 0.75

Ciprofloxacin 0.02 0.31 0.06 0.5 0.13 0.75

Tetracycline 64 0.75 64 0.75 64 0.75

aFICI, fractional inhibitory concentration index, FICI ≤ 0.5, synergy; 0.5 < FICI ≤ 4,
no interaction; FICI > 4, antagonism.
+, the MIC of antibiotic in combination with 1/4 × MIC antimicrobial
peptides (AMPs). Bold values indicated synergistic effects.
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demonstrated strong synergy while combined with ciprofloxacin,
but had only limited activity while combined with vancomycin
and tetracycline.

Mechanism of the Synergistic Effects
Studied by Boron-Dipyrro-Methene
Labeled Vancomycin
Boron-Dipyrro-Methene (BODIPY)-labeled vancomycin was
used to study the mechanism of synergistic effects of S1, S1-
Nal, and S1-Nal-Nal by measuring the uptake of vancomycin
in E. faecium BCRC 15B0132, A. baumannii BCRC 14B0097,
and E. coli BCRC 13B0207 strains (Chu et al., 2020).
The results demonstrated that S1-Nal and S1-Nal-Nal with
β-naphthylalanine end-tagging markedly enhanced the entry of
BODIPY-labeled vancomycin into the Gram-positive E. faecium
BCRC 15B0132 strain (Figure 2). Similar results were also found
for the Gram-negative A. baumannii BCRC 14B0097, and E. coli
BCRC 13B0207 strains (Figures 3, 4).

S1-Nal and S1-Nal-Nal Attenuate
Vancomycin-Induced
Lipopolysaccharide Release
Antibiotic-treatment can cause the release of lipopolysaccharide
(LPS, endotoxin) from Gram-negative bacteria into the
bloodstream of the host and has been shown to be associated
with the deterioration of the patients (Trautmann et al., 1998;
Li et al., 2017). Herein, we used LAL assay to measure the

concentration of LPS in supernatants induced by the treatment
of vancomycin (Figure 5). Escherichia coli BCRC 13B0198 cells
were treated with S1, S1-Nal, and S1-Nal-Nal or the combination
of vancomycin and the peptides. The LPS concentration
decreased tremendously with the S1-Nal, and S1-Nal-Nal
treatment alone or the combination of S1-Nal, S1-Nal-Nal, and
vancomycin treatment (Figure 5).

DISCUSSION

End-tagging peptides with hydrophobic moieties have been
developed to increase salt resistance and potency of AMPs. For
example, tryptophan and/or phenylalanine stretch (Schmidtchen
et al., 2009), as well as fatty acid, vitamin E, or cholesterol
were added to the termini of short AMPs (Avrahami and Shai,
2002; Makovitzki et al., 2006; Serrano et al., 2009; Rosenfeld
et al., 2010; Arnusch et al., 2012). This strategy was modified
by adding only one or two β-naphthylalanine to the termini of
short antimicrobial peptide to boost its salt resistance, serum
proteolytic stability and antiendotoxin activities (Chu et al.,
2013; Chih et al., 2015). There are several advantages to using
β-naphthylalanine than using tryptophan/phenylalanine or fatty
acid as end-tags. For example, a stretch of five tryptophan end-
tags were needed to provide salt resistance to the antimicrobial
peptide KNK10 under 150 mM NaCl (Pasupuleti et al., 2009).
Only one β-naphthylalanine end-tag was needed to provide
substantial salt resistance (Chu et al., 2013). Furthermore,
β-naphthylalanine end-tags can provide superior serum stability

FIGURE 2 | S-Nal and S1-Nal-Nal increase the uptake of boron-dipyrro-methene (BODIPY)-labeled vancomycin in E. faecium. (A) Fluorescence images of 107

CFU/ml E. faecium BCRC 15B0132 treated with 0.5 × MIC of S1, S1-Nal and S1-Nal-Nal at 37◦C for 30 min, then treated BODIPY-labeled vancomycin for 30 min
(scale bar represents 5 µm). (B) Mean fluorescence intensity of S1, S1-Nal, and S1-Nal-Nal treated in E. faecium BCRC 15B0132. Samples treated with
BODIPY-labeled vancomycin only served as a control. Results are presented as means ± SEM, ***P < 0.001 compared with control. n.s., no significant differences.
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FIGURE 3 | S1-Nal and S1-Nal-Nal increase the uptake of BODIPY-labeled vancomycin in A. baumannii. (A) Fluorescence images of 107 CFU/ml A. baumannii
BCRC 14B0097 treated with 0.5 × MIC of S1, S1-Nal, and S1-Nal-Nal at 37◦C for 30 min, then treated BODIPY-labeled vancomycin for 30 min (scale bar
represents 5 µm). (B) Mean fluorescence intensity of S1, S1-Nal, and S1-Nal-Nal treated in A. baumannii BCRC 14B0097. Samples treated with BODIPY-labeled
vancomycin only served as a control. Results are presented as means ± SEM, ***P < 0.001 compared with control. n.s., no significant differences.

FIGURE 4 | S1-Nal and S1-Nal-Nal increase the uptake of BODIPY-labeled vancomycin in E. coli. (A) Fluorescence images of 107 CFU/ml E. coli BCRC 13B0207
treated with 0.5 × MIC of S1, S1-Nal, and S1-Nal-Nal at 37◦C for 30 min, then treated BODIPY-labeled vancomycin for 30 mins (scale bar represents 5 µm).
(B) Mean fluorescence intensity of S1, S1-Nal, and S1-Nal-Nal treated in E. coli BCRC 13B0207. Samples treated with BODIPY-labeled vancomycin only served as
a control. Results are presented as means ± SEM, ***P < 0.001 compared with control.
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FIGURE 5 | Attenuation of LPS release from E. coli. Escherichia coli BCRC
13B0198 were incubated at the mid-log phase (104 CFU/ml) and treated with
peptide alone (at 1 × MIC) or combination with vancomycin (both at
0.5 × MIC) at 37◦C for 6 h. The samples were filtered through 0.2 µm pore
filter and the endotoxin level was detected by LAL assay. ***P < 0.001
compared with vancomycin only. ns, no significant differences compared with
vancomycin only.

due to its non-natural and bulky characteristics (Chu et al.,
2013; Chih et al., 2015). This is particularly important for the
development of short AMPs to lower the cost of synthesis. In
this study, we have extended the β-naphthylalanine end-tagging
strategy to boost the synergistic effects of S1-Nal and S1-Nal-
Nal with conventional antibiotics against drug-resistant bacteria.
Our results indicated that both S1-Nal and S1-Nal-Nal displayed
synergistic effects in combination with conventional antibiotics
such as vancomycin, ciprofloxacin, and tetracycline against
the Gram-positive E. faecium BCRC15B0132 strain. S1-Nal or
S1-Nal-Nal also displayed synergistic effects with vancomycin
and ciprofloxacin against the Gram-negative A. baumannii
BCRC14B0091, A. baumannii BCRC14B0097, A. baumannii
BCRC14B0100, E. coli BCRC13B0198, and E. coli BCRC13B0207
strains. However, lack of synergy with tetracycline for all peptides

was found against the A. baumannii BCRC14B0100, E. coli
BCRC13B0198, and E. coli BCRC13B0207 strains.

Polymyxin B has been used as a potentiator to act
synergistically with antibiotics against drug-resistant Gram-
negative bacteria (Vaara, 2019). The mechanism of synergism was
attributed to the increase of bacterial membrane permeabilization
caused by polymyxin B (Vaara, 2019). AMP DP7 shows
synergistic effects with the antibiotic, azithromycin, against the
antibiotic-resistant strains including S. aureus and P. aeruginosa
isolates (Wu et al., 2017). The synergistic effects may be attributed
to the cell wall proteins reduced by azithromycin and cell wall
disruption by DP7 peptide (Wu et al., 2017). Antimicrobial
peptide CLP-19 displayed synergistic effects with antibiotics
such as ampicillin, ceftazidime, and levofloxacin against E. coli
ATCC 25922 and S. aureus ATCC 29213 (Li et al., 2017).
In addition, the CLP-19 and CLP-19/antibiotic combination
could induce the generation of hydroxyl radicals from bacteria
through depleted NADH, which were related to the synergistic
effects of CLP-19/antibiotic combination (Li et al., 2017). As can
be seen from Figure 1 in this study, increases of membrane
permeabilization of β-naphthylalanine end-tagging against the
six bacterial strains studied were found. The results demonstrated
that the increase of membrane permeabilization correlated well
with synergistic effect with antibiotics against drug-resistant
bacterial strains. Moreover, BODIPY-labeled vancomycin was
used to study membrane permeabilization and uptake of
vancomycin in E. faecium, A. baumannii, and E. coli strains
(Figures 2–4). The results indicated that the antimicrobial
peptide-induced fluorescent intensity changes of BODIPY-
labeled vancomycin inside bacterial cells were concordant with
the membrane permeability of the peptides. One interesting
thing to note from bacterial membrane permeabilization studies
is that β-naphthylalanine end-tags caused higher membrane
permeabilization of the Gram-positive bacterial strain (from
60% calcein leakage of S1 to 90% calcein leakage of S1-Nal-
Nal) than the Gram-negative bacterial strains (Figure 1). S1-
Nal and S1-Nal-Nal both have excellent synergistic effects with
vancomycin, ciprofloxacin, and tetracycline against the Gram-
positive E. faecium BCRC 15B0132 strain (Table 3).

Lipopolysaccharide constitutes the major component of the
outer leaflet of Gram-negative bacteria. It was shown that S1-Nal

FIGURE 6 | Schematic illustration of the synergistic mechanism for BODIPY-labeled vancomycin and peptides. S1-Nal-Nal (red) disturbs the bacterial outer
membrane and enhances the entry of BODIPY-labeled vancomycin (green circle) into bacteria.
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and S1-Nal-Nal possess high antiendotoxin activities (Chih
et al., 2015). Furthermore, S1-Nal and S1-Nal-Nal can inhibit
LPS-induced nitrite oxide and TNF-α production in murine
macrophage cells and suppress TNF-α release in endotoxemia
mouse model (Chih et al., 2015). NMR structural studies of
S1-Nal-Nal and LPS micelles complex indicated that S1-Nal-
Nal rotated its two terminal β-naphthylalanine residues into the
hydrophobic lipid A motif of LPS micelles and blocked the LPS-
induced inflammation (Yu et al., 2013). We and others have
demonstrated that some AMPs may reduce antibiotic-induced
release of LPS from Gram-negative bacteria (Li et al., 2017;
Chu et al., 2020). In this study, we have found that S1-Nal and
S1-Nal-Nal can reduce antibiotic-induced release of LPS from
E. coli (Figure 5).

Vancomycin was shown to act synergistically with AMPs
against vancomycin-persistent Gram-positive bacterial cells
(Feng et al., 2015). However, vancomycin itself has no
antibacterial effect against Gram-negative bacteria due to the
LPS outer leaflet preventing large glycopeptide antibiotics such
as vancomycin from being transported to intracellular targets.
Recently, it was found that vancomycin can eradicate some
E. coli cells under cold stress conditions through inhibition of
peptidoglycan biosynthesis that is similar to the mechanism
of action of vancomycin to Gram-positive bacteria (Stokes
et al., 2016). Silver ion was also shown to increase membrane
permeability of E. coli cells and potentiate vancomycin against
E. coli (Morones-Ramirez et al., 2013). In this study, we have
also demonstrated that the β-naphthylalanine end-tagged S1-Nal
and S-Nal-Nal can be used with vancomycin to fight against
Gram-negative bacterial infections (Figure 6).

In conclusion, we describe a strategy to boost synergistic
effects of short AMPs with conventional antibiotics against
resistant bacterial strains by adding β-naphthylalanine (Nal) to
one of the peptides’ termini. The described Nal-tagged peptides
(S1-Nal and S1-Nal-Nal) enhanced the antibacterial activity of

the plain peptides and generated a better synergistic effect
when combined with conventional antibiotics. Increasing the
membrane permeabilization against the bacterial strains was
also observed. Additionally, these Nal-tagged AMPs reduced the
antibiotic-induced release of LPS from Gram-negative bacteria by
more than 99.95%. Only one or two Nal end-tags were needed
to have these biological impacts on the peptides, making this a
potential strategy for developing new antimicrobial agents.
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Chemerin-derived peptide Val66-Pro85 (p4) restricts the growth of a variety of skin-
associated bacteria, including methicillin-resistant Staphylococcus aureus (MRSA). To
better understand the antimicrobial potential of chemerin peptide, we compared p4
activity against MRSA in vitro to cathelicidin LL-37, one of the key endogenous peptides
implicated in controlling the growth of S. aureus. The efficacy of p4 was also validated
in relevant experimental models of skin pathology, such as topical skin infection with
community-acquired MRSA, and in the context of skin inflammatory diseases commonly
associated with colonization with S. aureus, such as atopic dermatitis (AD). We showed
that p4 collaborates additively with LL-37 in inhibiting the growth of S. aureus, including
MRSA, and that p4 was effective in vivo in reducing MRSA burden. p4 was also effective
in reducing levels of skin-infiltrating leukocytes in S. aureus-infected AD-like skin. Taken
together, our data suggest that p4 is effective in limiting S. aureus and, in particular,
MRSA skin infection.

Keywords: antimicrobial peptides, chemerin, skin, MRSA—methicillin-resistant Staphylococcus aureus, atopic
dermatitis

INTRODUCTION

Chemerin is a potent protein attractant for several leukocyte subsets, including dendritic cells,
macrophages, and an adipokine implicated in metabolic regulation (Wittamer et al., 2003; Zabel
et al., 2005b, 2014; Goralski et al., 2007).

Chemerin bactericidal potential and expression by the skin also suggest that chemerin plays
a direct role in shaping resident cutaneous bacterial communities and can limit skin infection.
Recombinant chemerin exhibits antimicrobial activity in vitro against various bacterial strains of
the commensal skin microbiome (Kulig et al., 2011; Banas et al., 2013; Godlewska et al., 2019, 2020).
Moreover, human epidermal chemerin is largely responsible for the natural antimicrobial activity
present in keratinocyte secretions (Banas et al., 2013). In addition, genetic ablation of the chemerin
gene RARRES2 can result in higher counts of viable epidermal bacteria in an experimental model
of skin infection (Banas et al., 2015). Finally, epidermal downregulation of chemerin in psoriasis
correlates with some changes in the skin microbiome (Godlewska et al., 2020). Since chemerin is
downregulated in psoriasis and is bactericidal against certain bacteria and not others, it is possible
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that chemerin downregulation contributes to alterations in the
skin microbiome during psoriasis (Godlewska et al., 2020).
Chemerin may therefore play a beneficial role in normal healthy
epidermis as a natural antibiotic-like molecule.

Therapeutic application of endogenous antimicrobial factors
such as LL-37 can effectively restrict the growth of pathogenic
cutaneous microorganisms (Duplantier and van Hoek, 2013).
Chemerin-derived Val66-Pro85 peptide (p4, Table 1) embodies
the majority of chemerin’s antimicrobial activity (Banas et al.,
2013). The 20-amino acid-long p4 chemerin peptide displays
similar antimicrobial activities as active chemerin, although with
increased efficacy and potency (Banas et al., 2013; Godlewska
et al., 2017, 2019, 2020).

Staphylococcus aureus is among the most common causes
of bacterial infections in humans, including skin infection.
S. aureus strains such as USA300 pose an antibiotic resistance
threat, as they have been documented to acquire gene cassettes
encoding resistance to methicillin and other frontline antibiotics
(Carrel et al., 2015). Synthetic p4 is effective against various
S. aureus strains, including MRSA strains BAA-1707 and E240
in vitro (Godlewska et al., 2019). Moreover, topical treatment
with p4 significantly suppressed the growth of the S. aureus
laboratory strain 8325-4 in an experimental model of skin
infection (Godlewska et al., 2019).

Here, we further investigated the antimicrobial potential of
p4 as it related to two clinically relevant S. aureus-mediated
skin pathologies: health care-associated MRSA infection and
chronic inflammatory skin disease atopic dermatitis (AD), where
S. aureus contributed to disease pathology (Williams et al., 2017).

MATERIALS AND METHODS

Bacterial Strains
The bacterial strains used in the study were the conventional
laboratory strain S. aureus 8325-4 and MRSA strain
S. aureus USA300 (ATCC BAA-1717). The MRSA strain
was kindly donated by Dr. A. Sabat (University of Groningen,
Groningen, Netherlands).

Peptides
Peptide p4 and a control peptide scp4 (Table 1) were chemically
synthesized by ChinaPeptides (Shanghai, China) at≥ 95% purity.
LL-37 was obtained from Innovagen (Sweden).

Antimicrobial Microdilution Assay and
Checkerboard Assay
For all in vitro experiments, bacteria were cultured in tryptic
soy broth (TSB) (Sigma-Aldrich) under aerobic condition. To

TABLE 1 | Sequences of peptides used in the experiments.

Peptide name Sequence

p4 VRLEFKLQQTSCRKRDWKKP

Scramble p4 (scp4) DPWLKVRKFQTLKQREKRCS

determine the antimicrobial activity of LL-37 and peptide p4,
bacteria in the mid-logarithmic phase were diluted to 4 × 105

colony-forming units (CFUs)/ml with PBS containing a series
of twofold dilution of peptide or PBS (control) and incubated
for 2 h. To test the antimicrobial activity of a combination of
antimicrobial peptides (AMPs), bacteria were incubated with
LL-37 (0.6 µM) and/or p4 (1.6 µM) for 2 h. The number
of viable bacteria were enumerated by CFU counting. N = 3
independent experiments. To determine whether LL-37 and p4
exhibit antimicrobial synergy against USA300, we performed
a checkerboard assay and calculated the fractional inhibitory
concentration (FIC) index value as previously described (Joung
et al., 2015). The synergy tests were performed using peptides
in the predetermined range of twofold dilution: LL-37 (0.08–
20 µM) and p4 (0.8–50 µM) incubated with bacteria for 2 h.
The minimum inhibitory concentration (MIC) was defined as
the lowest concentration of each peptide alone or in their
combination that resulted in no visible growth. To determine
the impact on potency of the combination of p4 and LL-
37 in comparison to their individual activities, the FIC index
value was calculated using the following formula: MIC of LL-
37 in combination with p4/MIC of LL-37 alone + MIC of
p4 in combination with LL-37/MIC of p4 alone. The FIC
index value was interpreted as follows: < 0.5, synergy; 0.5–4,
additive or indifference; and > 4 antagonism. N = 2 independent
experiments, each performed with three biological replicates.

Topical Skin Infection
Female or male 8–12-week-old C57BL/6 mice and chemerin-
deficient mice on C57BL/6 background (ChemKO) (Banas
et al., 2015) were housed under pathogen-free conditions in the
animal facility at the Faculty of Biochemistry, Biophysics, and
Biotechnology of Jagiellonian University. Chemerin is encoded
by TIG2 (tazarotene-induced gene 2), also known as RARRES2
(retinoic acid receptor responder gene 2), and ChemKO mice
are deficient in the Tig2 gene (Banas et al., 2015). All animal
studies were approved and in compliance with the guidelines
of the Second Local Ethical Committee on Animal Testing
at the Institute of Pharmacology Polish Academy of Sciences
in Krakow (#298/2017 and 103/2019). A small dorsal area of
the skin was shaved, sterilized with ethanol and punctured six
times at two places using a syringe needle (BD Micro-Fine
Plus, 0.3 × 8 mm). Two 8-mm-inner diameter rubber rings
were subsequently attached using an ethyl cyanoacrylate-based
adhesive, and peptides or vehicle were topically administered
in mouse skin. The peptides were allowed to dry on the skin,
and the rings were covered with OpSite (Smith and Nephew).
S. aureus of 1 × 107 CFU in a volume of 50 µl was thereafter
injected through the OpSite into the cavity formed by the
rubber rings. The ring injected with sterile PBS was used as
control. After 24 h, bacterial loads were analyzed by enumeration
of CFU. The skin within the side of the rings was retrieved,
frozen, and fixed in methanol for 1 min followed by Gram
staining (Fluka). For ex vivo experiments, skin biopsies were
treated with vehicle or peptides followed by infection with
S. aureus. Each independent experiment involved one to three
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mice per experimental group, and one to two treatment sites (two
independent cavities) per mouse.

Experimental Model of Atopic Dermatitis
An AD-like experimental model was induced as previously
described (Jin et al., 2009) with minor modifications. Briefly, 6-
week-old C57BL/6 mice were shaved on dorsal skin and 24 h
later subjected to type stripping 6x with a Polopor adhesive tape
(Viscoplast, 3M). Ovalbumin (OVA) of 100 µg or vehicle control
(PBS) of 100 µl was applied to a sterile patch which was in direct
contact with the skin surface and which was secured to the skin
with a transparent, adhesive dressing. The patch was placed on
the skin twice for a 1-week treatment with a 2-week interval
before a second OVA or PBS application. One week after the last
application of OVA or PBS, mice were subjected to topical skin
infection as described above.

ELISA
Total IgE and OVA-specific IgE serum levels were quantified
using a sandwich and direct ELISA, respectively. For detection
of total IgE, strips (MaxiSorp Nunc-Immuno Module, Thermo
Scientific) were coated with 2 µg/ml of rat anti-mouse IgE mAb
(BD Pharmingen) in Tris-buffered saline (50 mM Tris-HCl, pH
9.5, 150 mM NaCl). The strips were then washed with 0.1%
Tween 20, and non-specific protein-binding sites were blocked
with 3% bovine serum albumin (BSA). Serum samples were
added and incubated at room temperature (RT) for 1 h. Purified
mouse IgE (BD Pharmingen) was used as a standard. Bound
IgE was detected using FITC-anti-IgE (BioLegend) incubated at
RT for 1 h followed by incubation with horseradish peroxidase
(HRP)-conjugated anti-FITC mAb (Thermo Scientific) and
developed with a TMB substrate (BD Biosciences).

To detect OVA-specific IgE, strips were coated with OVA
(10 µg/ml, Sigma). A strip was washed and blocked using
3% BSA. Afterward, serum was applied and incubated for
2 h at room temperature. A plate was washed, and OVA-
specific IgE antibodies were detected using FITC-conjugated
mAb as described above. For positive control, we included
the well-established model of OVA-induced IgE response
(Kips et al., 2003).

The positive control represents sera pooled from five C57BL/6
mice that were immunized intraperitoneally (i.p.) with 10 µg
OVA in the presence of 100 µg alum adjuvant (Thermo Fisher
Scientific) for 10 days.

Immunohistochemistry
Frozen 8-µm sections were prepared from skin biopsies. Sections
were fixed in acetone, blocked with 3% BSA (Sigma), and then
stained with APC-labeled rat anti-mouse CD45 (BioLegend)
mAb or isotype control APC-labeled rat IgG2b (BioLegend). The
sections were counterstained with Hoechst 33258 (Invitrogen).
Images were captured with a fully motorized fluorescence
microscope (NIKON, Eclipse) and analyzed by NIS elements
software (Nikon). For each mouse (three mice per group from
three independent experiments), 15 different high-power fields
spanning the epidermis and dermis were analyzed.

RT-qPCR
Total RNA was extracted with the Total RNA Zol-Out Kit
(A&A Biotechnology) and converted to cDNA using NxGenTM

M-MuLV reverse transcriptase (Lucigen) with a mix of random
hexamers (Invitrogen) and oligo (dT) (GenoMed). Real-time
PCR was performed on the CFX96 thermocycler (Bio-Rad
Laboratories) using SYBR Green I containing a Universal
PCR Master Mix (A&A Biotechnology) and primers specific
for mouse camp (5′-CTTCAAGGAACAGGGGGTGG-3′,
5′-ACCTTTGCGGAGAAGTCCAG-3′) and two housekeeper
genes B2M (5′-GGACTGGTCTTTCTATATCCTGGC-3′, 5′-GA
TCACATGTCTCGATCCCAGTAG-3′) and GAPDH (5′-TGT
GTCCGTCGTGGATCTGA-3′, 5′-TTGCTGTTGAAGTCGCA
GGAG-3′). Gene expression normalized to geometric mean of
the housekeeper genes was calculated using the 2−1Ct method
(Vandesompele et al., 2002; Nessi et al., 2010).

Statistical Analysis
Statistical analyses were performed using Statistica (StatSoft, Dell
software) and GraphPad Prism (GraphPad software). Data were
presented as mean ± standard deviation (SD). For multiple
comparisons, either one-way ANOVA followed by a Tukey
post hoc test or Kruskal–Wallis test with Dunn’s multiple
comparison post hoc test was used. The unpaired two-tailed t-test
or Mann–Whitney test was performed for comparison between
two groups. In order to compare the study group with the control
group, the one-sample t-test or its nonparametric alternative, the
one-sample Wilcoxon test, was used. Differences were considered
statistically significant when p < 0.05.

RESULTS

We first assessed p4 bactericidal activity in vitro against two
strains of S. aureus: laboratory strain 8325-4 (Godlewska et al.,
2019, 2020) and S. aureus USA300, the causative strain of the
most common community-associated MRSA infections (Carrel
et al., 2015). p4 restricted the growth of both strains in a similar
fashion (Figure 1A). Next, we compared the anti-staphylococcal
activities of p4 and peptide LL-37, a 37-amino acid C-terminal
derivative of human cathelicidin hCAP18. Bioactive cathelicidin
derivatives are among the most important endogenous skin
antimicrobial peptides and are highly protective against invasive
S. aureus skin infection (Zhang et al., 2015). While both p4 and
LL-37 could completely abrogate the growth of both S aureus
strains, p4 was less potent than LL-37, MIC = 25 and 2.6 µM,
respectively (Figures 1A,B). Of note, when both peptides were
tested at sublethal concentrations (∼50% growth inhibition),
p4 (1.6 µM) displayed additive effects with LL-37 (0.6 µM) in
inhibiting the growth of S. aureus 8325-4 and S. aureus USA300
(Figure 1C). The additive but not synergistic interaction between
p4 and LL-37 against S. aureus USA300 was confirmed by
checkerboard assay, with the FIC index value for tested peptides
being equal to 1.004 (where a FIC index < 0.5 indicates synergy
and 0.5–4 indicates potential additive effects) (Joung et al., 2015).
Together, these data suggest that p4 may be useful therapeutically
against S. aureus strains resistant to common antibiotics and acts
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FIGURE 1 | p4 is bactericidal in vitro against different strains of S. aureus and collaborates additively with peptide LL-37 in restricting S. aureus growth. (A) S. aureus
strains 8325-4 and USA300 were incubated with the indicated concentration of p4 for 2 h. Cell viability in CFU/ml, shown as the percentage of killing for the
indicated strain, was analyzed by MDA assay. (B) The indicated S. aureus strains were incubated with the indicated concentration of LL-37 for 2 h. Cell viability in
CFU/ml, shown as the percentage of killing for the indicated strain, was analyzed by MDA assay. (C) The indicated S. aureus strains were incubated with 1.6 µM p4
and/or 0.6 µM LL-37 for 2 h. Cell viability in CFU/ml, shown as the percentage of control cells (bacteria incubated with PBS), was analyzed by MDA assay. Results
are expressed as the mean ± SD of three independent experiments. ***p < 0.0001, ns, non-significant by one-way ANOVA with post hoc Tukey’s multiple
comparison test.

additively with endogenous LL-37 to suppress bacterial growth
in infected skin.

To assess whether p4 can reduce skin colonization by S. aureus
in vivo, we applied p4 or control scramble peptide 4 (scp4)
(Table 1) to denuded mouse skin and then challenged the site
with S. aureus 8325-4 or PBS control (to control for any residual
commensal bacteria). Bacterial loads recovered from the skin
surface 3 and 24 h later were determined by CFU quantification
(Figure 2). We also treated chemerin-deficient (ChemKO) mice
with p4 to ask if the peptide had anti-staphylococcal activity in
the presence or absence of endogenous chemerin in the skin.
Whereas 3-h treatment of S. aureus with p4 on the skin did
not lead to any significant reduction in cutaneous S. aureus
burden when compared to scp4-treated wild-type (WT) and
ChemKO mice (Figure 2A), both WT and ChemKO mice had
significantly lower S. aureus loads when treated with p4 but
not scp4 for 24 h (Figure 2B). These data are consistent with
our previously published results on WT mice topically infected
with S. aureus 8325-4 and treated with the peptides for 24 h
(Godlewska et al., 2019). However, p4 appeared to be less effective
in controlling S. aureus growth in ChemKO compared with
WT mice, reducing S. aureus overall abundance from 100% to
54.4 ± 34.6% vs. 38.6 ± 40.1 (mean ± SD) in ChemKO and WT
mice, respectively (Table 2). These data suggest that deficiency
in chemerin might render mice less susceptible to p4 anti-
staphylococcal activity. Since LL-37 potentiates p4 effect in vitro
(Figure 1C), it was possible that mice null of chemerin produce
less cathelicidin, and therefore, p4 cannot fully collaborate
additively with the mouse analog of LL-37 (protein CRAMP) to

efficiently decrease staphylococcal relative abundances. However,
qPCR for skin expression of mouse cathelicidin gene Camp that
encodes CRAMP did not reveal a significant difference between
WT and ChemKO mice (Figure 2C).

To assess whether p4 has primary local antimicrobial effects
in the skin or if it requires elaboration of secondary circulating
factors (e.g., complement or white blood cells) for maximal
activity, we treated skin biopsies from WT and ChemKO mice
ex vivo with p4 or vehicle followed by infection of the biopsies
with S. aureus 8325-4 for 24 h. In agreement with the in vivo
data, application of p4 significantly reduced the S. aureus burden
compared with vehicle in the skin biopsies derived from both
WT and ChemKO mice (Figure 3). Likewise, p4 appeared to be
slightly less effective against bacteria in biopsies from ChemKO
compared to WT mice (Table 2). These data suggest that while p4
is able to restrict the growth of S. aureus in situ and that chemerin
can facilitate primary antimicrobial p4 effects by endowing
the skin with properties that support local direct p4 anti-
staphylococcal action, maximal p4 activity requires additional
in vivo factors.

Given the significant decrease in S. aureus 8325-4 abundance
ex vivo and in vivo by p4, we next asked if p4 can control
community-acquired MRSA strains on the skin. We topically
applied p4 and control scp4 to the skin of WT mice and
then challenged with the experimental MRSA strain USA300.
Following 24-h incubation, p4 significantly suppressed MRSA
growth compared with scp4 or vehicle controls (Figures 4A,B).
These data highlight the effectiveness of p4 against clinically
relevant antibiotic-resistant community-acquired S. aureus.
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FIGURE 2 | p4 limits experimental S. aureus infection in vivo. WT and
ChemKO mice were treated with vehicle (PBS) or were topically infected with
1 × 107 CFU of S. aureus 8325-4 in the presence of 100 µM p4, control
peptide scp4, or PBS. (A) Data points indicate the number of bacteria
recovered from the skin surface 3 h after application of bacteria. (B) Data
points indicate the number of live bacteria recovered from the skin surface
24 h after application of bacteria. (C) Data points indicate Camp expression
levels in the skin treated with PBS for 24 h. Each data point represents one
cavity, and a horizontal line indicates the mean value in each group; n = 5–10
independent experiments (1–2 mice per group). ***p < 0.001; **p < 0.01;
*p < 0.05 by the Kruskal–Wallis test with post hoc Dunn’s multiple
comparisons test and one-way ANOVA with Tukey’s post hoc test.

Since excessive skin colonization with S. aureus is common
in AD and the bacteria potentially play a causative role
in the development and/or exacerbation of AD (Nakamura
et al., 2013; Nakatsuji et al., 2017; Kim et al., 2019), we
next determined whether p4 is effective in the context of
AD skin pathology. To develop an AD-like skin phenotype,
mice were subjected to mechanical barrier disruption by tape-
stripping and repeated application of OVA. To mimic the early
stages of AD development in which eczematous flares can be

TABLE 2 | WT and ChemKO mice (in vivo) or skin biopsies taken from these mice
(ex vivo) were challenged with 1 × 107 CFU of S. aureus 8325-4 in the presence
of vehicle (PBS) (control), 100 µM p4, or scp4 for 24 h.

WT [%] ChemKO [%]

In vivo S. aureus PBS (control) 100 100

S. aureus + p4 38.6 ± 40.1** 54.4 ± 34.6**

S. aureus + scp4 126.6 ± 40.7 122.1 ± 40.9

Ex vivo S. aureus PBS (control) 100 100

S. aureus + p4 88.3 ± 4.7** 91.3 ± 4.4*

Data indicate percentage of recovered bacteria relative to control (mean ± SD),
n = 8–11 (in vivo) or 5 (ex vivo) independent experiments (1–2 mice per experiment).
**p < 0.01; *p < 0.05 by the one-sample Wilcoxon test and one-sample t-test,
comparing p4 vs. control.

FIGURE 3 | p4 is bactericidal ex vivo. Skin biopsies from WT and ChemKO
mice were challenged with 1 × 107 CFU of S. aureus 8325-4 in the presence
of 100 µM p4 or vehicle (PBS). Data points indicate the CFU of bacteria
recovered from the skin surface 24 h after application of bacteria, with each
data point representing one cavity and a horizontal line indicating the mean
value in each group; n = 5 (1–2 mice per group). **p < 0.01; *p < 0.05 by
unpaired t-test.

driven by S. aureus colonization, mice were subjected to two
cycles of epidermal sensitization with OVA or saline control
(Jin et al., 2009). The development of AD was indicated by
significant increases in total and OVA-specific serum IgE levels
compared to PBS-treated controls (Figure 5A), as well as skin
alterations such as epidermal thickening and/or immune cell
infiltration (Figures 5C–E). S. aureus was undetectable in PBS-
treated controls (Figures 5B,C), indicating a lack of potentially
confounding commensal S. aureus on mouse skin. Application
of p4 but not scp4 to the skin of mice challenged with S. aureus
USA300 for 24 h decreased the amount of viable bacteria,
although in most experiments it did not eradicate S. aureus
completely (Figure 5B). p4 treatment significantly reduced skin
leukocyte infiltration upon MRSA challenge as detected by
CD45 staining and fluorescence microscopy (Figures 5D,E).
These data demonstrate that in the setting of experimental
AD, p4 can be effective in reducing MRSA burden. The lower
relative abundance of USA300 in the p4-treated AD-like skin
was accompanied by fewer cutaneous immune cells, suggestive
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FIGURE 4 | p4 is effective against MRSA in the experimental model of skin
infection. (A) WT mice were treated with vehicle (PBS) or ectopically infected
with 1 × 107 CFU of S. aureus USA300 in the presence of 100 µM p4,
control peptide scp4, or PBS. Data points indicate the number of live bacteria
recovered from the skin surface 24 h after application of MRSA, with each
data point representing one cavity and a horizontal line indicating the mean
value in each group; n = 6. **p < 0.01; *p < 0.05 by the Kruskal–Wallis test
with post hoc Dunn’s multiple comparisons test. (B) Mice were treated as in
(A) followed by Gram staining. S. aureus on the skin surface is indicated by
arrows. Scale bar = 20 µm.

of a reduced pathogenic inflammatory response in p4-treated
USA300-infected skin.

DISCUSSION

Here we report in vitro, ex vivo, and in vivo activities of protective
chemerin-derived peptide p4, offering a potential strategy to
limit skin infection with S. aureus including community-
associated MRSA.

p4 is more effective than chemerin as an antimicrobial
biologic against S. aureus (Banas et al., 2013; Godlewska
et al., 2017, 2020), and due to its short length (20 amino
acids), p4 can be chemically synthesized for low cost and as
a homogenous product. The majority of chemerin functions,
such as chemotactic and metabolic activities, require chemerin
binding to G-protein-coupled chemokine receptor CMKLR1
(Zabel et al., 2005b, 2014). p4-mediated anti-staphylococcal
activity and CMKLR1-mediated chemoattractant activity of
chemerin are located in different domains of the protein (Banas
et al., 2013; Zabel et al., 2014). Therefore, p4 is not likely to
interfere with interactions between chemerin and CMKLR1,
allowing chemerin to exert other actions, such as creating an
infection-controlling environment through recruiting CMKLR1-
expressing leukocytes.

Chemerin appears to directly add to the antimicrobial effect
of p4 and/or indirectly facilitate p4 anti-staphylococcal action
on the skin, as suggested by more effective control of S. aureus
growth in WT mice compared to ChemKO mice observed in
both in vivo and ex vivo models of skin infection (Figures 2, 3
and Table 2). One potential explanation of this difference is
that ChemKO mice may lack any chemerin-mediated bacterial
growth control and gain some of that back by topically applied
p4, but there is still a deficit compared to the amount of

chemerin- and p4-dependent bacterial growth inhibition in
chemerin-replete WT mice. However, the effect of chemerin
might also depend on its chemotactic or other activities and at
least partly rely on locally produced factors and/or circulating
agents that can render the skin more susceptible to the action of
p4. These could include other AMPs acting in concert with p4 to
contain S. aureus growth. Alternatively, p4 may be more effective
in the presence of chemerin due to its competition with chemerin
substrate as a target for proteolytic enzymes. Chemerin is known
to be susceptible to proteolysis by serine and cysteine proteases
(Wittamer et al., 2003, 2005; Zabel et al., 2005a; Kulig et al., 2007,
2011). If chemerin serves as a local target for these proteases,
p4 may be less likely to be degraded, which could preserve its
bactericidal activity.

In addition to their antimicrobial properties, certain
AMPs can trigger detrimental proinflammatory immune
responses. LL-37, for example, engages nucleic acid-
dependent proinflammatory signaling pathways that lead
to autoinflammatory responses in the skin (Lande et al., 2007;
Yamasaki et al., 2007; Ganguly et al., 2009; Zhang et al., 2019). Our
data suggest that p4 does not exhibit apparent proinflammatory
activity, as evidenced by reductions in skin-infiltrating leukocytes
in S. aureus-infected and p4-treated AD skin (Figures 5D,E).
Therefore, despite the lower anti-staphylococcal activity of p4
compared to that of LL-37 observed in vitro (Figures 1A,B), p4
may be attractive as a therapeutic agent against skin infection
with MRSA, owing to its ability to inhibit S. aureus growth
without triggering potentially pathogenic proinflammatory
effects. However, this needs to be tested further.

MRSA such as USA300 is the leading cause of community-
acquired skin infections (Carrel et al., 2015). Likewise, AD
afflicts millions worldwide (Byrd et al., 2017; Kim et al.,
2019). Skin colonization with S. aureus, particularly MRSA,
hampers management of AD (Kim et al., 2019). S. aureus
colonizes the skin of a majority of AD patients (60–100%).
Approximately 10–30% of S. aureus cultivated from AD patient
skin are methicillin resistant, particularly in association with
previous patient hospitalization and usage of antibiotics to
contain bacteria (Byrd et al., 2017; Kim et al., 2019). p4
markedly limited the growth of USA300 in experimental skin
infection models, including experimental AD skin (Figure 4).
Concomitant treatment of S. aureus with both p4 and LL-37
had an additive effect in vitro (Figure 1C), suggesting that
these agents cooperate for optimal bacterial growth restriction.
Of note, a decline in LL-37 and other AMP levels is a risk
factor for chronic colonization of AD skin with S. aureus
(Nakatsuji et al., 2017). Therefore, lower levels of bioactive
cathelicidin could account for the diminished efficacy of p4 in
eczematous skin. However, in our AD model, we did not observe
a decrease in camp mRNA levels. Although we cannot exclude
the possibility that differences in functional instead of merely
expression levels of CRAMP contributed to the p4 effect, p4
may rely on other in vivo factors to better restrict S. aureus in
uncompromised skin compared to AD-like skin. However, even
partial inhibition of S. aureus USA300 growth by p4 resulted
in reduced skin inflammation, as evidenced by lower levels of
infiltrating leukocytes.
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FIGURE 5 | p4 reduces MRSA burden and accompanying skin inflammation in the experimental model of AD. Mice were subjected to tape-striping and OVA
challenge to induce an AD-like phenotype (Atopy). (A) Allergic changes were monitored by ELISA specific for total or OVA-specific serum IgE levels, upper and lower
panels, respectively. The negative control represents sera from sex- and aged-matched unchallenged mice (control). The positive control represents sera of mice
immunized i.p. with OVA in the presence of alum adjuvant for 10 days (OVA+Alum). The antibody titers are shown as mean ± SD ng/ml or OD (optical density units)
for the indicated sets of sera. n = 4–5, ***p < 0.001; **p < 0.01; *p < 0.05 by Kruskal–Wallis test with post hoc Dunn’s multiple comparisons test. (B) Mice were
subjected to tape-striping and OVA challenge, followed by bacterial challenge and/or treatment with the indicated factors. Data points indicate the number of live
bacteria recovered from the skin surface 24 h after application of S. aureus, n = 8. **p < 0.01; *p < 0.05 by the Kruskal–Wallis test with post hoc Dunn’s multiple
comparison test. (C) Representative Gram staining of the indicated skin biopsies from the AD model. S. aureus on the skin surface is indicated by arrows.
(D) Representative fluorescence microscope images of the indicated AD skin, stained with Hoechst to detect DNA (blue) and anti-CD45 to identify leukocytes (red).
(E) Data points indicate # of leukocytes (CD45+) infiltrating the indicated area of AD skin, n = 3 mice per group. ****p < 0.0001; ***p < 0.001; ns, not significant; by
one-way ANOVA with post hoc Dunnett’s multiple comparisons test. Scale bar = 20 µm.

In conclusion, our data demonstrate that synthetic p4 can
strengthen natural protection of skin barrier against MRSA,
providing a potential therapeutic benefit to S. aureus-mediated
skin inflammatory disorders.
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Antimicrobial peptides (AMPs) are ubiquitous amongst living organisms and are part
of the innate immune system with the ability to kill pathogens directly or indirectly by
modulating the immune system. AMPs have potential as a novel therapeutic against
bacteria due to their quick-acting mechanism of action that prevents bacteria from
developing resistance. Additionally, there is a dire need for therapeutics with activity
specifically against Gram-negative bacterial infections that are intrinsically difficult to
treat, with or without acquired drug resistance. Development of new antibiotics has
slowed in recent years and novel therapeutics (like AMPs) with a focus against Gram-
negative bacteria are needed. We designed eight novel AMPs, termed PHNX peptides,
using ab initio computational design (database filtering technology combined with
the novel positional analysis on APD3 dataset of AMPs with activity against Gram-
negative bacteria) and assessed their theoretical function using published machine
learning algorithms, and finally, validated their activity in our laboratory. These AMPs
were tested to establish their minimum inhibitory concentration (MIC) and half-maximal
effective concentration (EC50) under CLSI methodology against antibiotic resistant
and antibiotic susceptible Escherichia coli and Staphylococcus aureus. Laboratory-
based experimental results were compared to computationally predicted activities for
each of the peptides to ascertain the accuracy of the computational tools used.
PHNX-1 demonstrated antibacterial activity (under high and low-salt conditions) against
antibiotic resistant and susceptible strains of Gram-positive and Gram-negative bacteria
and PHNX-4 to -8 demonstrated low-salt antibacterial activity only. The AMPs were
then evaluated for cytotoxicity using hemolysis against human red blood cells and
demonstrated some hemolysis which needs to be further evaluated. In this study,
we successfully developed a design methodology to create synthetic AMPs with a
narrow spectrum of activity where the PHNX AMPs demonstrated higher antibacterial
activity against Gram-negative bacteria compared to Gram-positive bacteria. Thus,
these peptides present novel synthetic peptides with a potential for therapeutic use.
Based on our findings, we propose upfront selection of the peptide dataset for
analysis, an additional step of positional analysis to add to the ab initio database
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filtering technology (DFT) method, and we present laboratory data on the novel,
synthetically designed AMPs to validate the results of the computational approach.
We aim to conduct future in vivo studies which could establish these AMPs
for clinical use.

Keywords: ab initio, antimicrobial peptide, design, computational prediction models, Gram-negative bacteria

INTRODUCTION

Antimicrobial peptides (AMPs) are evolutionarily conserved,
small, cationic, amphiphilic molecules produced by prokaryotes
and eukaryotes with antimicrobial and immunomodulatory
properties (Lazzaro et al., 2020; Tornesello et al., 2020). AMPs are
typically less than 50 amino acids in length, contain on average
41% hydrophobic residues and target the bacterial membrane
enabling a fast mechanism of action preventing the organism
from developing resistance (Browne et al., 2020). Overuse of
antibiotics has led to a crisis due to the emergence of antibiotic-
resistant bacteria. As we approach a post-antibiotic era, AMPs
present therapeutic potential due to their proven broad-spectrum
activity and characteristics that set them apart from traditional
antibiotics (Browne et al., 2020; Cardoso et al., 2020).

Gram-negative bacteria have key structural differences from
Gram-positive bacteria that make them intrinsically harder to
eradicate. Gram-negative bacteria contain an outer membrane
that protects the bacterium from environmental toxins and
provides efflux out of the cell (Silhavy et al., 2010). This
membrane permeability barrier has historically restricted the
discovery of narrow-spectrum antibiotics against Gram-negative
bacteria and this challenge is further compounded due to the
rise in multi-drug resistance (MDR) strains resistant to multiple
classes of antibiotics (Liu et al., 2019; Otsuka, 2020). Finally,
Gram-negative bacteria can also use biofilms (a virulence factor)
as a means to confer phenotypic antibiotic resistance which
can make the bacteria up to 1,000-fold times more resistant
when embedded in the exopolysaccharide matrix (Cepas et al.,
2018). Thus, novel antimicrobials are needed to combat multi-
drug resistant Gram-negative bacterial infections to decrease
morbidity and mortality from these infections.

Computational approaches such as in silico machine-learning
algorithm assisted motif identification using physiochemical
properties (Okella et al., 2020), de novo design (Chen et al., 2019),
rational ab initio design (Mishra and Wang, 2012), redesigning
and optimizing existing AMPs (Torrent et al., 2011), quantitative
structure-activity relationship (QSAR) computational modeling
and screening (Cardoso et al., 2020) have been used to design
AMPs; however, few synthetic AMPs have reached clinical
therapeutic potential. Computational tools can be leveraged not
only to design but also to predict AMP’s function as AMP
discovery and testing in vitro can be time consuming as well as
expensive. Prediction tools that use different AMP databases and
multiple machine learning algorithms [support vector machines
(SVMs), artificial neural networks (ANN), discriminate analysis
(DA), random forest (RF), WEKA, and deep learning] can be
used in conjunction with laboratory testing to identify AMPs with
potential antimicrobial activity.

In this study, we used rational design (ab initio combined
with the novel positional analysis) to develop narrow-spectrum
synthetic AMPs against Gram-negative bacteria, predicted their
function and properties using bioinformatics tools and tested the
AMPs in vitro to assess their effects on the growth of antibiotic
resistant and susception strains of Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) as well as potential toxicity
against human red blood cells (RBCs) to assess their therapeutic
potential. We hypothesized that the hypothesis-driven selection
of input data for the computational design as well as improved
ML-assisted antimicrobial peptide activity prediction will help us
to develop and identify novel potent AMPs with higher activity
against Gram-negative E. coli compared to S. aureus.

MATERIALS AND METHODS

Antimicrobial Peptides Design
Ab initio database filtering technology (DFT) developed by
the laboratory of Dr. Guangshun Wang was used as the first
step to design novel AMPs (Mishra and Wang, 2012). The
database APD3 was used to obtain two AMP datasets (Wang
et al., 2016). Dataset 1 (594 AMPs) included AMPs with
reported activity against Gram-negative bacteria irrespective of
their reported activity against Gram-positive bacteria. Dataset 2
(299 AMPs) included AMPs with reported activity against only
Gram-negative bacteria (Wang et al., 2016). R-Studio (Package
“Peptides”) and Microsoft Excel was used to obtain the properties
of the AMPs dataset obtained from APD3 (Osorio et al., 2015;
Microsoft Corporation, 2018; RStudio Team, 2020). Figure 1
illustrates the ab initio database filtering technology method used,
where analyzing existing AMP properties is used to filter AMPs
followed by rationally designing synthetic AMPs that meet the
filtered criteria.

PHNX-2 Through PHNX-5
Ab initio database filtering technology was used to design PHNX-
2 through PHNX-5. The first filter used was length where
the length of each peptide was calculated using the Excel
formula “LEN” as shown in Figure 2A. From Dataset 1, the
most commonly represented sequence length selected was 13
and 14 which occurred 27 and 25 times, respectively. Large
AMPs > 20mer were initially not selected due to difficulty in their
synthesis as well as the high likelihood of larger peptides forming
complex 3-dimensional structures. The next filter we applied
was the frequency of each amino acids in the entire dataset.
MS Excel was used to conduct this analysis, the formula “LEN”
was used where for example, =LEN(G2)-LEN(SUBSTITUTE(G2,
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FIGURE 1 | A flowchart describing the ab initio rational AMP design process
for Dataset 1 including an additional filter: positional analysis [Adapted from
Mishra and Wang (2012)].

“K, ” “”) enabled Excel to calculate the number of times K
occurs in each peptide. This was repeated for each amino acid
in Dataset 1. Figure 2B illustrates the amino acid frequency in
Dataset 1. Based on the ab initio method previously described
by Mishra and Wang (2012) the amino acids were grouped as:
non-polar hydrophobic (A, C, I, L, M, F, W, and V), polar
uncharged (N, Q, S, T, and Y), small turn residues (G and
P), acidic (D and E) and basic (K, R, and H) (Mishra and
Wang, 2012). The next filter applied was charge and R-Studio
“Peptides” package was used to obtain the charge of the AMPs
(Osorio et al., 2015; RStudio Team, 2020). The code used was
Charge (sequence, pH = 7, pKscale = “Lehninger”). The most
commonly occurring charge in Dataset 1 was +4 (Figure 2C).
The hydrophobicity of the amino acids was then measured using
the ab initio method where the hydrophobicity percentage was
calculated by dividing the total number of hydrophobic residues
(based on the Kyte and Doolittle scale) by the total amino acids
per AMP (Kyte and Doolittle, 1982; Mishra and Wang, 2012).
In addition, tryptophan was also included by APD due to its
strong interfacial preference. The most commonly occurring
hydrophobicity percentages were 43 and 44% (Figure 2D). Thus,
the major criteria for designing novel AMPs were obtained:
peptide length of 13 or 14 amino acids with a +4 charge and 43–
44% hydrophobicity. Thus, the designed AMP sequence should
contain 5 and 6 hydrophobic residues for 13 and 14-residue long
AMP, respectively. Furthermore at least 4 K (most frequently
occurring positively charged amino acid in the dataset) will be
needed to provide a +4 charge which would leave 4 residues
in each sequence as the neutral G or S amino acids (both of
which were equally represented in the dataset). Hence, a regular
expression for a 13 residue AMP with 43–44% hydrophobicity,

+4 charge to result in a helical secondary structure would
be: F[IL][IL]K[IL][IL]KGGKGGK. The BLOSUM substitution
matrix was used to substitute residues per position and the amino
acid frequency per position was then used to rationally design
PHNX-2 through PHNX-5 (Henikoff and Henikoff, 1992). At
position 1, the amino acid F was chosen as it was the most
frequent residue represented followed by I and R and resulted
in designing synthetic AMPs with the highest score of predicted
antimicrobial activity. The regular expression above was selected
as the synthetic AMPs resulted in an alpha-helix structure to
allow it to transverse the bacterial membrane.

PHNX-1
After designing AMPs using the ab initio method, we wanted
to use a purely data-based approach to develop a synthetic
AMP; hence, we proposed combining DFT method with an
additional filter termed positional analysis. This analysis consists
of analyzing the residues at each position within a subset of AMPs
to identify the most frequently occurring amino acid residue per
position. Initially, a 20-residue length cutoff was established to
prevent designing an AMP with structural complexities and 12-,
13-, and 14-residue length AMPs were selected from Dataset
1 as they occurred 20, 27, and 25 times, respectively. MS
Excel was used to calculate the amino acid occurring most
frequently per position to design a 14-residue long AMP called
PHNX-1. To determine the amino acid per position, the Excel
formula MID [$B2, COLUMNS ($B$2:C$2), position number]
was used followed by COUNTIF ($D$2:$D$16, B19) to count
the frequency of each residue per position. Finally, the formula
MAX was used to calculate the residue that occurred most
frequently per position. Table 1 illustrates the most frequently
occurring amino acid per position by analyzing each position to
design a 14-residue long AMPs in Dataset 1 which enabled the
design of PHNX-1.

PHNX-6 Through PHNX-8
Dataset 2 was used to design PHNX-6, PHNX-7 and PHNX-
8. Due to the excellent prediction results obtained for PHNX-1,
positional analysis was again conducted, however, the 20-mer
cut off used in the previous method was eliminated to ensure
that an AMP with a potentially greater activity against Gram-
negative bacteria was not excluded from this list. The most
frequently occurring lengths in the entire dataset [13, 25, and
28 (frequency 13, 13, and 15, respectively)] were chosen from
Dataset 2. Positional analysis (data shown in Supplementary
Figure 1) was conducted on three separate subsets consisting of
13-, 25-, and 28-residue long AMPs to design PHNX-6, PHNX-
7, and PHNX-8.

Similarity and Properties of PHNX
Antimicrobial Peptides
The similarity of the synthetic antimicrobial peptides to existing
naturally or synthetically designed peptides was assessed using
the APD3’s Calculation and Prediction tool and the AMPs with
the greatest similarity were incorporated into Table 2 (Wang
et al., 2016). APD3 tools1 were used to calculate the length,

1https://aps.unmc.edu/
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FIGURE 2 | Statistics of AMP properties obtained from APD3. (A) Lengths of AMPs in Dataset 1. (B) Frequency of total amino acid residues in Dataset 1.
(C) Charge of the AMPs in Dataset 1. (D) Hydrophobicity percentage of AMPs in Dataset 1 [hydrophobicity was calculated as a percentage of hydrophobic amino
acids, based on the Kyte and Doolittle scale (Kyte and Doolittle, 1982) divided by the total number of amino acids per AMP].

charge, Wimley–White whole-residue hydrophobicity of the
peptide (the sum of whole-residue free energy of transfer of the
peptide from water to POPC interface), Boman index, APD3
defined hydrophobicity ratio and Grand Average Hydropathy
Value (GRAVY) of the designed AMPs where the FASTA format
of the AMPs was input under “Calculation and Prediction,” ran
and the properties were incorporated into Table 3 (Wang et al.,
2016). The Hydrophobic moment (µH), Hydrophobicity (H)
were obtained from HeliQuest2 where the AMP sequence was
incorporated and the parameter window size was set as “Full” to
obtain the two properties (Gautier et al., 2008).

Bioinformatics Prediction of
Antibacterial Activity
The following AMP prediction tools used to predict the
antibacterial activity: AxPEP3 Deep-AmPEP30 and RF-
AmPEP30 that uses two algorithms, convolutional neural

2https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py
3https://cbbio.online/AxPEP/

network and random forest, respectively, to predict <30-residue
AMPs; CAMPR3

4 using the algorithms SVM, RF, Discriminate
analysis and ANN; CLASSAMP5 algorithms SVM and RF and;
DBAASP6 that uses a machine learning algorithm using the
Moon and Fleming scale to assess the physiochemical properties
of the AMPs (Hydrophobic moment, Charge density and
depth-dependent potential) (Joseph et al., 2012; Waghu et al.,
2016; Yan et al., 2020; Pirtskhalava et al., 2021). The FASTA
formatted sequence of each AMP was input, run and the results
were incorporated into Table 4.

Bacterial Strains
Staphylococcus aureus ATCC 33592 (MDR) and BAA-1718,
E. coli ATCC 51659 (MDR) and 4,157 were purchased
from the American Type Culture Collection (Manassas, VA,
United States). All strains are reference strains. Bacteria were

4http://www.camp.bicnirrh.res.in/
5http://www.bicnirrh.res.in/classamp/predict.php
6https://dbaasp.org/prediction/general
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TABLE 1 | Positional analysis results where the amino acid with the highest
frequency per position was assessed and resulted in the design of PHNX-1.

Position Amino acid Frequency

1 Phenylalanine (F) 18

2 Leucine (L) 15

3 Leucine (L) 19

4 Lysine (K) 18

5 Isoleucine (I) 23

6 Valine (V) 14

7 Alanine (A) 10

8 Leucine (L) 11

9 Leucine (L) 21

10 Lysine (K) 14

11 Lysine (K) 21

12 Lysine (K) 20

13 Leucine (L) 16

14 Leucine (L) 10

grown in Tryptic Soy Broth (BD 211825), except E. coli 4157
which was grown in Nutrient Broth (Difco 234000), overnight
in a shaking incubator (37◦C). Bacteria were aliquoted, mixed
with glycerol (final concentration of 20% of glycerol) and frozen
at −80◦C and enumerated via serial dilution and plating prior to
experimentation.

Peptide Synthesis
All peptides were synthesized to order by ChinaPeptides, Inc.
(Shanghai, China) using Fmoc chemistry. Peptides were provided
at >95% purity, and the purity and structure were confirmed with
RP-HPLC and ESI-MS.

Minimum Inhibitory Concentration
Antimicrobial Activity Assay
The antibacterial screening test of the peptides (n = 3) was first
determined at a final peptide concentration of 100 µg/ml and
a final bacterial concentration of 5 × 105 CFU/mL in Difco
Mueller Hinton Broth (BD 275730) in a 96 well plate. The
plate was incubated for 16–20 h at 37◦C and then read on a

TABLE 2 | Synthetically designed sequences of the PHNX AMPs and their
similarity to peptides within the APD3 database (Wang et al., 2016).

Name Sequence Similarity

PHNX-1 FLLKIVALLKKKLL 60% AP02977 (Temporin-PE)

PHNX-2 FGKLLKLGKGLGG 50% AP00739 (Caeridin-a1)

PHNX-3 FGKLLKLGKGLKG 50% AP03169 [Peptide LDKA
(synthetic)]

PHNX-4 FLLKLGLGKKKLL 57.14% AP03112 [DFT503
(synthetic)]

PHNX-5 FLIKILKGGKGGK 50% AP02842 (Temporin-MS4)

PHNX-6 FIGAIASYLKKFR 69.23% AP00405 (Ranatuerin 6)

PHNX-7 GVVDIIKGAGKKFAKGLAGKI
ANKK

62.96% AP02598 (Ocellatin-PT4)

PHNX-8 GLMDTVKNAAKNLAGQLLD
KIKCKITG

96.42% AP01507
(Ranatuerin-2CPc) TA
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TABLE 4 | Bioinformatics prediction of antimicrobial activity potential of peptides PHNX 1-8.

Name Predicted antimicrobial activity

AxPEP (Yan et al., 2020) CAMPR3 (Waghu et al., 2016) CLASSAMP (Joseph et al., 2012) DBAASP (Pirtskhalava
et al., 2021)

Deep-AmPEP RF-AmPEP SVM RF ANN DA SVM RF

PHNX-1 0.92 0.97 0.99 0.98 AMP 1.00 0.98 0.99 AMP

PHNX-2 0.73 0.93 0.94 0.54 AMP 0.99 0.99 0.96 AMP

PHNX-3 0.77 0.95 0.98 0.73 AMP 1.00 0.99 0.97 AMP

PHNX-4 0.93 0.99 0.99 0.99 AMP 1.00 0.98 0.99 Non-AMP

PHNX-5 0.85 0.94 0.88 0.89 AMP 1.00 1.00 0.98 Non-AMP

PHNX-6 0.86 0.70 0.86 0.97 AMP 0.85 0.99 0.96 AMP

PHNX-7 0.92 0.84 1.00 1.00 AMP 1.00 Not 0.99 AMP

PHNX-8 0.89 0.88 0.93 1.00 AMP 0.98 Not 0.94 AMP

Not, not antibacterial.

spectrophotometer at OD600 nm. Peptides which showed full
inhibition of growth at 100 µg/ml were taken forward for full
MIC testing. Wells containing medium only were used as sterility
control, in the wells around the edge of the plates. LL-37 was
used as a control in the first run of experiments against the
MDR bacterial strains (Turner et al., 1998). However, it showed
>64 µg/ml against S. aureus. Hence, we searched for active
alternative controls that are experimentally validated against
MDR E. coli and S. aureus and selected IDR-1018 (Wieczorek
et al., 2010; Jahnsen et al., 2013) and BF-CATH (Tajbakhsh
et al., 2018). The sequence of BF-CATH was derived from
DBAASP database listed as cathelicidin-BF-34 with the following
sequence: KRFKKFFRKLKKSVKKRAKEFFKKPRVIGVSIPF
(Tajbakhsh et al., 2018; Pirtskhalava et al., 2021). (N.b. This differs
slightly from the sequence for BF-CATH in APD3. AP00896,
KRFKKFFKKLKKSVKKRAKKFFKKPRVIGVSIPF).

The full range MIC activity testing of the peptides was then
determined as previously reported using the Mueller Hinton
Broth (BD 275730) in a 96 well plate following the CLSI protocol
(Wiegand et al., 2008). Enumerated bacteria were diluted in
MHB and 50 µl of 1 × 106 CFU/mL (5 × 104 CFU) was
added to each well with 50 µl of a decreasing series of twofold
peptide concentration. The plate was incubated for 16–20 h at
37◦C and then read on a spectrophotometer at OD600 nm.
Readings of less than 10% of the untreated control were marked
as “clear wells” for calling the MIC (Schwarz et al., 2010).
Student’s t-test was used to determine whether points were
statistically different.

EC50 Antimicrobial Activity Assay
The antimicrobial activity of the PHNX peptides (China Peptides
custom synthesis) and LL-37 (AnaSpec 61302) against bacteria
was determined as previously described (Barksdale et al., 2016,
2017). Briefly, 1 × 105 CFU per well of bacteria were incubated
with different peptide concentrations (n = 3) in a 50-µl
solution of 10 mM sodium phosphate buffer (3 h, 37◦C). Serial
dilutions were then prepared in 1X Dulbecco’s PBS and 8 µl
of each dilution was spotted in triplicate on Tryptic Soy Agar
plates, which were incubated (37◦C, 24 h) and CFUs were
counted (Barksdale et al., 2016, 2017). Bacterial survival at

each peptide concentration was calculated based on the ratio
of the number of colonies on each experimental plate and
the average number of colonies observed for assay cultures
lacking peptide. The peptide concentration required to kill
50% of the viable bacteria in the assay cultures (EC50) was
determined by plotting percent survival as a function of the
log of peptide concentration (log µg/ml) and fitting the data
using GraphPad Prism 6 (GraphPad Software Inc., San Diego,
CA, United States). For the purpose of graphing, samples that
had no peptide (0 µg/ml) are plotted at 1 × 10−7 µg/ml
peptide. EC50 values were determined by fitting the data from
the antimicrobial assays to a standard sigmoidal dose–response
curve. Errors were reported as a standard error of the mean
within 95% confidence interval of the deviation from the mean
of the log EC50 values. Student’s t-test was used to determine
whether points were statistically different. Wells containing only
10 mM sodium phosphate buffer were used as sterility control.
IDR-1018 was used as a positive control in this experiment
as it demonstrated activity under MIC conditions against the
antibiotic-resistant strains.

Hemolysis Assays
To measure the hemolytic activity of peptides, 2% human
red blood cells were added to various dilutions of peptide
reconstituted in PBS in a sterile U-bottom polystyrene 96
well plate (Dean et al., 2011). The commercially obtained, de-
identified human RBCs (BIOIVT Westbury, NY) were prepared
as follows: 1 mL of K2EDTA whole blood from a healthy donor
was centrifuged at 1,600 g for 10 min and plasma was discarded.
The remaining RBCs were washed 4 times with 1 ml 1× PBS
(HyClone), then the pallet after the last wash was resuspended
with 750 µl of 1× PBS. 2% RBCs suspension was prepared by
adding 200 µl of washed cells to 9.8 mL of 1× PBS. 50 µl of 2%
RBCs were added to each well (n = 3) containing diluted peptides
resulting in final peptide concentration of 100, 10, and 1 µg/ml.
2% RBCs with 1× PBS alone served as the negative control (No
peptide), and 2% RBC in deionized water as the positive control,
leading to full lysis. The plate was incubated for 1 h at 37◦C and
then centrifuged at 1,000 rpm for 2 min. The supernatant was
transferred to a fresh regular 96 well plate and read at OD540 as
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we have previously reported (Dean et al., 2011). Student’s t-test
was used to determine whether points were statistically different.

RESULTS

Similarity to Existing Antimicrobial
Peptides
Due to the lack of new antimicrobials being developed to combat
Gram-negative infections, we used computational approaches
combined with traditional laboratory benchtop assays to develop
and assess novel AMPs against drug resistant and antibiotic
susceptible strains of Gram-negative bacteria. The ab initio
database filtering technology (DFT) method (Mishra and Wang,
2012) combined with positional analysis was used on two datasets
obtained from APD3, which resulted in the design of 8 novel,
synthetic AMPs termed PHNX, referring to the Phoenix, a
powerful bird arising from the ashes. The databases and methods
used to design the peptides are described in the “Materials
and Methods” section. Table 2 illustrates the sequences of the
synthetically designed PHNX AMPs as well as their similarity to
existing naturally occurring or synthetically designed AMPs in
the APD3 database (Wang et al., 2016).

The similarity of PHNX AMPs to existing AMPs with proven
antibacterial activity ranged between 50 and 96% for PHNX-1
through PHNX-8. The peptides PHNX-1, -2, and -5 through -8
were the most similar to naturally occurring AMPs, suggesting
that they may be active against Gram-negative bacteria. PHNX-1
shares 60% similarity with Temporin-PE, a naturally occurring
AMP found in the skin secretions of the common water frog
(Pelophylax kl. Esculentus) with antimicrobial activity against
S. aureus (MIC 2 µM), MRSA (MIC 4 µM) E. coli (MIC
16 µM), Enterococcus faecalis (E. faecalis) (MIC 8 µM), and
Candida albicans (C. albicans) (MIC 4 µM)(Sang et al., 2018).
Similarly, PHNX-2 and PHNX-5 shared 50% similarity with
Caeridin-a1 (an AMP found in the skin secretions of the
Australian White’s Tree Frog, Litoria caerulea with a diverse
antimicrobial activity against S. aureus NCTC10788 (MIC 8 µM),
MRSA NCTC12493 (MIC 16 µM), E. faecalis NCTC12697 (MIC
32 µM), E. coli NCTC10418 (MIC 32 µM), and C. albicans
NCYC1467 (MIC 32 µM) and Temporin-MS4, an AMP found
in a frog (Hylarana maosuoensis), with activity against Gram-
positive bacteria S. aureus ATCC 25923 (MIC 9.4 µM), E. faecalis
981 (MIC 18.8 µM), and Nocardia asteroides 201118 (MIC
4.7 µM) (Wang X. et al., 2017; Li et al., 2018). PHNX-8 (designed
using positional analysis on Dataset 2) had a high degree of
similarity (96.42%) to a naturally occurring AMP Ranateurin
2CPc (Wang et al., 2016) found in the skin secretion of New
World frog (Lithobates capito) (Conlon et al., 2009).

PHNX-6 and PHNX-7 were 69.23 and 62.96% similar to
Ranateurin-6 and Ocellatin-PT4, respectively (Wang et al., 2016).
Ranateurin-6 and Ocellatin-PT4 are AMPs found in the skin
secretions of the American bull frog (Rana catesbeiana) and
the ceara white-lipped frog (Leptodactylus pustulatus) with weak
activity against Gram-positive S. aureus (MIC 100 µM) and
Gram-negative E. coli ATCC 25922 (MIC 80 µM), with no
hemolysis observed for either AMP (Goraya et al., 1998; Marani

et al., 2015). PHNX-3 and PHNX-4 demonstrated similarity to a
set of synthetically designed AMPs Peptide LDKA and DFT503.
These AMPs were developed using Simulation-Guided Rational
de Novo Design (Peptide LDKA) as well as ab initio design
(DFT503), which is interestingly the same approach we used
to design some of the PHNX AMPs (Chen et al., 2019; Mishra
et al., 2019). Peptide LDKA has demonstrated activity against
E. coli (MIC 35 µM) and S. aureus (10 µM) and interestingly
also shares similarity to another ab initio designed AMP called
DFTamP1 (Wang et al., 2016; Chen et al., 2019). DFT503 has
demonstrated antibacterial activity against S. aureus USA300
LAC (MIC 3.1 µM), S. aureus M838-17, Enterococcus faecium
V286-17 (anti-VRE, MIC 3.1–6.2 µM) with no activity against
Gram-negative bacteria and also shares 71% similarity with
DFTamP1 (Mishra et al., 2019).

All synthetically designed PHNX peptides expressed a
minimum of 50% similarity to existing AMPs with proven
antimicrobial activity further strengthening our argument
that that there is a strong likelihood that PHNX AMPs
will demonstrate activity in vitro but are still unique
and novel peptides.

PHNX Antimicrobial Peptides Properties
After assessing the similarity and differences of PHNX AMPs, the
properties of the AMPs were calculated, and Table 3 summarizes
the properties of the PHNX AMPs. Computational analyses
have demonstrated that net charge and amphipathicity are
the most important physiochemical properties that statistically
differentiate anti-Gram-negative AMPs from others (Wang C. K.
et al., 2017). AMPs designed using ab initio database filtering
technology method (PHNX-2 to -5) were each 13 residues long
and AMPs designed using positional analysis (PHNX-1, PHNX-
6, PHNX-7, and PHNX-8) were 14, 13, 25, and 28 residues
long, respectively. All PHNX AMPs were positively charged (to
allow them to associate with the negatively charged bacterial
membrane) with the majority of the peptides having a charge of
+3 and +4 and an outlier of +6 observed in PHNX-7. Studies
have demonstrated that high cationicity in synthetically designed
AMPs correlate with increased in vitro antibacterial activity and
minimal cytotoxicity up to a threshold of +8 beyond which an
increase in hemolytic activity is observed (Bahar and Ren, 2013;
Lee et al., 2019). However, lower cationicity has been associated
with in vivo active peptides (Mishra et al., 2019). Thus, the
PHNX AMPs with the cationic charges between +3 through
+6 will hopefully exhibit antimicrobial effects with minimal
hemolytic activity.

The ideal AMP needs to be amphipathic to allow transport
in an aqueous environment and interaction with bacterial lipid
bilayer membrane. Hence, we used six separate measures to assess
the PHNX AMPs hydrophobicity and amphipathicity including:
the Wimley–White hydrophobicity, Hydrophobic moment
<µH>, Hydrophobicity , Grand average of hydropathicity
index score, the Boman index to assess protein binding
potential and finally, the APD3 defined hydrophobic ratio.
The Wimley–White whole-residue hydrophobicity was positive
for PHNX-5, PHNX-7, and PHNX-8 and negative for others
indicating that PHNX AMPs ranged between neutral to slightly
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hydrophilic (Wimley and White, 1996). Additionally, PHNX
AMPs (except PHNX-7) had positive GRAVY scores indicating
hydrophobicity; however, the scores were relatively close to
neutral suggesting some amphipathicity. PHNX-1 had the
highest GRAVY score of 1.46.

The Boman index, which assesses protein binding potential,
was negative for PHNX-1 to -5 indicating hydrophobicity
but positive for PHNX-6 to -8. It should be noted, however,
that all Boman index scores (positive or negative) were near
0 for all AMPs except PHNX-1 (−1.5 kcal/mol). This was
expected as AMPs typically do not bind other proteins but
instead transverse and disrupt the bilayer membrane leading to
membrane rupture. The APD-defined “hydrophobic ratio” was
38% for rationally PHNX-2, -3, and -5 which were all ab initio
designed AMPs. PHNX-4, also an ab initio designed AMP, had
a higher hydrophobic ratio of 53%. PHNX-1 had the highest
hydrophobic ratio of 71% and the ratio for the longer AMPs,
PHNX-7 and -8, was 44 and 46%, respectively. PHNX-6, designed
using positional analysis, had a hydrophobic ratio of 46%. The
APD-defined hydrophobic ratio ordered the peptides similarly
to the calculation of H, the “Hydrophobicity” calculation for the
peptides whose values range from −1.01 to 2.25 (Gautier et al.,
2008). PHNX-1 and -4 had the highest scores (0.81 and 0.62,
respectively) and however, all the AMPs had scores <1 indicating
amphipathicity. The hydrophobic moment, µH, a value between
0 and 3.26 which indicates the amphipathicity of the AMPs
perpendicular to its axis (Gautier et al., 2008) was higher than
0.5 for PHNX-2, -3, and -6. The other PHNX AMPs had a lower
hydrophobic moment where PHNX-1 was 0.41 µH and PHNX-4,
-7, and -8 had a hydrophobic moment below 0.4 µH.

Overall, we observed a diversity in APD3-defined
hydrophobic ratios with PHNX-4 and PHNX-1 as the two
outliers, with high ratios compared to the other AMPs designed
rationally or using positional analysis. Based on the other
five statistics to measure the hydrophobicity, PHNX AMPs
overall are likely amphipathic structures with low protein
binding potential (evidenced by the Boman index), neutral
to slightly hydrophilic AMPs (Wimley–White whole-residue
hydrophobicity), hydrophobic but close to neutral GRAVY and
a Hydrophobicity (H) score ranging close to neutral indicating
amphipathicity. The amphipathicity of the peptides can also
be observed in the measurements of the hydrophobic moment
(µH, Table 3) and in the helical wheel projections shown in
Supplementary Table 1.

PHNX Antimicrobial Peptides
Antimicrobial Activity Prediction
A variety of prediction tools including different machine learning
algorithms [support vector machine (SVM), random forest (RF),
artificial neural network (ANN) and discriminate analysis (DA)]
were used to assess PHNX AMPs predicted antimicrobial activity.
Using a diverse set of tools ensured that the PHNX AMPs
function was assessed against a variety of AMP datasets to
increase the power of the prediction. The antimicrobial activity
was predicted using four prediction tools across nine algorithms
with the resulting scores listed in Table 4. PHNX-1 scored

high (probability ≥ 0.92) for antimicrobial activity across all
prediction tools and algorithms. PHNX-2, -3, and -6 were
predicted as AMPs but had at least one score below 0.85 (PHNX-
2 scored 0.73 and 0.54 using Deep-AmPEP and CAMPR3-RF;
PHNX-3 scored 0.77 and 0.73 using Deep-AmPEP and CAMPR3-
RF and PHNX-6 scored 0.70 using RF-AmPEP). The other
PHNX AMPs were predicted as non-AMPs or not antimicrobial
by at least one out of the nine predicting algorithms. PHNX-4
and -5 were predicted as non-AMP by DBAASP which uses a
machine learning algorithm based on physio-chemical properties
of AMPs but scored >0.85 as predicted by the other algorithms
(Pirtskhalava et al., 2021). PHNX-7 and -8 were classified as not
antimicrobial by CLASSAMP, however, PHNX-8 was predicted to
be an AMP with a probability > 0.85 using other algorithms and
PHNX-7 scored ≥ 0.84 by all algorithms.

Overall, 100% of PHNX AMPs were predicted to be AMPs by
at least seven of the nine algorithms, 75% predicted as AMPs
by eight algorithms and 12.5% predicted by all 9 algorithms.
Thus, we can conclude it is likely that all PHNX AMPs, especially
PHNX-1, are antimicrobial, with antibacterial activity, based on
the scores established by multiple algorithms that use different
training datasets to make their predictions.

PHNX in vitro Inhibition of
Representative Gram-Positive and
Gram-Negative Bacteria
We then tested the in vitro inhibition of MDR and antibiotic-
susceptible E. coli and S. aureus strains against the PHNX
AMPs. These two bacteria are frequently utilized as model
organisms to test the activity of AMPs and were selected to
demonstrate whether the designed peptides met the design
criteria of anti-Gram-negative activity, as well as the broader
“antibacterial” activity.

Screening
The peptides were first screened at a high concentration of
100 µg/ml against MDR and antibiotic susceptible strains, and
the active peptide against these bacteria qualified for minimal
inhibitory concentration (MIC) determination (Figure 3). IDR-
1018 and BF-CATH were used as controls in screening
against MDR E. coli and S. aureus where the two control
AMPs demonstrated 100% bactericidal activity at 100 µg/ml
concentration as shown in Figure 3. We then assessed the MIC of
the following PHNX AMPs, PHNX-1 which inhibited the growth
of all bacterial strains, PHNX-8 which showed activity against
the E. coli strains. PHNX-7 slightly inhibited MDR E. coli 51659,
however, all other AMPs demonstrated no antibacterial activity
against the MDR or antibiotic susceptible strains in the screen.

Minimum Inhibitory Concentration
PHNX-1, with the predicted score of ≥0.92 probability of
having antimicrobial activity, had a MIC of 32 and 64 µg/ml
against MDR E. coli 51659 and S. aureus 33592, respectively,
as demonstrated in Figure 4. Antibiotic susceptible strains were
sensitive to PHNX-1 with a MIC of 16 µg/ml against E. coli 4157
and 32 µg/ml against S. aureus BAA-1718. PHNX-7 exhibited a
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FIGURE 3 | Antibacterial screening of PHNX-peptides and controls (IDR-1018 and BF-CATH) at 100 µg/ml against. (A) Antibiotic susceptible Escherichia coli 4157.
(B) Staphylococcus aureus BAA-1718. (C) Antibiotic resistant E. coli O157:H7 51659. (D) S. aureus MRSA 33592 where PHNX-1 led to almost 0% bacterial survival
against all strains and PHNX-7 and -8 against the Gram-negative bacteria.

high MIC value of >64 µg/ml against MDR E. coli 51659. PHNX-
8 had a MIC of 64 µg/ml against MDR E. coli 51659 and a MIC
of 32 µg/ml against antibiotic susceptible strain of E. coli 4157
without any activity against the antibiotic resistant or susceptible
strains of Gram-positive bacterium S. aureus. Table 5 presents
the MIC values of all the PHNX peptides against drug resistant
and antibiotic susceptible strains of E. coli and S. aureus where
LL-37, BF-CATH and IDR-1018 were used as the control AMPs
against the four bacterial strains, as they have known activity
against these bacteria. Although we used different strains, BF-
CATH showed a strong antimicrobial activity against E. coli,
similar to the levels previously reported of 2.3 µg/ml against
E. coli ATCC 25922 and it was not very effective against S. aureus
(Wang et al., 2008). Similarly, IDR-1018 showed good activity
against the strains tested here (∼16 µg/ml), similar to previously
reported activities (Wieczorek et al., 2010; Jahnsen et al., 2013).

Additionally, while LL-37 was initially selected for use as a control
against antibiotic-resistant strains of E. coli and S. aureus, our
data demonstrated poor antimicrobial activity of >64 µg/ml
against MRSA, similar to previously reported activities (Turner
et al., 1998). We added a column to Table 5 summarizing the
AMP predictions from Table 4 to enable comparisons between
the predictions and the in vitro experimental data.

EC50 Results
We next tested the PHNX AMPs against drug-resistant strains
of E. coli and S. aureus under low-salt conditions to eliminate the
probability of salt-mediated inactivation which would prevent the
AMP from inhibiting bacterial growth. Interestingly, all PHNX
AMPs, except PHNX-2 and -3, demonstrated activity inhibiting
the growth of MDR E. coli and MRSA under low-salt conditions.
These assays determine the half-maximal effective concentration
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FIGURE 4 | Minimum inhibitory concentration (MIC) of PHNX-1 against four strains of bacteria. (A) Antibiotic susceptible E. coli 4157 (MIC = 16 µg/ml). (B) E. coli
O157:H7 51659 (MIC = 32 µg/ml). (C) S. aureus BAA-1718 (MIC = 32 µg/ml). (D) S. aureus 33592 (MIC = 64 µg/ml).

(EC50) for antibacterial activity under 10 mM sodium phosphate
conditions, following published protocols (Barksdale et al., 2016).
PHNX-1 demonstrated the highest activity, as expected based on
the MIC and bioinformatic prediction results, with an EC50 of
0.12 and 9.22 µg/ml against MDR E. coli and MRSA, respectively
(Figure 5). PHNX-7, a highly cationic AMP, and PHNX-8, the
longest AMP with a C-terminal rana box, demonstrated an

EC50 of 0.04 and 0.06 µg/ml against MDR E. coli and 2.09 and
3.31 µg/ml against MRSA, respectively. PHNX-6, also designed
using positional analysis, demonstrated an EC50 of 2.60 and
7.95 µg/ml against MDR E. coli and MRSA. Finally, PHNX-
4 and PHNX-5 demonstrated an EC50 of 2.91 and 4.95 µg/ml
against MDR E. coli and 4.85 and >10 µg/ml against MRSA.
It should also be noted that PHNX-7 and -8, designed using

TABLE 5 | Minimum inhibitory concentration (MIC) of PHNX peptides (µg/ml) against multi-drug resistant and antibiotic susceptible strains of E. coli and S. aureus.

Bacteria peptides E. coli ATCC
51659

S. aureus ATCC
33592

E. coli ATCC 4157 S. aureus ATCC
BAA-1718

Consensus from predictors (Table 4)

PHNX-1 32 64 16 32 Active (probability ≥ 0.92)

PHNX-2 >100 >100 >100 >100 Mixed predictions (see text, 0.54 by CAMPR3-RF)

PHNX-3 >100 >100 >100 >100 Mixed predictions (see text, 0.73 by CAMPR3-RF)

PHNX-4 >100 >100 >100 >100 Active (except by DBAASP)

PHNX-5 >100 >100 >100 >100 Active (except by DBAASP)

PHNX-6 >100 >100 >100 >100 Mixed predictions (0.70 RF-AmPEP)

PHNX-7 >64 >100 >100 >100 Active (except by CLASSAMP-SVM)

PHNX-8 64 >100 32 >100 Active (except by CLASSAMP-SVM)

LL-37 32 >64 NT NT

BF-CATH 8 64 4 NT

IDR-1018 16 16 NT 16

NT refers to not tested. LL-37, BF-CATH, and IDR-1018 were control peptides tested against the bacterial strains. The consensus from the antimicrobial peptide predictors
in Table 4 is indicated in the last column for comparison.
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FIGURE 5 | Half maximal effective concentration (EC50) of (A) PHNX-1, (B) PHNX-6, (C) PHNX-7, and (D) PHNX-8 against antibiotic resistant E. coli O157:H7
51659 and S. aureus MRSA 33592.

positional analysis on Dataset 2, demonstrated a lower EC50
against Gram-negative MDR E. coli compared to the Gram-
positive S. aureus, as shown in Figure 5, further confirming our
hypothesis that using a “Gram-negative only” dataset resulted
in rationally designing AMPs with higher activity against Gram-
negative bacteria. Table 6 outlines the EC50 results of the MDR
E. coli and S. aureus strains against all the 8 PHNX peptides
including the 95% confidence intervals, and the EC50 results also
presented in micromolar (µM) units. PHNX-4, -5, -6, and -8
had a larger range within the 95% confidence interval of EC50
against MRSA (for PHNX-4, -6, and -8) and E. coli (for PHNX-5)
indicating greater variability in the concentration of the peptide
required to inhibit bacterial growth and thus, increased likelihood
of variable activity for the above peptides.

Hemolytic Activity and Therapeutic
Potential of the PHNX Antimicrobial
Peptides
After establishing MIC and EC50 activity, we tested the hemolytic
potential of the synthetically designed PHNX AMPs. PHNX-
1 demonstrated the highest hemolytic activity (approximative
40% hemolysis) at 100 µg/ml with minimal hemolysis at 10
and 1 µg/ml. PHNX-4, -5, -7, and -8 demonstrated higher
hemolytic activity at 100 µg/ml sequentially decreasing at 10
and 1 µg/ml. LL-37 and IDR-1018 were the two controls used
against human red blood cells (RBCs) to test hemolysis and
demonstrated a similar pattern sequentially reducing hemolytic
activity with approximately 40% hemolysis at 100 µg/ml, 10%

at 10 µg/ml and negligible hemolysis at 1 µg/ml. This level of
hemolysis is significantly higher than is seen with defribrinated
sheep and horse blood, which may reflect the fragility of the
RBCs collected in EDTA as an anticoagulant. Since the PHNX
peptides showed antimicrobial activity between 16 and 64 µg/ml,
this range is covered by the hemolysis testing. All PHNX
AMPs outperformed the control peptides with overall lower
hemolytic activity at each of the three concentrations. Figure 6
demonstrates the hemolytic activity of PHNX AMPs. As the
hemolytic concentrations are not significantly different than
the MIC concentrations (within an order of magnitude), these
PHNX peptides probably need additional development in future
work to increase their therapeutic index. Additionally, future
work on using the MIC concentration of each AMP with a
narrower range of AMP concentrations to assess cytotoxicity
would result promising results. The therapeutic index may also
serve as an in vitro filter to identify the peptides with the best
cell selectivity. A high therapeutic index indicates high safety and
minimal toxicity in vivo (Jiang et al., 2014; Mahlapuu et al., 2016;
Wang C. K. et al., 2017).

DISCUSSION

In this new method, ab initio database filtering technology
(DFT) was combined with a new step of positional analysis to
computationally design novel synthetic antimicrobial peptides
(AMPs) termed PHNX AMPs. The APD3 dataset of AMPs was
parsed to generate a set of peptides with a narrow spectrum of

Frontiers in Microbiology | www.frontiersin.org 11 November 2021 | Volume 12 | Article 715246262

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


fmicb-12-715246 November 10, 2021 Time: 12:35 # 12

Bobde et al. Peptides Against Gram-Negative Bacteria

TABLE 6 | Half maximal effective concentration (EC50) of PHNX peptides against multi-drug resistant strains of E. coli and S. aureus.

Peptides Bacteria EC50 (µg/ml) 95% CI (µg/ml) EC50 (µM) Consensus from predictors (Table 4)

PHNX-1 E. coli ATCC 51659 0.12 0.06–0.3 0.08 Active (probability ≥ 0.92)

S. aureus ATCC 33592 0.22 0.10–0.52 0.14

PHNX-2 E. coli ATCC 51659 >10 N/A >7.78 Mixed predictions (see text, 0.54 by CAMPR3-RF)

S. aureus ATCC 33592 >10 N/A >7.78

PHNX-3 E. coli ATCC 51659 >10 N/A >7.34 Mixed predictions (see text, 0.73 by CAMPR3-RF)

S. aureus ATCC 33592 >10 N/A >7.34

PHNX-4 E. coli ATCC 51659 2.91 1.30–6.53 1.98 Active (except by DBAASP)

S. aureus ATCC 33592 4.85 1.90–12.36 3.29

PHNX-5 E. coli ATCC 51659 4.95 1.90–12.91 3.64 Active (except by DBAASP)

S. aureus ATCC 33592 >10 N/A >7.36

PHNX-6 E. coli ATCC 51659 2.60 0.90–7.57 1.72 Mixed predictions (0.70 RF-AmPEP)

S. aureus ATCC 33592 7.94 2.85–22.13 5.24

PHNX-7 E. coli ATCC 51659 0.04 0.02–0.12 0.02 Active (except by CLASSAMP-SVM)

S. aureus ATCC 33592 2.09 0.61–7.10 0.83

PHNX-8 E. coli ATCC 51659 0.06 0.02–0.14 0.02 Active (except by CLASSAMP-SVM)

S. aureus ATCC 33592 3.31 0.89–12.29 1.12

N/A refers to not applicable where the 95% Confidence Interval could not be calculated. IDR-1018 was used as a control against E. coli and S. aureus and demonstrated
bacterial killing at 100 µg/ml.

FIGURE 6 | Hemolysis of the PHNX peptides against human red blood cells collected in EDTA with LL-37, deionized (DI) water and IDR-1018 were used as the
controls. All PHX AMPs demonstrated hemolytic activity not significantly different from or lower than the controls.

activity against Gram-negative bacteria. This dataset was used
in our computational approach to design new peptides with the
hypothesis that the resulting peptides would have activity against
Gram-negative bacteria. Our results show that 3/8 peptides
(PHNX-1, -7, and –8) have antimicrobial activity against Gram-
negative bacteria at 100 µg/ml or less and 6/8 (PHNX-1, -4, -5,
-6, -7, and -8) have activity against Gram-negative bacteria under
low-salt conditions (EC50) at 10 µg/ml or less. These results
support our hypothesis that designing peptides by this method to
be active against Gram-negative bacteria leads to a high number
of peptides with that desired activity.

Overall, the PHNX AMPs demonstrated >50% similarity to
existing AMPs (naturally occurring or synthetically designed)
with computed properties traditionally observed in AMPs with
antibacterial activity. PHNX-7 and PHNX-8 were the two
outliers, PHNX-7 had high cationicity which predicted higher
antibacterial activity with low hemolytic potential and PHNX-8,
an AMP uniquely characterized by a “Rana box” which consists
of a cyclic disulfide bridge at the C-terminus due to flanking
cysteine residues separated by other four or five residues (Bao
et al., 2018). AMPs with the Rana box domain share a structural
analogy with Polymyxin, a cyclic peptide antibiotic used to
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treat multi-drug resistant infections caused by Pseudomonas spp.
and Acinetobacter spp. where studies have demonstrated the
importance of the structure within the Rana box which may
correlate with an AMPs antimicrobial activity (Kozić et al., 2015).
This correlated with our results where PHNX-7 and -8 had
the lowest EC50 and the highest activity against Gram-negative
organisms compared to all other AMPs.

We further hypothesized that measures of hydrophobicity
and amphipathicity are important for activity. PHNX-1
(0.41 µH) had a hydrophobic moment closer to the Apo
AMPs we previously discovered, which have also demonstrated
antibacterial activity (Barksdale et al., 2016). In the data we
obtained however, no obvious correlation was observed between
the hydrophobicity and amphipathicity scores and the PHNX
AMP’s in vitro activity. The “APD3 defined hydrophobic ratio
(%)” somewhat correlated with EC50 activity, as most of the
peptides with EC50 activity had greater than 40% APD3 defined
hydrophobic ratio (%). It is generally thought that amphipathic
AMPs typically demonstrate antibacterial activity, especially if
helical. Some AMPs, like LL-37, can be membrane-active where
the AMPs are disordered until interacting with the bacterial
membrane to form an amphipathic helix penetrating the
bacterial membranes (Hollmann et al., 2018). The mechanism of
action for each PHNX AMP has not yet been determined.

Bioinformatics based AMP prediction can be complex as
each prediction tool uses a different algorithm with a different
training dataset which can result in a diversity of predicted
AMP probabilities. Hence, we used nine different predictors
and although all PHNX AMPs were predicted as antimicrobial,
in vitro testing demonstrated that only PHNX-1 and PHNX-
8 had antibacterial activity under high-salt conditions against
the MDR strain of E. coli. However, it should be noted
that PHNX-1 demonstrated the highest probability of having
antimicrobial activity across all predictors with the highest overall
consensus for predicted activity. This reflected our laboratory
results where PHNX-1 demonstrated antibacterial activity under
both MIC and EC50 conditions against Gram-positive and
Gram-negative bacteria. Under low-salt conditions, all AMPs,
except PHNX-2 and -3, demonstrated activity against the drug
resistant strains of E. coli and S. aureus and no PHNX AMP
was hemolytic at 10 µg/ml. PHNX-2 and -3 had the lowest
probability of antimicrobial activity as predicted by Deep-
AmPEP and CAMPR3-RF algorithms compared to the other
PHNX AMPs, and the lab results demonstrated no activity against
any bacterial strains. Prior studies have established CAMPR3-RF
as the analytical tool with the best performance due to a large
training dataset resulting in high accuracy in its predictions and
our study further corroborated that result (Gabere and Noble,
2017). The EC50 results also imply that salt-mediated inactivation
may have played a role in preventing the PHNX AMPs from
inhibiting bacterial growth under high salt conditions. Studies
have demonstrated that serum and salt mediated inactivation
has prevented antibacterial activity of peptides in vivo with
short amphipathic helical AMPs having the highest likelihood
of salt-resistance (Mohanram and Bhattacharjya, 2016). PHNX-
1, a short helical AMP, demonstrated activity under high salt
conditions and thus presents as a candidate with expected in vivo

activity and the potential for further development as a potential
clinical therapeutic.

Overall, the PHNX AMPs designed using the novel positional
analysis method (PHNX-1, -6, -7, and -8) demonstrated higher
antibacterial activity against Gram-negative bacteria than the
AMPs designed using only the ab initio DFT method (PHNX-
2 to -5). In our study, using the DFT approach, the BLOSUM
substitution matrix was used to substitute amino acids with
equal frequency within the dataset; however, these substitutions
may not have resulted in equivalent activity. Additionally, our
approach in designing these AMPs combined a rational design
element with positional analysis; for example, the decision to
choose F at position 1. Additional residue substitution at this
position may improve in vitro activity. PHNX-1 and PHNX-
6 through -8 were designed using positional analysis method
(frequency per position), which is a data-only approach and
resulted in demonstrated in vitro activity against the MDR
bacterial strains. Our hypothesis that using a dataset of AMPs
with activity against Gram-negative bacteria would enable the
ab initio design of synthetic peptides with higher activity
against Gram-negative bacteria was proven. All PHNX AMPs
demonstrated slightly higher activity against MDR and antibiotic
susceptible strains of Gram-negative E. coli compared to the
Gram-positive S. aureus. Although PHNX AMPs were active
against Gram-positive S. aureus, every AMP had better activity
against E. coli, supporting our design approach of designing
a Gram-negative active peptide. PHNX-1 had a lower MIC
against E. coli when compared to S. aureus and PHNX-8 had
no activity against S. aureus but demonstrated reasonable MIC
results against the Gram-negative E. coli. The MIC results were
further supported under low-salt EC50 conditions where PHNX-
1 and PHNX-4 though -8 demonstrated uniformly lower EC50
results against the Gram-negative MDR strain when compared to
the Gram-positive MDR strain.

We have thus established a method to computationally design
AMPs against a narrow spectrum class of bacteria (Gram-
negative). In future work, these results against MDR and
antibiotic susceptible bacteria need to be broadened and further
corroborated by testing against other Gram-negative bacteria
such as Pseudomonas and Klebsiella. This study confirms that
the database filtering technology is likely to generate peptides
with desired activity by starting from a defined set of candidates
annotated in the APD3 (Mishra and Wang, 2012; Wang
et al., 2016). Different from the original study where the most
probable parameters were used to design a potent peptide against
mainly Gram-positive methicillin-resistant S. aureus (MRSA),
our designed peptides are primarily active against Gram-negative
bacteria based on the inclusion criteria in the original datasets. Of
note is that the peptides designed against Gram-positive bacteria
have less cationic amino acids than the peptides we designed
here. In the original DFT approach, the anti-Gram-positive
peptides were generally of +1 charge, while, for our approach,
the peptides most commonly had a charge of +4. This is further
supported by recent work by Mishra et al. (2019), who found that
peptides with higher net positive charge but with low number
hydrophobic amino acids were more likely to be active against
Gram-negative bacteria in vivo. Highly cationic synthetically
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designed AMPs (up to +8) have been found to correlate with
increased in vitro antibacterial activity and minimal cytotoxicity
(Bahar and Ren, 2013; Lee et al., 2019), and recently, peptides
with lower cationicity have been associated with in vivo activity
(Mishra et al., 2019).

Our approach of conducting data analysis on a pre-selected
sub-set of AMPs with activity against Gram-negative bacteria
to determine trends and frequency of amino acids resulted in
novel AMPs with lab-tested in vitro activity against drug-resistant
strains of bacteria. This combination of in silico design and
in laboratory testing to validate the in silico predictions has
proven highly successful. This approach can be used to design
a variety of antimicrobial peptides against different strains or
classes of bacteria, viruses and fungi to result in novel AMPs
with a narrow spectrum of activity. Using a larger library of
peptides may aid in designing variations of AMPs with predicted
narrow and/or broad-spectrum of activity to further validate our
design approach. Although our peptides demonstrated activity
against MDR E. coli, they still need to be further tested against
other strains of Gram-negative bacteria to determine the full
range of their activity. PHNX AMPs effect on bacterial biofilms
also needs to be assessed. Biofilms are a key virulence factor
contributing to nosocomial infections and peptide therapeutics
with activity against biofilm would be a breakthrough in modern
medicine. The PHNX peptides also need some improvements in
their hemolytic activity in future studies, perhaps through further
rational design to improve their therapeutic index. Our study
was a success as we designed AMPs with antibacterial activity
against Gram-negative bacteria, supporting our overall design
goal. Further testing in vivo with residue substitutions to improve
antibacterial and hemolytic activity could result in improved

AMPs. PHNX AMPs present novel synthetic peptide therapeutics
which are a small step forward in developing new therapeutics to
combat antibiotic resistance.
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Among chronic skin autoinflammatory diseases, Hidradenitis Suppurativa (HS) stands
out for its chronicity, highly variable condition, and profound impact on the patients’
quality of life. HS is characterized by suppurative skin lesions in diverse body areas,
including deep-seated painful nodules, abscesses, draining sinus, and bridged scars,
among others, with typical topography. To date, HS is considered a refractory
disease and medical treatments aim to reduce the incidence, the infection, and
the pain of the lesions. For this purpose, different classes of drugs, including anti-
inflammatory molecules, antibiotics and biological drugs are being used. Antimicrobial
peptides (AMPs), also called defense peptides, emerge as a new class of therapeutic
compounds, with broad-spectrum antimicrobial action, in addition to reports on their
anti-inflammatory, healing, and immunomodulating activity. Such peptides are present
in prokaryotes and eukaryotes, as part of the innate eukaryotic immune system. It has
been proposed that a deregulation in the expression of AMPs in human epithelial tissues
of HS patients may be associated with the etiology of this skin disease. In this scenario,
plant AMPs stand out for their richness, diversity of types, and broad antimicrobial
effects, with potential application for topical systemic use in patients affected by HS.

Keywords: antimicrobial peptides, plants, hidradenitis suppurativa, infections, antibiotics, bioinformatics

INTRODUCTION

Hidradenitis suppurativa (HS) is a chronic disease characterized by recurrent, painful, deep-
seated, rounded nodules and abscesses of apocrine gland-bearing skin. HS is a chronic disease,
late diagnosed with a profound impact on the patients’ quality of life. HS is characterized by
recurrent skin lesions and may develop into subcutaneous extension leading to sinus and fistula
tracts formation. These painful lesions represent the main problem for the patients’ quality of
life, being periodic and not always responding well to a topic antibiotic therapy, with the onset
of antibiotic resistance (Revuz, 2009; O’Neal et al., 2020).

The resistance developed by microorganisms is an inevitable result of the fragile balance
between bacteria and antibiotics. However, bacteria have infinitely more opportunities to gain
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resistance than humans who must create new antimicrobial
agents due to generation time (Huttner et al., 2013). Over the
years, humans have used nature to meet their basic needs, as
well as seeking medicines to treat a wide spectrum of diseases.
Plants seem to be an undeniable source of bioactive molecules to
fight various diseases, including multi-resistant bacteria (Benko-
Iseppon et al., 2010; Porto et al., 2018a). These medicinal
properties have been investigated in recent years, with emphasis
on plant antimicrobial peptides (AMPs); AMPs are low molecular
mass defense molecules with a vast and potent inhibitory activity
against a wide range of organisms (Santos-Silva et al., 2020).

Recent interest in AMPs for therapeutic applications has
been developed due to the need for new antibiotics since
bacterial resistance to traditional molecules arose (Su et al., 2020).
Presumably, bacteria have been exposed to AMPs for millions
of years and, except for a few species (such as Burkholderia
spp.), generalized resistance has not been reported (Loutet, 2011).
Notably, the development of resistance against AMPs occurred to
a much lesser degree, as there could not be a general mechanism
of resistance to AMPs, requiring multiple pathways for this,
for example, attacking multiple hydrophobic and/or polyanionic
targets (Fjell et al., 2012). Therefore, AMPs emerged as potential
candidates in the search for new therapeutic agents against
bacterial resistance (Liu et al., 2016; Sun et al., 2019).

This review brings an up-to-date overview of the general
knowledge of HS, focusing on the AMPs role as potential
molecules for HS patients’ topic treatment.

HIDRADENITIS SUPPURATIVA –
GENERAL FEATURES

Hidradenitis suppurativa, also known as Acne Inversa for
its suppurative lesions affecting inverse areas, is a chronic
autoinflammatory skin disease characterized by a complex
clinical phenotype with variable degrees of severity. HS can
be generally described as an inflammatory persistent, enduring
disease characterized by the presence of inflammatory lesions
mainly found in the areas of the body in which apocrine
glands are localized. The inflamed suppurative lesions may cause
constant pain, thus dramatically impacting patients’ quality of life
(Preda-Naumescu et al., 2021).

Hidradenitis suppurativa was first described in 1854 by
the French surgeon Verneuil (1854); despite this, the disease
is still not completely understood and misdiagnosed (Rick
et al., 2021). In fact, the exact etiology is not yet entirely
unraveled. However, it is widely accepted that HS is a complex
disease with a multifactorial etiology that involves complex
interactions between genetic factors, immune dysregulation,
bacterial infections, and environmental risk factors (Schell et al.,
2021). The influence of genetic variations has been observed in
about one-third of HS patients and are mainly reported in the
genes of the gamma-secretase complex, namely NCSTN, PEN-1,
and PSENEN (van Straalen et al., 2020).

Immune dysregulation, in particular aberrant activation of
the immune system involving different signaling pathways
resulting in dysregulation of the release of various anti- or

pro-inflammatory molecules, e.g., TNF-α, IL-1β, AMPs, has been
reported in HS (Jiang et al., 2021). The interaction between
immune dysregulation and skin bacteria plays a central role in
the disease, promoting the chronicity of HS (Marasca et al.,
2020); despite this evidence, the microbiological aspects of
HS are not yet fully described. It has been hypothesized that
cutaneous dysbiosis, characterized by the presence of pathogens
and commensals bacteria, plays a role in HS (Guet-Revillet et al.,
2017). Smoking and obesity are the two of the most frequent
environmental risk factors reported in HS (Ingram, 2020).

To date, the frequency of HS is relatively high, reaching
1% in the European population (Ingram, 2020), i.e., the same
as celiac disease. Low HS frequencies have been reported in
several countries, but they are considered the result of the
underdiagnosis of the disease. In fact, HS is an ailment with a long
delay between its occurrence and the clinical diagnosis, reflecting
the unequal worldwide distribution of dermatological resources
as well as dedicated centers, also depending upon socio-economic
issues. Moreover, ethnicity is also supposed to play a role in the
distribution of HS worldwide (Reeder et al., 2014; Lee D.E. et al.,
2017; Sachdeva et al., 2021).

Interestingly, based on 16 studies performed in Scandinavia,
Western Europe, United States, and Australia, a recent meta-
analysis detected 0.40% of HS prevalence in the analyzed
countries. However, the authors observed that in studies based
on direct evidence of clinical findings, the frequency of HS raised
to 1.7%; being, therefore, higher than the values revealed by
population-based analyses (Jfri et al., 2021).

Several clinical scores have been used so far to classify
the severity of the disease: the Hurley classification, the
modified Sartorius score (MSS), the HS Physician’s Global
Assessment (HS-PGA), and the most recent score proposed the
International Hidradenitis Suppurativa Severity Score System
(IHS4) (Zouboulis et al., 2017). However, to date the simplest
classification used is the Hurley, which stratifies the severity in
three stages (Hurley I: mild; Hurley II: intermediate; Hurley
III: severe) (Hurley, 1989). Because of the disease’s chronicity,
debilitation, and heterogeneity, HS requires different treatment
approaches that vary widely depending on disease severity
(Costa-Silva et al., 2018). Unfortunately, to date, HS is considered
a refractory disease. Drug therapy for HS patients comprises
topical and systemic approaches, including prescription of anti-
inflammatories and antibiotics depending on the Hurley stage
and severity (Table 1).

Topical treatment is directed to mild and moderate cases
(i.e., Hurley stages I and II). Clindamycin lotion is the most
common treatment for early stage cases (Magalhães et al., 2019;
Zouboulis et al., 2019; Sabat et al., 2020). However, other
treatments have been considered for topical use based on positive
clinical findings observed in HS patients, such as fusidic acid,
resorcinol, an exfoliating agent with keratolytic, antipruritic,
and antiseptic properties (Kilic et al., 2002; Wu et al., 2018;
Magalhães et al., 2019).

In systemic therapy, antibiotics remain in clinical protocols
with Clindamycin among the commonly used drugs (Ochi et al.,
2018). Other first-line drugs used in systemic therapy employ
tetracyclines and similar antibiotics, which were preferred

Frontiers in Microbiology | www.frontiersin.org 2 December 2021 | Volume 12 | Article 795217268

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


fmicb-12-795217 December 7, 2021 Time: 21:33 # 3

Santos-Silva et al. AMPs and HS

TABLE 1 | List of therapeutic categories and examples of available drugs with
their main effect and indication to specific stages considering the Hurley
stage classification.

Therapy category Drug name Main effects Hurley stage

Topical Clindamycin Antibiotic/Anti-inflammatory I

Resorcinol Keratolytic I and II

Fusidic acid Antibiotic/Anti-inflammatory I

Systemic Clindamycin Antibiotic/Anti-inflammatory II and III

Rifampicin Antibiotic/ II and III

Anti-inflammatory

Colchicine Antibiotic/Anti-inflammatory II and III

Doxycycline Antibiotic/Anti-inflammatory I, II, and III

Lymecycline Antibiotic I, II, and III

Adalimumab Anti-inflammatory (anti-TNF) II and III

Tetracycline Antibiotic/Anti-inflammatory I, II, and III

Infliximab Anti-inflammatory (anti-TNF) II and III

Minocycline Antibiotic/Anti-inflammatory II and III

by specialists to treat moderate to severe HS cases, except
in children younger than 10 years old (Magalhães et al.,
2019). Also, physicians observed a decrease in Sartorius score
and other distress/pain indicators in HS patients who did
not discontinue the treatment with tetracycline (n = 32),
doxycycline (n = 31), and lymecycline (n = 45) (Jørgensen
et al., 2021). The prospective results of three treatments indicate
no significant difference in improvement and side effects,
including gastrointestinal, neurological and dermatological
symptoms. The anti-inflammatory activity of the second-
generation tetracyclines (such as doxycycline) is probably related
to their inhibition of pro-inflammatory cytokines (IL-1β, IL-
6, TNF-α, IFN γ) and chemokines (MCP-1, MIP-1α, MIP-1β)
synthesis (Krakauer and Buckley, 2003).

Once antibiotics were not successful to treat HS, biological
drugs (based on antibodies targeting inflammatory cytokines)
came as a potential alternative solution, including, for instance,
Adalimumab and Infliximab. Adalimumab is the first fully
human recombinant IgG monoclonal antibody that binds soluble
and transmembrane TNF-α (Schneider-Burrus et al., 2018;
Magalhães et al., 2019). It was approved by the European
Medicine Agency and US Food and Drug Administration
(FDA) as the first medicine for the treatment of moderate to
severe HS patients, which failed in antibiotic (systemic) therapy
(Schneider-Burrus et al., 2018).

It is important to emphasize that the improvement observed
when using the biological drug treatment can be enhanced
by combining it with antibiotics in topical or systemic
therapy. Antibacterial drugs could play important roles in
the topic treatment of HS also due to their complementary
anti-inflammatory activities. Nonetheless, the predominance of
antibiotic treatments can raise issues of toxicity and alarming
resistant bacteria. Unfortunately, to date, data regarding bacteria
resistance rates to antibiotic treatments in HS are scarce
(Nikolakis et al., 2015; Fischer et al., 2017).

Considering this risk, the combination of antibiotics,
including Clindamycin-Rifampicin treatment, was suggested as a

preventive solution to overcome bacterial resistance over therapy
(Ochi et al., 2018; Tyers and Wright, 2019). In addition to this
approach, studies involving the prospection of novel drugs have
been sought, for example, natural AMPs from distinct sources as
scaffolds for drug design (Santos-Silva et al., 2020).

Quality of Life and Prognosis
When considering the patients’ quality of life, painful lesions
represent the main problem, being frequent and periodic, not
always responding to a topic antibiotic therapy, aggravated with
the onset of antibiotic bacterial resistance. So, the main questions
are: how to manage these chronic inflamed wounds, how to treat
them, how to fight pathogens infecting the pre-existing lesions?
To face these issues, we should bear in mind that innate immune
defects are known to play a role in HS etiopathogenesis, including
host AMPs encoding genes that may be differentially expressed
in wounds of patients suffering from HS. This issue will be
further discussed.

ANTIMICROBIAL PEPTIDES

In the attempt to design novel strategies to fight pathogens
infecting HS patient’s lesions and relieve the painful effect
of the wounds, we suggest introducing novel players in this
struggle to solve, at least partly, the patients’ lesion-related
problems by employing antimicrobial molecules derived from
plants. The use of natural compounds to limit infections by
pathogens has been attempted in the context of different diseases
such as psoriasis (natural compounds such as mustard seed,
curcumin and resveratrol on inhibit NF-κB activation and
cytokine expression, as well Antrodia cinnamomea extract to
inhibit inflammatory cytokine expression) (Lai et al., 2017);
rosacea (Aloe vera aloin, aloe emodin, aletinic acid, choline, and
salicylate derivative) have been used to inhibit cyclooxygenase
pathway; polyphenols contained in green tea such as epicatechin,
epicatechin-3-gallate, epigallocatechin and epigallocatechin-3-
gallate reduce ultraviolet B induced inflammation by functioning
as an antioxidant (Draelos, 2017); chronic diseases have been
targeted by flavonoids with effects on inflammasome regulation
and catechin with antioxidant action (Owona et al., 2020);
skin infections have been treated with Nigritanine, isolated
from Strychnos nigritana, characterized by antimicrobial activity
against clinical isolates of S. aureus showing a remarkable
antimicrobial activity, without being toxic in vitro to mammalian
red blood cells and human keratinocytes; this latter compound
can be considered as a promising candidate for the development
of new antimicrobial molecules for the treatment of S. aureus
induced infections (Casciaro et al., 2019). Nevertheless, most of
the studies just used crude extracts from plants (leaves, roots,
bark, etc.) without succeeding to clearly identify the antimicrobial
molecule/s involved in limiting pathogens infection. Moreover,
the laboratory pipeline to identify and characterize antimicrobial
molecules is time-consuming since chromatography (HPLC) and
Mass Spectrometry techniques should be used. Finally, secondary
metabolites in the crude extracts can mask the effective molecule
responsible for the antimicrobic activity. These limitations can
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TABLE 2 | Main classes and features of plant antimicrobial peptides.

General information Primary structure Tridimensional structure

Class Biological roles and
action mechanism
(A)

Number of
cysteines and
disulfide (S-S)

bridges (B)

UniProt –
ID(C)

AMP
name(D)

Source
species(E)

Mass (Da) (F) Length(G) Domain(H) General
structural

motif(I)

General 3D –
structure(J)

Thionins Antimicrobial activity
and signal
transduction.
Molecules probably
change plasma
membranes potential
inducing efflux of K+
and Ca2+ influx.

6C = C1–C6,
C2–C5, C3–C4

P01542 Crambin Crambe
hispanica

4,736 46 1–46

β1-α1-α2-β2-
coil

8C = C1–C8,
C2–C7, C3–C6,

C4–C5

P01543 Purothionin A-1 Triticum
aestivum

14,625 136 28-72

Defensins Antimicrobial activity.
Molecules probably
change plasma
membranes potential
inducing efflux of K+
and Ca2+ influx.

8C = C1–C8,
C2–C5, C3–C6,

C4–C7

P30230 Defensin-like
protein 2

Raphanus
raphanistrum

8,875 80 30–80
CSαβ (β1-coil-

α-β2-β3)
motif

10C = C1–C10,
C2–C5, C3–C7,
C4–C8, C6–C9

Q8H6Q1 Defensin-like
protein 1

Petunia hybrida 11,361 103 26–72

Hevein-Like Antimicrobial activity.
Molecules probably
target:
N-acetyl-glicosamine,
but also, has
inhibitory activity
described against
non-chitin fungus.

6C = C1–C4,
C2–C5, C3–C6,

Q9S8Z6 AC-AMP1 Amaranthus
caudatus

3,034 29 1–29
Gly and Cys
rich Central

β-strands and
short helical

side coils

8C = C1–C4,
C2–C5, C3–C6,

C7–C8

P02877 Pro-hevein Hevea
brasiliensis

21,859 204 18–60

10C = C1–C5,
C2–C9, C3–C6,
C4–C7, C8–C10

P85966 Antimicrobial
peptide 1b

Triticum kiharae 11,46 116 35–78

Knottin-type
peptide

Antimicrobial activity
and protease
inhibitor.
Probably target:
plasma membrane,
α-amylase or
protease inhibitors
(carboxypeptidase A
or trypsin)

6C = C1–C4,
C2–C5, C3–C6,

P83653 Antimicrobial
peptide Alo-3

Acrocinus
longimanus

3,875 36 1–36 Cystine knot
(Short β-strand

and coil)

α-Hairpinin Antimicrobial activity.
Probably target:
Intracellular DNA or
RNA. It also has
trypsin inhibitory,
ribossomal
inactivation activities
described.

4C = C1–C4,
C2–C3

R4ZAN8 L-2 Triticum kiharae 41,467 362 125–152 α1-turn-α2
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General information Primary structure Tridimensional structure

Class Biological roles and
action mechanism (A)

Number of
cysteines and
disulfide (S-S)

bridges (B)

UniProt –
ID(C)

AMP
name(D)

Source
species(E)

Mass (Da) (F) Length(G) Domain(H) General
structural

motif(I)

General 3D –
structure(J)

Lipid transfer
proteins

Antimicrobial activity and
transport hydrophobic
molecules, such as fatty
acids.
Probably target: plasma
membrane, acetyl-CoA
and posphatidyl glycerol

8C = C1–C6,
C2–C3, C4–C7,

C5–C8

Q0IQK9 Non-specific
lipid-transfer

protein.

Oryza sativa
subsp. japonica

11,345 116 26–116 Hydrophobic
cavity (α1-α2-
α3-α4-coil)

Snakin Antimicrobial activity
Probably target: plasma
membrane and chitin.

6C = C1–C9,
C2–C7, C3–C4,

C5–C11,
C6–C12, C8–C10

Q948Z4 Snakin-1 Solanum
tuberosum

9,664 88 29–88 α -helix

Cyclotide Antimicrobial and
protease inhibitor
activities
Probably target: plasma
membrane and trypsin.

3C = C1–C4,
C2–C5, C3–C6

P84522 Leaf cyclotide 1 Viola hederacea 3,341 31 4–31 Cyclic cystine
knot (CCK)

β-barrelins Antimicrobial activity.
Probably target: plasma
membrane.

6C = C1–C5,
C2–C6, C3–C4

P80915 Antimicrobial
peptide 1

Macadamia
integrifolia

10,944 102 27–102 Greek key
β-barrel

Impatiens-like Antimicrobial activity.
Probably target: Targets
either membrane and/or
intracellular components.

4C = C1–C3,
C2–C4

O24006 Antimicrobial
peptides

Impatiens
balsamina

37,259 333 β-turn

Puroindoline Antimicrobial activity.
Targets membrane.

10C = C1–C7,
C2–C5, C3–C4,
C6–C10, C8–C9

P33432 Puroindoline-A Triticum
aestivum

16,387 148 29–146 Tryptophan
pocket

(α1-α2-α3-α4)

Structures not
found

Thaumatin-like Antimicrobial Activity.
Targets plasma
membrane.

16C = C1–C16,
C2–C3, C4–C5,

C6–C15,
C7–C14, C8–C9,

C10–C11,
C12–C13

G5DC91 Thaumatin-like
protein 1

Manilkara
zapota

21,922 207 1–207 Acid cleft
(REDDD)

In (A) probably roles and mechanism of action. In (B) the number of cysteines and disulfide bonds formation. In (C) identifier in the UniProt database. In (D) common name. In (E) source species (first description). In (F)
mass in Kilo-Daltons. In (G) length of peptide. In (H) domain of the mature peptide. In (I) generic structural motif. In (J) three-dimensional representation.
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be circumvented using computational tools in the search for the
most suitable bioactive molecules, since it is possible to identify
and isolate these molecules through data mining, as well as
predict their respective activities and cytotoxicity even before
solid-phase synthesis or heterologous expression. These steps
are shown in more detail in topic 4 Bioinformatics toward new
synthetic compounds.

General Information
Antimicrobial peptides, also called host defense peptides,
are evolutionarily conserved structures present in most
living organisms, participating in the innate immune system
(Si-Tahar et al., 2009).

In eukaryotes, these peptides act predominantly in
intercellular communication, with roles that interfere with
hormones, growth factors, and the defense system (Marmiroli
and Maestri, 2014). In this sense, in mammals, AMPs are
recognized as the first protective barrier against pathogens (de la
Fuente-Núñez et al., 2017) present, therefore, in the skin, mucous
membranes, and systems such as the urogenital, respiratory, or
gastrointestinal (Xia et al., 2018). These molecules often show
significant diversity in their size and amino acid composition;
however, they share three-dimensional structural characteristics
(Kosikowska and Lesner, 2016). Although sometimes linear,
they can manifest polycyclic structural diversity such as
lantibiotics in Gram-positive bacteria, cyclotides in plants, and
theta-defensins in animals (Montalbán-López et al., 2012).
These features are responsible for the dynamic nature of these
molecules and the electrostatic attraction between cationic
peptides and the anionic surface of bacterial membranes
rich in phosphatidylglycerol, culminating in membrane lysis.
Interestingly, these same cationic peptides do not usually affect
mammalian cell membranes, rich in zwitterionic phospholipids,
whose charge is neutral (Kosikowska and Lesner, 2016; Kang
et al., 2017). These attributes give the AMPs a broad spectrum of
activities against bacteria, yeasts, viruses, and fungi, in addition
to performing wound healing and cytotoxic effects on cancer
cells, besides exercising immunomodulatory activities (Baxter
et al., 2017; Kang et al., 2017). However, most AMPs identified
so far have only been tested in vitro against fungi and bacteria
(Bastos et al., 2018), with a great demand for in vivo studies and
clinical tests.

Even scarce, in vivo trials with mice generated promising
results, demonstrating the antimicrobial effects of these AMPs,
limiting microbial proliferation on surfaces and mucous
membranes, thus preventing dissemination to deep tissues and
consequent worsening of the infection (Nizet, 2006).

Antimicrobial Peptides in Health Human
Skin
To understand the strong antimicrobial activity of AMPs, we can
consider that although human skin, which is protected primarily
by the keratinized cells of the outer layers, is constantly exposed
to microorganisms, it rarely becomes infected; AMPs are one of
the primary mechanisms used by the skin in the early stages of
immune defense (Bardan et al., 2004).

Antimicrobial peptides present in the human skin are
principally defensins (human β-defensins 1–3), cathelicidins
(LL-37), dermcidin (DCD), and other small peptides
such as proteinase inhibitors, chemokines and neuronal
proteins/peptides with RNase 7 and psoriasin (S100A7) (Bardan
et al., 2004; Yamasaki and Gallo, 2008). Several functionalities
are attributed to them, ranging from cell migration and
differentiation, to immunomodulatory activity, acting in the
control and production of mediators such as cytokines and
chemokines, helping in wound healing (Ring et al., 2018).
However, several studies indicate that defects in the regulation
of these molecules can actively contribute to the pathogenesis
of various skin diseases such as acne vulgaris, atopic dermatitis
(AD), psoriasis and HS (Mangoni et al., 2016; Niyonsaba et al.,
2017; Herman and Herman, 2019).

These AMPs are produced by different cell types present in
the skin, particularly keratinocytes, sebocytes, neutrophils, and
eccrine sweat glands (Schittek et al., 2008). Most AMPs are
constitutively secreted at the surface of the skin but also increase
after various stimuli, including microorganisms, cytokines, and
injury (Mangoni et al., 2016). In particular, AMPs expression
is associated with tissue differentiation (Heilborn et al., 2003),
wound healing, and skin recovery in a bidirectional way,
simultaneously acting to combat the pathogens proliferation and
biofilm formation in damaged tissue (Mangoni et al., 2016).
Besides, AMPs have a role in modulating cytokine production,
cell proliferation, and angiogenesis (Steinstraesser et al., 2008;
Otvos and Ostorhazi, 2015).

Antimicrobial Peptides in Hidradenitis
Suppurativa
Altered expression of AMPs has been observed in some skin
diseases, including HS. Schlapbach et al. (2009), detected an
overexpression of mRNA and protein levels of psoriasin and
hBD-2 mRNA in HS lesions compared with normal skin;
instead, the hBD-2 protein level was significantly lower in
HS skin compared to normal skin (Schlapbach et al., 2009).
Wolk et al. (2011) found a deficiency of several AMPs
(BD-1, BD-2, BD-3, S100A7, S100A8, and S100A9) in HS
lesions (Wolk et al., 2011). Hofmann et al. (2012) observed
a decrease in the expression of these peptides, in particular
hBD-3, in HS patients versus normal controls, which may
predispose them to the observed greater susceptibility to
infections with formation of skin lesions, aggravating the skin
condition (Hofmann et al., 2012). In fact, the activity of AMPs
associated with their tissue expression is closely linked to the
degree of pathogenic infections in skin lesions. Thus, it is
understood that this interaction throughout evolution resulted
in the relevance of AMPs as regulators and modulators of the
skin microbiota and as the main responsible for the defense
and maintenance of skin health (Schauber and Gallo, 2008;
Herman and Herman, 2019).

Plant Antimicrobial Peptides
In plants, AMPs are part of the immune system and
exhibit broad-spectrum antimicrobial activity as their main
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characteristic (Li et al., 2021). After sensing a pathogen,
a signaling cascade is triggered, inducing the strengthening
of the cell wall, the production of secondary metabolites
such as phytoalexins, tannins, polyphenolic compounds, and
the synthesis of pathogenesis-related (PR) proteins (Benko-
Iseppon et al., 2010). These PR proteins were first discovered
in the early 1970s in tobacco in response to mosaic virus
infection and later classified according to their response
to pathogen attacks (Ebrahim et al., 2011; Sinha et al.,
2014).

Although plant AMPs have been extensively studied,
a recent publication by Petre (2020) raised a discussion
regarding the concept of host-defense peptides (HDPs),
which are bifunctional peptides with direct antimicrobial and
immunomodulatory activities. In this perspective article, a
list of six defense peptides (HDP candidates) was identified,
thanks to literature survey (MsDef1, DEF2, IbACP, PdPR5-1,
RISP, and CaAMP1). These candidates, in addition to their
already known antimicrobial activity, also have the ability
to alter the physiology of the plant in a way that suggests a
potential role as immunomodulators. To date, there is little
information oh HDPs, but fortunately these results indicates
that HDPs can be detected in already well characterized
and conserved plant AMP gene families, facilitating future
functional investigations.

Plant AMPs classification is based mainly on their primary
(linear) and three-dimensional structures, with eight AMP
families prevailing (Table 2): Thionins, Defensins, Hevein-like,
Knottin-Type, α-Hairpinins, Lipid Transfer Proteins, Snakins,
and Cyclotides (Li et al., 2021).

As highlighted by Santos-Silva et al. (2020), plant AMPs
have greater diversity and abundance compared to AMPs
from members of other kingdoms. This is probably related
to the sessile nature of plants associated with environmental
evolutionary forces, in addition to their redundant genomes.
Therefore, it can be speculated that plants harbor many AMPs
not yet described, given their vast abundance and diversity
of forms. In fact, a single plant can contain a wide variety
of AMPs as an arsenal for the diversity of pathogens found
(Noonan et al., 2017).

In recent decades, several studies have been published
regarding the potential of these plant AMPs. Porto et al. (2018a)
compared the anti-infective potential of guavanin 2 as compared
with its ancestors (Pg-AMP1 and fragment2), using the ‘abscess
skin infection model’ with P. aeruginosa. All three AMPs in
question presented activity against this bacterium, which can
cause skin infections in healthy or immunocompromised patients
(Pelegrini et al., 2008).

Other studies reported the prospective use of AMPs
against various bacteria (Fensterseifer et al., 2015) and
fungi (Maracahipes et al., 2019; dos Santos-Silva et al.,
2021), indicating their potential as a new therapeutic
approach in the treatment of local and systemic infections,
including those against bacteria multi-resistant to antibiotics
(Almaaytah et al., 2017). The authors highlighted the need
to use robust methodologies to identify and circumvent the

possible side effects that may appear in the interactions of
these molecules.

BIOINFORMATICS TOWARD NEW
SYNTHETIC COMPOUNDS

The scarcity of effective and affordable drugs available worldwide
is a severe problem in modern society, preventing the treatment
of some diseases and eradicating infectious agents. Furthermore,
the rapid spread of pathogens resistant to the existing drugs
increases the global public health crisis, being a challenge for
modern medicine to find alternative therapeutic options that can
deal with increasingly resistant pathogens (O’Neal et al., 2020).
In this scenario, plants emerge as an almost inexhaustible and
still little explored reservoir of new drug candidates to fight
various types of diseases (Broni et al., 2021). Given such abundant
resources, the interest to develop new methodologies to analyze
these biomolecules and explore the molecular treasures of plant
species has increased.

Although traditional organic chemistry is a powerful tool to
find new therapeutic and medicinal biomolecules, the search
for compounds with the aid of bioinformatics emerges as an
alternative and possibly advantageous option. It helps to reduce
efforts and time, significantly decreasing the number of target
compounds and filtering out only the best candidates for in vitro
tests (Barrera-Vázquez et al., 2021). Besides, the current great
availability of sequenced omics (e.g., genomes transcriptomes
proteomes, etc.) data has undoubtedly opened new paths for
innovative projects using informatic technology tools in search
of new therapeutic molecules for synthetic biology (Broni et al.,
2021), also applicable to AMPs (Santos-Silva et al., 2020; dos
Santos-Silva et al., 2021).

Generally, the discovery process of new biomolecules consists
of the following main steps (Figure 1). The first is the discovery
phase, where a potential therapeutic target is identified. At this
stage, a systematic literature search is needed to know all the
possible interactions that the targets may perform with other
(already discovered) molecules (Kantardjieff and Rupp, 2004).

In the second step, once the specific target has been identified,
several potential interacting molecules can be searched among
those existing in databases. It is also possible to create molecules
with discrete modifications based on computational predictors
(Porto et al., 2018a). It is also possible to simulate the binding
of these molecules with the chosen target, thus performing the
virtual screening assay (Graff et al., 2021), thus helping to model
the failure potential for the subsequent phases (Katara, 2013).
It is important to note that most prediction tools are based on
machine learning and predictive modeling techniques to increase
the potential to generate useful information to develop a new
drug (Porto et al., 2018b).

The third phase consists of determining the three-dimensional
structure of the candidates selected in the previous step,
either by wet-lab approaches [as X-ray crystallography, nuclear
magnetic resonance (NMR), or electronic microscopy] or by
computational (in silico) predictive methods such as comparative
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FIGURE 1 | Main milestones to be overcome in the search for new
therapeutic compounds.

three-dimensional modeling approaches, threading or ab initio
(Lee J. et al., 2017). Given their feasibility and speed, in silico
methods have been the most used, benefiting from the increasing
accuracy of prediction algorithms, access to different aspects
of AMP structural complexity, and low costs to solve certain
structures (Santos-Silva et al., 2020). In this scenario, recent
results in structural biology have indicated that the folding of
distinct proteins is limited (Wang et al., 2021). Contrary to
original expectations that many new structures (and folding
domains) would soon be discovered, it has been recognized that
biological relevance, design, and diversity of these biomolecules
are relatively conserved (Breinbauer et al., 2003). This means that
the same structural domain can be used by different proteins with
some modifications (Santos-Silva et al., 2020).

The fourth phase demands in vitro and in vivo (animal
models) testing to determine the efficacy of the compounds’
activity and their cytotoxicity and organ toxicity potential, aiming
to proceed to the fifth phase, the clinical trials and production
licensing aimed at further distribution in the market for clinical
use. The high cost of this phase acts as a limiting factor for
the number of drugs that pharmaceutical companies or public
institutions can develop; therefore, selecting the compounds with
the best chances of approval is critical (Batool et al., 2019).
Although complex and time-consuming, this step is potentially
rewarding. The development of a new drug requires technological
expertise, human and financial resources. It also requires strict
compliance with regulations on testing standards, ethical aspects,
and manufacturing before this new drug enters the market and
can be used in the general population (Katara, 2013).

It is noteworthy that the steps reported in Figure 1 do not
obligatorily follow a single direction. Several times it becomes
necessary to go back to a previous phase, since for some

reason, the most promising molecule may not proceed to
the subsequent phases, due to some unwanted effect, such as
high toxicity during in vitro or in vivo trials. All subsequent
efforts, whether for small molecule identification, compound
optimization, pharmacokinetic studies, or a clinical trial, will be
as effective as the initial decision to choose one target or another
(Malempati et al., 2012; Basith et al., 2020). It should also be noted
that predictors cannot simulate such complex biological systems,
even with improvements being made almost daily. Thus, there
will always be a demand for new, improved tools or alternative
ways to predict novel effective molecules (Patel et al., 2021).

Another promising approach involves the development ‘by
design’ of selective and effective peptides to treat specific diseases
(Kantardjieff and Rupp, 2004). The knowledge of disease-related
genetic biomarkers guides pharmaceutical companies to design
more accurate and individualized drugs and dosages based
on pharmacogenomics (Liou et al., 2012; Hirtz et al., 2021).
Such an approach allows drugs to be developed that meet
the requirements of specific genetic subgroups of the general
population (Nelson et al., 2009), allowing the prescription of
drugs based on the genetic profiles of their patients, the so-
called “Personalized Medicine.” This is an emerging area, which
has been growing more and more in recent decades, to improve
patients’ treatment and prognosis. However, several uncertainties
remain about how to fulfill the task of maximizing benefits and
reducing risks and how to select patients who can benefit from a
particular drug (Chang et al., 2021).

PEPTIDE THERAPEUTICS:
PRECLINICAL AND CLINICAL TRIALS

Recent (August 2021) reports on the AMP repository (DRAMP1)
show that about 77 peptides are in the last stages of development
to be used as new pharmaceutical agents (Shi et al., 2021). Despite
their potential, only a limited number of AMPs are available as
regularly registered drugs. However, this number is expected to
grow, as around 155 drugs of a peptide nature have been tested,
and just under half are currently in Phase 2 clinical trials (Lau
and Dunn, 2018; Schultz et al., 2019; Vilela et al., 2021). In 2020,
the Food and Drug Administration (FDA) approved 53 new
drugs, six of which are peptides and oligonucleotides. Besides,
along 2016–2020 a total of 14 peptides have been approved as
new drugs. These numbers further strengthen the market for
peptides which, numerically, represent about 10% of the total
approved drugs. Despite the promising numbers, it is noteworthy
that scientific research in recent years was impacted by the
COVID-19 pandemic, which interfered in several aspects of the
development and approval of new drugs, even those not related
to this infectious disease (Al Musaimi et al., 2021).

The growing development of new peptide-based drugs has
driven intense research and investment in these molecules by
diverse academic and industrial groups over more than 30 years,
consequently increasing the rate of clinical trials (de la Torre
and Albericio, 2020). However, unfavorable physicochemical

1http://dramp.cpu-bioinfor.org/
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properties, such as high molecular weight, susceptibility
to digestive enzymes, hydrophilicity, and low intestinal
permeability, attenuate the effects of these peptides, preventing
their approval after clinical trials (Aguirre et al., 2016).

Furthermore, in vitro microbial inhibitory concentration
(MIC) values sometimes do not correlate with in vivo efficacy
due to the loss of electrostatic interactions between the peptides
and the cell membrane. Besides, most AMPs bind to serum
proteins, such as albumin and lipoproteins, which decreases
their effectiveness against pathogens. Therefore, AMPs should
be tested in different media to validate their effectiveness
(Koo and Seo, 2019).

Moreover, it is known that peptides in general can have
cytotoxic effects if administered in oral supplementation or
intravenously. Oral administration has been inadvisable due to a
possible loss of membrane selection and toxicity. For other drugs,
such problems have been solved through technological advances
like encapsulation or slow release.

Despite these limitations, AMPs have several advantages, such
as broad-spectrum antimicrobial activity, even against multi-
resistant pathogens. These molecules are highly effective against
gram-negative bacteria, considered more challenging targets than
gram-positive bacteria that present a relatively lower probability
of developing resistance (Koo and Seo, 2019).

These peptides can vary in size (generally 5–44 amino
acid residues), structure, and indication for use, including,

TABLE 3 | Peptide-based drugs approved by the Food Drug Administration (FDA)
(2015–2020) (de la Torre and Albericio, 2020; Al Musaimi et al., 2021).

Trade name Indication Year

Insulin degludec Tresiba R© Diabetes 2015

Ixazomib Ninlar R© Multiple myeloma 2015

Adlyxin R© Lixisenatide Diabetes 2016

Abaloparatide Tymlos R© Osteoporosis 2017

Angiotensin II Giapreza R© Hypotension 2017

Etelcalcetide Parsabiv R© Hyperparathyroidism 2017

Macimorelin Macrilen R© Growth hormone deficiency 2017

Plecanatide Trulance R© Chronic idiopathic constipation 2017

Semaglutide Ozempic R© Diabetes 2017
177Lu DOTA-TATE Lutathera R© Neuroendocrine tumors,

theragnostic
2018

68Ga DOTA-TOC
Afamelanotide

Neuroendocrine tumors,
diagnostic

2019

Scenesse R© Bremelanotide Skin damage and pain 2019

Vyleesi R© Enfortumab
Vedotin-Ejfv

Women hypoactive sexual
desire

2019

PADCEV R© Polatuzumab
Vedotin-Piiq

Cancers expressing Nectin-4 2019

Polivy R© Diffuse large B-cell lymphoma 2019

Setmelanotide (ImcivreeTM) Obesity 2020

[64Cu]-DOTATATE
(DetectnetTM)

PET imaging 2020

[68Ga]-PSMA-11 Diagnosis of recurrent prostate
carcinoma by PET

2020

Mafodotin-blmf (BlenrepTM) Relapsed or refractory multiple
myeloma

2020

for example, from specific targets in combating diabetes, HIV,
cystic fibrosis, obesity reduction, and in most cases to fight
infections (Al Musaimi et al., 2021). Table 3 compiles examples
of Peptide-based Drugs that have passed clinical trials. The
approval of these peptides represents an incentive for innovation
in the production of medicines and the inclusion of alternative
therapies in the treatment of rare diseases more safely and
efficiently (de la Torre and Albericio, 2020).

Koo and Seo (2019) listed 36 promising AMPs, 27 in clinical
trials, and 10 in preclinical stages. One of them (D2A21) is

TABLE 4 | Antimicrobial peptides in preclinical and clinical trials (phase I–III)
(Koo and Seo, 2019).

AMP Target Phase

EA-230 Sepsis and renal failure protection II

CZEN-002 Anti-fungal II

D2A21 Burn wound infections III

XMP-629 Impetigo and acne rosacea III

Neuprex(rBPI21) Pediatric meningococcemia III

Delmitide(RDP58) Inflammatory bowel disease II

Ghrelin Chronic respiratory failure II

NVB-302 Clostridioides difficile I

hLF1-11 MRSA, K. pneumoniae, L.
monocytogenes

I/II

Wap-8294A2
(Lotilibcin)

G(+) bacteria(VRE, MRSA) I/II

C16G2 Tooth decay by Streptococcus mutans II

SGX942(Dusquetide) Oral mucositis III

DPK-060 Acute external otitis II

PXL01 Postsurgical adhesions III

PAC113 Oral candidiasis II

POL7080 Pseudomonas aeruginosa, Klebsiella
pneumoniae

III

LTX-109 (Lytixar) G(+) MRSA skin infections, impetigo II

OP-145 Chronic middle ear infection II

LL-37 Leg ulcer II

Novexatin (NP213) Fungal nail infection II

p2TA (AB103) Necrotizing soft tissue infections III

Iseganan (IB-367) Pneumonia, stomatitis III

Pexiganan (MSI-78) Diabetic foot ulcers III

Omiganan (CLS001) Rosacea III

Surotomycin Clostridioides difficile (diarrhea) III

Ramoplanin
(NTI-851)

G(+) (VRE, Clostridioides difficile) III

Friulimicin B Pneumonia, MRSA I

MU1140 G(+) bacteria (MRSA, Clostridioides
difficile)

Preclinical

D2A21 Skin infections (Pseudomonas
aeruginosa, Staphylococcus aureus)

Preclinical

HB1275 Fungal skin infections Preclinical

HB1345 Skin infections, acne Preclinical

Arenicin (AP139) G(-) bacteria, UTI Preclinical

AP114 Clostridioides difficile Preclinical

AP138 MRSA Preclinical

Novamycin (NP339) Fungal infections Preclinical

Novarifyn (NP432) Broad-spectrum G(+) and G(-) Preclinical

Avidocin and Purocin G(-) bacteria Preclinical

Frontiers in Microbiology | www.frontiersin.org 9 December 2021 | Volume 12 | Article 795217275

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


fmicb-12-795217 December 7, 2021 Time: 21:33 # 10

Santos-Silva et al. AMPs and HS

included in two different trials for different indications (skin
infections and burn wound infections) (Table 4). The authors
report that information about other peptides could not be
obtained because licenses were transferred to other companies,
or preclinical or clinical trials were stopped for unknown reasons.
To decrease the chances of failure, the targeting and therapeutic
peptide selection process must go through an extensive protocol
long before it is synthesized, as discussed above.

It is noteworthy that several AMPs in advanced clinical
and preclinical stages have applications in infectious and
inflammatory skin diseases (Table 4), such as impetigo, acne,
rosacea, different skin infections, and burn wound infections,
among others. However, peptide design techniques require
skills and knowledge in several areas, especially in biophysics,
chemistry, statistics, and informatics. There is no single way to
carry out peptide design, although some approaches have been
used with greater success, as follows.

– Structure-activity relationship (SAR): in this strategy,
the objective is to maximize antimicrobial activity and
resistance to proteolytic degradation while minimizing
toxicity to the host, considering modeling as an important
component for better integrating physicochemical and
biological properties (Liu et al., 2020).

– Site-directed mutagenesis: this approach involves
reengineering natural peptides by adding, deleting, or
replacing one or a few amino acid residues. It aims at
identifying peptide variants with improved activity, finding
specific positions in the sequence where the mutation is
beneficial for the antimicrobial activity (Bozovičar and
Bratkovič, 2019). Some techniques can support this
approach, such as alanine or lysine scanning, which are
tools used to find mutable amino acids in the sequence with
a low risk of damage to the three-dimensional structure
(Gunasekera et al., 2018). Another technique is named
“peptide shuffling,” in which the amino acid residues are

shuffled to generate AMPs with the same composition but
with residues in different orders. However, this method
involves a more complex downstream analysis to isolate
the sequence requirements associated with the desired
function (Torres et al., 2019).

– De novo design: through this approach, peptides present
basic and hydrophobic amino acid residues in a given
sequence so that they exhibit hydrophobic and hydrophilic
regions, favoring an amphipathic structure with general
antimicrobial activity (Chen et al., 2019). Although this
methodology is quite robust, it can generate peptides
without membrane specificity. Besides, a newly generated
peptide may even present a different three-dimensional
structure and higher cytotoxicity (Zheng et al., 2019).

– Synthetic combinatory library: it is a powerful and widely
used tool to obtain optimized classes of active peptides
quickly. This approach generates tens to thousands
of peptides with a defined structure, which can be
confirmed by analytical lab techniques. Notably, this
type of combinatorial approach should have a particular
screening strategy depending on the target. Besides, the
use of this approach has the disadvantage of the high
cost of generating these libraries, which makes positional
scanning or iterative approaches very expensive (Rognan,
2017; Naseri and Koffas, 2020). Although many researchers
are looking for approaches that use smaller libraries
of compounds with similar properties, for targets with
little information available, high diversity library methods
undoubtedly appear to be essential (Liu et al., 2017).

– Template-assisted approach: it is possible to extract
patterns, motifs, or even domains from natural sequences,
which can be used as inspiration to design a new peptide.
It has the advantage of significantly reducing the costs
of the most promising set of peptides that need to
be synthesized. Furthermore, this type of approach has
the advantage of keeping some evolutionary information

FIGURE 2 | Flowchart of genetic algorithm of Porto et al. (2018a).
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focusing on conserved patterns, which could be lost
by other approaches listed above (Torres et al., 2019;
Poolakkandy and Menamparambath, 2020).

– Methods based on computational prediction: Known
peptides available in databases can be used as models to
predict AMP activity with the aid of predictive algorithms
(as neural networks, genetic algorithms, machine, and deep
learning) (Porto et al., 2018b). Such an approach requires
in-depth knowledge of statistical mathematics associated
with predictive computing strategies to recognize regions
with potential antimicrobial activity. Such an approach can
even be used in association with other methods to improve
AMP activity (Waghu et al., 2016).

All methods described are instrumental, and the choice
depends on the type of therapeutic target, besides the available
computational and lab resources. All of them have limitations
and depend on the skill of the researchers involved. Also, the
combination of different techniques has proven to be the ideal
way to design peptides, providing helpful information about their
possible roles, making these approaches an almost inexhaustible
source of possible candidate antibiotic peptides.

An example of the effective use of these methodologies is
the guava peptide reported by Porto et al. (2018a) which was
designed using a genetic algorithm that simulated the evolution
of a population of sequences over a series of iterations. To select
the best candidates, some important attributes were considered,
such as the propensity for α-helix formation, the net positive
charge, hydrophobic regions and the hydrophobic moment
(the flowchart of the strategy of this design can be found in
Figure 2). This peptide showed broad-spectrum antimicrobial
activity including S. aureus, which is the most frequently found
pathogen in human skin and wound infections.

In some cases, the design of peptides is usually simpler with
the repetition of antimicrobial motifs, as the case with the study
by Mohamed et al. (2016), which showed the antimicrobial
activity of two peptides, WR12 (RWWRWWRRWWRR) and
D-IK8 (IRIKIRIK), against multi-resistant S. aureus. This type of
approach can present peptides with potent antibacterial activity,
but it runs the risk of presenting low membrane selectivity,
becoming toxic to the host’s cells. On the other hand, short
and simplified sequences can facilitate its rapid production,
in addition to lowering its synthesis cost and accelerating its
clinical applications.

CONCLUDING REMARKS AND
PERSPECTIVES

For all the reasons presented here, many AMPs are currently
undergoing clinical trials, and the number is expected to increase
even more due to the enormous potential these molecules have.

In the clinical practice in general, and specifically in the
dermatological clinical practice related to HS, the need for
new antibiotics or drugs with novel mechanisms of action is
emerging. Additional effects, such as anti-inflammatory and
immunomodulatory, are desirable, whereas few therapeutic
drugs have all these attributes. In this scenario, plant AMPs figure
as promising candidates for a new class of antibiotics.

We hypothesize that introducing plant derived AMPs,
designed and engineered by using bioinformatic techniques could
contribute to discover novel compounds to be possibly employed
to improve the treatment of painful lesions affecting HS patients’
quality of life.

Most studies have applied traditional approaches involving
the isolation of AMPs by organic chemistry techniques to carry
out exploratory tests. The integration of large amounts of omics
data with bioinformatics tools has opened new possibilities for
design of a multitude of novel peptides with therapeutic potential.
In this scenario, plants stand out for the richness and diversity
of molecules they present. These approaches associated with
peptide engineering allow the development of new “custom-
made” molecules inspired by native compounds, with less chance
of toxicity and off-target effects.

Finally, the computationally developed AMPs have several
advantages over traditional antibiotics, among them we can
include a broad spectrum of activity, low potential for resistance
development, ability to neutralize virulence factors released by
pathogens, ability to modulate the host’s immune response,
all of this with the possibility of using these peptides as
topical antibacterial agents that could be the future in the
treatment of HS.
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With the rapid emergence and dissemination of antimicrobial resistance (AMR) genes in
bacteria from animal, animal-derived food and human clinic, it is of great significance
to develop new approaches to combat the multidrug-resistant bacteria. This study
presented a short linear antimicrobial peptide RW-BP100-4D, which was derived from
RW-BP100 (RRLFRRILRWL-NH2) by transforming the N-terminal 4th amino acid from
L- to D-enantiomer. This modification remarkably reduced the peptide cytotoxicity
to mammalian cells, as indicated by hemolytic and cytotoxicity assays. Meanwhile,
the antimicrobial activity of RW-BP100-4D was improved against a more variety of
Gram-positive and Gram-negative bacteria (sensitive and resistant) as well as fungi.
Also, RW-BP100-4D showed strong in vitro anti-biofilm activity in a concentration-
dependent manner, including inhibition of the biofilm-formation and dispersion of the
mature biofilms of Staphylococcus aureus. RW-BP100-4D could be efficiently uptaken
by bovine mammary epithelial cells (MAC-T) cells to eliminate the intracellular S. aureus
ATCC29213 and Salmonella enterica ATCC13076. Moreover, RW-BP100-4D was highly
effective in food disinfection of multiple bacterial contamination (including S. aureus,
Listeria monocytogenesis, Escherichia coli O157: H7, Campylobacter jejuni, S. enterica,
and Shewanella putrefaction, 3.61 ± 0.063 log reduction) on chicken meat, and could
kill 99.99% of the methicillin-resistant Staphylococcus aureus (MRSA) strain in the
mouse skin infection model. In summary, RW-BP100-4D is a promising antimicrobial
candidate for application on food disinfection and local infection treatment. However,
the protease-sensitivity of RW-BP100-4D and toxic effect at higher doses reduced
the therapeutic effect of the candidate peptide in vivo and should be improved in the
future studies.

Keywords: antimicrobial peptide, anti-biofilm, intracellular antibacterial activity, food disinfection, treatment
efficacy

INTRODUCTION

Antimicrobial peptides (AMPs) are the vital components of innate immune systems found
in a wide range of organisms including plants, insects, amphibians, and humans (Zasloff,
2002; Mangoni and Shai, 2011; Pasupuleti et al., 2012). There are many types of AMPs
including small bacteriocins, fungal defensins, peptaibols, cyclopeptides, and pseudopeptide
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(Raaijmakers et al., 2006; Montesinos, 2007; Mangoni and Shai,
2009), which can be used to treat microbial infections such as
bacteria, viruses and fungi. Nowadays, with the emergence and
prevalence of various antimicrobial resistance (AMR) genes in
bacteria, AMPs are considered to be one of the most promising
alternatives to conventional antibiotics (Mangoni and Shai,
2011). In general, most AMPs have amphiphilic structures with
net positive charges (Zamora-Carreras et al., 2016). Due to the
negative charge of the microbial cell membrane, the cationic
AMPs could be easily accumulated on the cell membrane by
an electrostatic affinity, thus leading to membrane lysis and
cell content release (Toke, 2005; Bechinger and Gorr, 2017).
Besides, other evidences have suggested that other antimicrobial
mechanisms may be involved, such as targeting the intracellular
substances (DNA or protein) and related biological process
or pathways (Toke, 2005). Considering the complexity of the
antimicrobial mechanisms of AMPs, it is believed that resistance
to AMPs could hardly be developed (Brogden, 2005). In addition,
due to the differences of net charge of anionic lipids between
bacteria and eukaryotic cells, AMPs can be rationally designed
to selectively target microorganisms, with low toxicity toward
mammalian cells (Yeaman and Yount, 2003). This fact further
supports the application of AMP as a novel intervention for
the treatment of clinical infections in vivo, either alone or act
synergistically with conventional antibiotics (Li et al., 2021).

BP100 is a short cationic AMP of 11 amino acids
(KKLFKKILKYL-NH2), which is a hybrid of cecropin A
(an AMP from the moth Hyalophora cecropia) and melittin M
(a membrane-permeabilizing component of bee venom) (Ferre
et al., 2009). This peptide displayed good antimicrobial activity
against Gram-negative bacteria, with the minimal inhibitory
concentration (MIC) of 2.5-5 µM against Escherichia coli and
Psudomnas aeruginosa isolates. However, the antimicrobial
activity of BP100 against Gram-positive bacteria was poor
compared to that of Gram-negative bacteria. Subsequently,
several BP100 analogues were designed and one derivative
designated RW-BP100 (RRLFRRILRWL-NH2) showed
expanded antibacterial activity against both Gram-negative
and Gram-positive bacteria, whose Tyr residue was replaced
with a Trp and all the Lys residues were substituted with
Arg (Torcato et al., 2013). However, the cytotoxicity of
RW-BP100 was not desirable. For instance, the hemolytic
rate of RW-BP100 (4.9 µM) toward human erythrocytes
was 50%, and the cell death rate of HeLa was 73% at the
peptide concentration of 11 µM. Therefore, RW-BP100
may not be appropriate for further therapeutical application
(Torcato et al., 2013).

To reduce the toxicity of RW-BP100 and improve its
antimicrobial activity, a series of RW-BP100 derivatives were
designed in this study, including L- to D-enantiomer at each
amino acid position from 1st to 11th and the head-to-tail
cyclized RW-BP100. According to the initial evaluation by
cytotoxicity and antimicrobial activity tests, RW-BP100-4D
(RRL{D-F}RRILRWL-NH2) was identified as the ideal candidate.
Subsequently, RW-BP100-4D was further comprehensively
evaluated for its stress (thermal, pH, and protease) stability,
intracellular antibacterial activity, biofilm inhibition ability, food

disinfection capacity, and treatment efficacy in mouse local and
system infections.

MATERIALS AND METHODS

Peptide Synthesis
The sequences of RW-BP100 and its serial derivatives were
listed in Table 1, including the single substitution of L-amino
acid with corresponding D-isomer at each position (RW-
BP100-1∼11D), all D-isomers (RW-BP100-All-D), and the N
to C-terminal cyclic RW-BP100 (RW-BP100-cycle). All the
peptides were synthesized by GenScript Biotechnology Company
(Nanjing, China) using the solid-phase method. The cationic
peptides were of >95% purity and their structures were verified
by mass spectrometry. The peptide powders were stored at
−20◦C until further experiment. The structural model of RW-
BP100-4D was predicted at https://heliquest.ipmc.cnrs.fr/cgi-
bin/ComputParams.py, and illustrated in Figure 1.

Microbial Strains, Cell Lines, and
Animals
Multiple bacterial species were used in this study. Standard
strains included Staphylococcus aureus ATCC29213 and S. aureus
ATCC33591 (mecA+), Enterococcus faecalis JH2-2, Streptococcus
agalactiae ATCC13813, Staphylococcus epidermidis ATCC29887,
Listeria monocytogenes ATCC19115, E. coli ATCC25922,
Salmonella enterica ATCC13076, Campylobacter jejuni ATCC
33291, Shewanella putrefaction ATCC 49138, and Candida
albicans ATCC10231. Clinical isolates were previously collected
and identified in our lab, including E. faecalis 32 (optrA+),
L. monocytogenes LM08 (tetM +), E. coli A3 (O157:H7), E. coli
XG-E1 (blaNDM−5

+ and mcr-1+), E. coli 47EC (tet(X4)+),
Klebsiella pneumoniae XG-Kpn03 (blaNDM−5

+), Acinetobacter
baumannii 34AB (tet(X3)+), Pseudomonas aeruginosa 42
(blaOXA−10), Pseudomonas fluorescens AC04, and Fusarium
oxysporum LD21. All bacterial strains were stored in 20%
glycerol at −80◦C. For the subsequent experiments, the bacteria
were recovered and cultured in the corresponding enrichment
broth at 37◦C.

The MAC-T cell line and mouse macrophage leukemia cells
RAW 264.7 were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% (v/v) of fetal bovine serum
(Sigma-Aldrich, MO, United States), 100 U/mL of penicillin and
0.1 mg/mL of streptomycin, at 37◦C in the presence of 5% CO2.

Female ICR mice (∼18 g, four weeks old) bought from
Yangzhou University were used in this study. They were reared
with ad libitum access to drinking water and antibiotic-free feed.
The animal experiments were conducted in strict accordance
with the Laboratory Animal Welfare and Animal Experimental
Ethical Certificate, as issued by Committee on Animal Welfare
and Experimental Ethics in Jiangsu Academy of Agricultural
Sciences (approval no. JAAS20200516 and JAAS20211208).

Antimicrobial Susceptibility Testing
To compare the antibacterial activity of RW-BP100 and its
serial derivatives, the MIC against S. aureus ATCC29213 and
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TABLE 1 | Antibacterial activity of RW-BP100 and its derivatives.

Peptide Sequencea MIC (µg/mL) Hemolytic rate (%) Cell survival rate (%)b

Staphylococcus
aureus

ATCC29213

Escherichia
coli

ATCC25922

50 µg/mL 100 µg/mL 150 µg/mL 300 µg/mL MAC-T RAW264.7

RW-BP-100 RRLFRRILRWL 12 12 3.10 ± 0.77 4.70 ± 0.49 41.82 ± 2.27 56.67 ± 6.33 57.80 ± 3.67 36.29 ± 1.56

RW-BP100-1D RRLFRRILRWL 25 12 4.61 ± 0.47 5.49 ± 0.23 39.81 ± 0.20 52.88 ± 3.06 52.71 ± 5.68 9.55 ± 2.45

RW-BP100-2D RRLFRRILRWL 25 12 4.83 ± 1.08 5.99 ± 0.79 39.16 ± 1.75 62.12 ± 6.27 63.07 ± 3.23 6.83 ± 5.69

RW-BP100-3D RRLFRRILRWL 25 50 3.49 ± 0.76 4.04 ± 0.20 38.13 ± 3.12 55.73 ± 5.27 50.63 ± 2.36 7.69 ± 7.89

RW-BP100-4D* RRLFRRILRWL 3 6 0.11 ± 0.19 3.69 ± 0.01 18.75 ± 0.42 48.55 ± 2.53 92.68 ± 3.65 78.02 ± 7.66

RW-BP100-5D RRLFRRILRWL 6 6 1.26 ± 0.54 2.49 ± 0.72 29.72 ± 0.94 51.41 ± 4.64 77.84 ± 5.63 39.05 ± 1.65

RW-BP100-6D RRLFRRILRWL 12 12 2.33 ± 1.51 3.25 ± 0.23 32.57 ± 1.20 55.81 ± 2.87 58.87 ± 3.45 5.92 ± 2.63

RW-BP100-7D RRLFRRILRWL 25 25 0.53 ± 1.12 1.11 ± 0.19 16.17 ± 3.36 45.65 ± 5.13 96.41 ± 3.75 93.74 ± 1.25

RW-BP100-8D RRLFRRILRWL 12 12 0.91 ± 0.38 1.38 ± 0.58 26.19 ± 0.10 50.11 ± 3.17 54.78 ± 2.65 20.30 ± 3.26

RW-BP100-9D RRLFRRILRWL 25 25 0.63 ± 0.24 1.53 ± 0.09 18.14 ± 0.20 45.18 ± 2.41 92.50 ± 2.36 91.33 ± 5.63

RW-BP100-10D RRLFRRILRWL 50 50 0.31 ± 0.37 1.28 ± 0.19 19.20 ± 2.16 45.08 ± 4.70 94.41 ± 4.26 92.19 ± 6.32

RW-BP100-11D RRLFRRILRWL >50 >50 0.65 ± 0.60 1.42 ± 0.15 17.36 ± 1.92 46.97 ± 6.45 77.81 ± 5.28 83.27 ± 4.56

RW-BP100-All-D RRLFRRILRWL 6 6 1.94 ± 0.94 2.75 ± 0.23 30.39 ± 2.11 51.40 ± 1.94 14.23 ± 2.37 23.37 ± 1.58

RW-BP100-cycle RRLFRRILRWL 25 25 0.47 ± 0.61 1.19 ± 0.05 17.23 ± 3.08 48.67 ± 2.17 81.06 ± 2.16 44.23 ± 3.25

aAmino acids in italic bold are D-enantiomers. RW-BP100-cycle indicates head-to-tail cyclized peptide. All peptides are C-terminal amides.
bCell survival rate (%) was detected under the peptide concentration of 150 µg/mL.
*Represents the peptide chosen as the ideal candidate for further analysis.

E. coli ATCC25922 were determined using broth microdilution
method according to the guidelines of Clinical and Laboratory
Standards Institute (CLSI) M100-S25 (CLSI, 2015). Briefly,
peptides were dissolved in sterilized water and twofold diluted in
Mueller-Hinton (MH) broth (Beijing Land Bridge Technology)

FIGURE 1 | Edmunson wheel projection of the cationic peptide
RW-BP100-4D. The structure was predicted at
https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py. RW-BP100-4D
displays an amphiphilic structure with a net charge of 5. Blue background
stands for hydrophilic amino acids, and yellow background for hydrophobic
amino acids. N indicates the 1st amino acid (Arg) and T indicates the 11th
amino acid (Leu).

at the concentration ranges of 0.098–100 µg/mL. Then the
peptides were mixed with an equal volume (100 µL) of bacterial
suspensions of 106 CFU/mL in a sterilized 96-well microtiter
plate. After incubation at 37◦C for 18 h, the MIC values were
determined as the lowest concentrations of peptides with no
visible growth of bacteria. To further evaluate the antimicrobial
spectrum of RW-BP100-4D, MICs were determined against
a more variety of Gram-positive and Gram-negative bacterial
species, and the fungal strains (according to CLSI M38 guideline).
At the end of incubation, aliquots (100 µL) of the bacterial
solutions were placed on MH agar plates, and allowed growth
at 37◦C overnight for measurement of the minimal bactericidal
concentration (MBC). The lowest peptide concentration that
displayed no bacterial growth (zero colony) was defined as
MBC. MIC and MBC testing were performed with three
independent repeats.

Hemolytic and Cytotoxicity Assays
To screen the peptide with lower toxicity, the hemolytic activity of
RW-BP100 and its derivatives was tested using fresh defibrinated
sheep blood (Beijing Land Bridge Technology company) (Song
et al., 2020). Firstly, the sheep blood was centrifuged at 6,000 g
for 5 min, washed with phosphate-buffered saline (PBS, 0.01 M,
pH 7.4) for three times, and then diluted to the 8% (v/v) red blood
cell suspension in PBS. All the peptides were dissolved in PBS and
diluted to the concentrations of 100, 200, 300, and 600 µg/mL,
respectively. Aliquots (100 µL) of the peptides were mixed
with an equal volume of the 8% red blood cell suspension and
incubated at 37◦C for 1 h. The mixture was then centrifuged at
3,500 g for 10 min and 100 µL of the supernatant was transferred
to a 96-well microplate to detect the OD576nm using Infinite
M200 Microplate reader (Tecan, Switzerland). Melittin and PBS
were used as positive and negative controls. The percentage of
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hemolysis (H) was calculated as follows: H = 100% × [(Op-
Ob)/(Om-Ob)], where Op, Ob, and Om represented the densities
of a given peptide, PBS buffer and melittin, respectively. Each test
was performed with three independent repeats.

The cytotoxicity of RW-BP100 and its derivatives toward
MAC-T and RAW264.7 cells was determined using the water-
soluble tetrazolium salt-1 (WST-1) viability assay (Kai et al.,
2011). Briefly, the MAC-T and RAW264.7 cells (103 cells/mL)
were seeded in a 96-well plate and then added with different
peptide (150 µg/mL) for 24 h, respectively. Next, 10 µL of WST-
1 (Beyotime, China) was added to each well to incubate for 1 h.
The absorbance of the suspensions at 450 nm was measured
as described above. Moreover, RW-BP100-4D was determined
for its cytotoxicity toward MAC-T and RAW264.7 cells at
the concentration ranges of 0–512 µg/mL. The cell survival
rate was calculated as follows: (ODdrug – ODblank)/(ODcontrol –
ODBlank) × 100%, where ODdrug, ODblank, and ODcontrol are the
densities of cultured cells treated with different concentrations
of peptide, the culture medium, and growing cells without any
treatment, respectively. Each test was conducted with three
independent repeats.

Stress Stability Testing
To evaluate the thermal and pH stability of RW-BP100-4D,
100 µL of the peptide (100 µg/mL, in PBS buffer) was incubated
under different temperatures (40, 50, 60, 70, 80, 90, and 100◦C,
pH 7) or different pHs (2, 3, 4, 5, 6, 7, 8 and 9, 37◦C)
for 1 h (Song et al., 2020). After incubation, the pH of the
peptide solutions was adjusted to 7.0 using NaOH or HCl.
For protease and serum stability test, 100 µL of RW-BP100-
4D (100 µg/mL) was incubated with proteinase K (1 mg/mL),
trypsin (1 mg/mL), papain (1 mg/mL), or sterile calf serum
at 37◦C for 1 h, respectively (Song et al., 2020). After the
treatments, the proteases and calf serum were inactivated by
heating at 80◦C for 30 min. The remnant activity of the treated
RW-BP100-4D was evaluated by determining the MICs against
E. coli ATCC25922, S. aureus ATCC29213, and C. albicans
ATCC10231 using broth microdilution method. RW-BP100-
4D without any treatment was used as the control and each
test was conducted with three independent repeats. Moreover,
degradation rate (%) was estimated as the percentage of degraded
peptide calculated from the decrease of the high-performance
liquid chromatography (HPLC) peak area of the native peptide.
HPLC analysis was performed using the AgilentTM 1100 Series
equipped with an Agilent analysis column (ZORBAX RX-C8,
2.1 mm× 150 mm, 5 µm) and an UV detector at 220 nm. Mobile
phase was composed of A (H2O) and B (acetonitrile), which
contained 0.065% trifluoroacetic (v/v) and 0.05% trifluoroacetic
(v/v), respectively.

In vitro Anti-biofilm Activity
The activity of RW-BP100-4D against biofilm-formation and
mature biofilms in S. aureus ATCC29213 was tested as
described previously (Gakhar et al., 2010). For biofilm-formation
inhibition assay, aliquots (100 µL) of the bacterial cultures
(5 × 105 CFU/mL) were added to a 96-well plate and incubated
with 100 µL of different concentrations (0.78-100 µg/mL) of
RW-BP100-4D or RW-BP100 for 24 h at 37◦C, respectively.

For the mature biofilms, 100 µL of the bacterial solutions
(5 × 105 CFU/mL) were cultured in a sterile 96-well plate for
24 h. RW-BP100-4D or RW-BP100 at different concentrations
(0.78–200 µg/mL) were added, respectively and incubated at
37◦C for 30 min. After different treatments, all the wells were
washed with sterilized PBS for three times, fixed with 200 µL of
anhydrous methanol for 15 min, and then stained with 150 µL
crystal violet (0.1%) for 15 min. The plates were rinsed in water
for five times and air dried in room temperature. Lastly, the
stained biofilms were completely dissolved in 33% ethanoic acid
(100 µL) and the sample absorbance was measured at OD590 nm.
Each test was performed with three independent repeats.

Intracellular Antibacterial Activity
Confocal fluorescence assay was performed to investigate the
uptaken ability of RW-BP100-4D by mammalian cells. MAC-
T cells (104 cells/mL) were cultured in glass-based dishes
(Thermo Fisher Scientific) for 24 h, then N-terminal fluorescein
isothiocyanate (FITC)-labeled RW-BP100-4D was added at a
final concentration of 50 µg/mL and incubated for 2 h. After three
times washing with PBS, the cells were fixed with cold methanol
for 30 min, and stained with phalloidin and 6-diamidino-2-
phenylindole (DAPI) for 30 and 5 min, sequentially. Fluorescence
was observed using a Zeiss confocal fluorescence microscope
(LSM 800, Carl Zeiss, Oberkochen, Germany). Fluorescence
intensity was analyzed with Image J version 1.8.0.

The intracellular antibacterial activity of RW-BP100-4D
against S. aureus ATCC29213 and S. enterica ATCC13076 were
determined as described previously (John et al., 2019). MAC-
T cells were cultured in a 12-well plate and then infected with
S. aureus ATCC29213 or S. enterica ATCC13076 (∼105 CFU,
MOI = 10) for 1 h. The spare bacteria were eliminated by treating
with kanamycin (100 µg/mL) for 1 h. After that, kanamycin was
removed by washing with PBS for 4 times. Then RW-BP100-4D
or RW-BP100 were added to a final concentration of 50 µg/mL,
respectively and incubated for 2 h. Meanwhile, kanamycin
(50 µg/mL) and PBS were set as the antibiotic treatment group
and treatment control group, respectively. Finally, MAC-T cells
were treated with 0.1% TritonX-100. The lysates were serially
diluted and spread on selective agar plates to enumerate the
intracellular live bacteria. Each test was performed with three
independent repeats.

Effect on Chicken Meat Disinfection
The raw chicken meat was cut to 1 cm3 square pieces (about
0.25 g), then disinfected by washing with sodium hypochlorite,
75% ethanol, sterilized PBS for three times, and UV radiation
for 1 h, sequentially. Bacterial strains of S. aureus ATCC29213,
L. monocytogenes ATCC19115, E. coli O157:H7 clinical strain
A3, S. enterica ATCC13076, C. jejuni ATCC 33291, and
S. putrefaction ATCC 49138 (∼5× 103 CFU) were evenly spread
on the surface of the chicken meat squares, individually or mixed.
After bacterial contamination at 4◦C for 1 h, the meat pieces were
soaked in 1 mL of RW-BP100-4D (50 µg/mL) at 4◦C for 24 h.
PBS was used as the negative control. Lastly, the chicken pieces
were homogenized and centrifuged, then the supernatants were
diluted and spread on the corresponding selective medium to
enumerate the residual live bacteria.
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Treatment Efficacy in Animal Models
The mouse skin infection model and bacteremia model were
established to evaluate the treatment efficacy of RW-BP100-
4D on local and system infections, respectively. In each
model, ICR female mice were equally allocated into different
treatment groups and each group contained six mice. The mouse
skin infection model and bacteremia model were constructed
according to previously described methods (Natalia et al., 2019;
Song et al., 2020). The mice were challenged with methicillin-
resistant S. aureus ATCC33591 (mecA+, MRSA) via spreading on
skin lesion (5× 105 CFU/mL, 0.1 mL) or intraperitoneal injection
(3.0× 108 CFU/mL, 0.5 mL). After infection for 2 h, RW-BP100-
4D or RW-BP100 were administrated to the local skin lesion
of each mouse at 50 µg (1 mg/mL, 50 µL) for skin infection
model, respectively. Ampicillin (1 mg/mL, 100 µL) and PBS were
used as the antibiotic treatment control and negative control,
respectively. In bacteremia model, peptides (RW-BP100-4D or
RW-BP100) were injected intraperitoneally after 2 h of infection
at different dose for each mice group (25, 50, and 100 mg/kg,
respectively). Ampicillin (100 mg/kg) and PBS were used as the
antibiotic treatment control and negative control, respectively.
After treatment for 24 h, all the mice were sacrificed to collect the
infected wound skin and infected organs (heart, liver, and kidney)
from each model. S. aureus isolates were counted by using the
Chromagar selective agar (Chromagar, France) supplemented
with 8 µg/mL oxacillin.

Statistical Analyses
Statistical analysis was performed using GraphPad Prism
software (Version 8.2.1). All data were presented as the
mean ± S.D. p values were calculated using an independent two
sample t-test for the difference in CFU after different treatments.
p-values <0.05 (∗) were considered statistically significant.

RESULTS

Antimicrobial Activity
Minimal inhibitory concentration was determined to evaluate
the antimicrobial activity of RW-BP100 and its derivatives
(Table 1). S. aureus ATCC29213 and E. coli ATCC25922 were
chosen as the representative Gram-positive and Gram-negative
bacteria, respectively. The results indicated that the MICs of the
parental peptide RW-BP100 against S. aureus ATCC29213 and
E. coli ATCC25922 were both 12 µg/mL, whereas the derivatives
RW-BP100-4D, RW-BP100-5D, RW-BP100-6D, RW-BP100-8D,
and RW-BP100-All-D displayed equal or better antibacterial
activities (MIC = 3–12 µg/mL). In contrast, the transformation
of N terminal (9th–11th) amino acids into corresponding D-
enantiomers (RW-BP100-9D, RW-BP100-10D, and RW-BP100-
11D) decreased the antimicrobial activity, especially that of RW-
BP100-11D (MIC > 50 µg/mL). These results indicated that the
11th amino acid was crucial for the activity of RW-BP100 and
could not be replaced.

Among these derivatives, RW-BP100-4D showed the best
antimicrobial activity, with the MIC of 3 µg/mL against
S. aureus ATCC29213 and 6 µg/mL against E. coli ATCC25922.

Subsequently, the antibacterial spectrum of RW-BP100-4D was
determined against a more variety of microorganisms compared
to that of RW-BP100. As shown in Table 2, the MICs of RW-
BP100-4D ranged from 3 to 12 µg/mL against the selected Gram-
positive bacterial isolates (S. aureus, S. epidermidis, E. faecalis,
S. agalactiae, and L. monocytogenes), and 3–25 µg/mL against
the selected Gram-negative bacterial isolates (E. coli, Salmonella
enterica, K. pneumoniae, C. jejuni, A. baumannii, Pseudomonas
spp., and S. putrefaction), respectively. Besides, RW-BP100-
4D was active toward fungal isolates and the MICs against
C. albicans and F. oxysporum were both 12.5 µg/mL. Compared
to RW-BP100, RW-BP100-4D retained the antibacterial activity
against Gram-negative bacteria and fungi, and improved its
activity against some Gram-positive bacteria, including both the
sensitive and resistant strains. The MBC values of RW-BP100-
4D were usually two fold higher than the corresponding MIC
values, whereas the MBC values of RW-BP100 were 4–8 fold of
the corresponding MIC values, indicating that RW-BP100-4D
possessed better antimicrobial activity than its parental peptide
RW-BP100, and may display a bactericidal action towards the
target pathogens.

Hemolytic Activity and Cytotoxicity
As shown in Table 1, the hemolytic rates of RW-BP100 to sheep
blood cells were 3.10 and 4.70% at the concentration of 50 and
100 µg/mL, respectively, which significantly increased to 41.82
and 56.67% at the peptide concentrations of 150 and 300 µg/mL,
respectively. The derivatives exhibited low hemolytic rates (0.11–
5.99%) at 50–100 µg/mL; however, the hemolytic rates increased
substantially (16.17–41.82%) at 150 µg/mL and most of the
peptides have hemolysis of >40% at 300 µg/mL. A comparison
of hemolytic rates between RW-BP100 and its derivatives at 150–
300 µg/mL revealed that both single D-amino acid substitution
and All-D-isomers led to reduced hemolytic activity. Especially,
single D-amino acid substitution at the 4th, 7th, 9th, 10th, or 11th
positions deceased the hemolytic rate to <20% at 150 µg/mL. For
cytotoxicity assay, the survival rates of MAC-T and RAW264.7
cells were 57.80 and 36.29%, respectively, when treated with RW-
BP100 at 150 µg/mL (Table 1). In contrast, single D-amino acid
substitution (4th, 7th, 9th or 10th positions) largely increased
the survival rates to >90 and >70% for MAC-T and RAW264.7
cells, respectively (Table 1). Among these derivatives, RW-
BP100-7D showed the lowest cytotoxicity, with the survival rates
of MAC-T and RAW264.7 cells (at peptide concentration of
150 µg/mL) reaching 96.41 and 93.74%, respectively. However,
the antimicrobial activity of RW-BP100-7D was much weaker
than that of RW-BP100-4D, which also possessed relatively
lower cytotoxicity among these derivatives (Tables 1, 2 and
Supplementary Figure 1). Taken together, RW-BP100-4D was
selected for further stability and activity evaluation.

Thermal, pH, Protease, and Serum
Stability
The stability of RW-BP100-4D was evaluated under different
temperature, pH, and protease condition (Supplementary
Table 1). After incubation at temperatures from 40 to 80◦C,

Frontiers in Microbiology | www.frontiersin.org 5 January 2022 | Volume 12 | Article 815980285

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


fmicb-12-815980 January 20, 2022 Time: 12:56 # 6

Tong et al. Characterization of RW-BP100-4D Peptide

TABLE 2 | Antimicrobial activity of RW-BP100 and RW-BP100-4D against various microorganisms.

Antimicrobial resistance genes MIC of peptides (µg/mL) MBC of peptides (µg/mL)

RW-BP100 RW-BP100-4D RW-BP100 RW-BP100-4D

Gram-positive bacteria

Staphylococcus aureus ATCC29213 NDa 6b 3 50 6

Staphylococcus aureus ATCC33591 mecA 6 3 50 6

Staphylococcus epidermidis ATCC29887 ND 3 3 12 6

Enterococcus faecalis JH2-2 ND 25 12 50 50

Enterococcus faecalis 32 optrA 25 12 50 50

Streptococcus agalactiae ATCC13813 ND 3 3 12 6

Listeria monocytogenes ATCC19115 ND 6 3 50 6

Listeria monocytogenes LM08 tetM 6 3 50 6

Gram-negative bacteria

Escherichia coli ACTT25922 ND 6 6 25 12

Escherichia coli O157:H7 ND 3 3 25 6

Escherichia coli XG-E1 blaNDM−5, mcr-1 3 3 25 6

Escherichia coli 47EC tet(X4) 6 6 25 12

Salmonella enterica ATCC13076 ND 6 3 25 6

Klebsiella pneumoniae XG-Kpn03 blaNDM−5 25 25 50 50

Campylobacter jejuni ATCC33291 ND 6 6 25 12

Acinetobacter baumannii 34AB tet(X3) 6 6 25 12

Pseudomonas aeruginosa 42 ND 12 12 50 50

Pseudomonas fluorescens AC04 ND 6 6 25 12

Shewanella putrefaction ATCC49138 ND 6 6 25 12

Fungi

Candida albicans ATCC10231 ND 12 12 50 25

Fusarium oxysporum LD21 ND 12 12 50 25

aND means not detected.
bMIC and MBC values were the mean of three repeated experiments.

the MICs of RW-BP100-4D against E. coli ATCC25922,
S. aureus ATCC29213, and C. albicans ATCC10231 remained
unchanged (6, 3 and 12 µg/mL, respectively) in all three repeats.
However, incubation at 90 and 100◦C caused 2–8 fold increase
of RW-BP100-4D MICs against the corresponding reference
strains. HPLC determination revealed that 56 and 82% of the
original peptide were disrupted at 90 and 100◦C, respectively
(Supplementary Table 1). The results indicated that RW-BP100-
4D maintained its activity at the temperature below 80◦C, which
is consistent with the previous study showing that AMPs were
more tolerant to high temperatures (Tanhaeian et al., 2020). With
respect to pH sensitivity, the MICs of RW-BP100-4D against
the three reference strains remained stable at the pH ranges
of 2–7, but increased 2–4 fold at the pHs of 8 and 9. This
result indicated that RW-BP100-4D was more tolerant to the
acidic environment than alkaline conditions, which might be
due to the disruption of peptide bonds at higher pHs (Jones
et al., 2015). Treatment with proteinase K increased the MICs
of RW-BP100-4D against the corresponding strains to 4–8 fold
of the original level. Likewise, treatment with papain, trypsin,
or calf serum significantly reduced the antimicrobial activity
(MIC > 50 µg/mL and >95% degradation). These results
indicated that RW-BP100-4D was vulnerable to proteases and
may not be stable in the serum.

Anti-biofilm Activity in vitro
As shown in Figure 2A, RW-BP100-4D effectively inhibited the
biofilm formation of S. aureus ATCC29213 and the inhibition

ability was significantly enhanced as the concentration of RW-
BP100-4D increased from 0.78 to 100 µg/mL compared to the
PBS control (p < 0.05). In contrast, RW-BP100 also inhibited the
biofilm formation of S. aureus ATCC29213 and the inhibition
ability of RW-BP100 was weaker than that of RW-BP100-4D
(Figure 2A). Compared with the PBS control, 82.3 and 45.8% of
the biofilm in S. aureus was inhibited by RW-BP100-4D and RW-
BP100 at 6.25 µg/mL, respectively. Although the anti-biofilm
activity was concentration-dependent, the activity was slowly
increased when RW-BP100-4D and RW-BP100 concentrations
were above 12.5 and 50 µg/mL, respectively, which may be due
to that the peptides at concentrations near the MBC of the
target strain killed most of the bacteria. For mature biofilms,
treatment with lower concentrations (≤4 × MIC) of RW-
BP100-4D led to a slight loss in biomass (Figure 2B). However,
higher concentrations (50–200 µg/mL) slightly improved the
anti-biofilm activity and about 40.4% of the biofilm matrix
was lost after treatment with 200 µg/mL of RW-BP100-4D
compared to the PBS control (p < 0.01). In contrast, RW-BP100
showed a weaker anti-biofilm activity than that of RW-BP100-
4D and 29.4% of the biofilm matrix was lost after treatment with
200 µg/mL of RW-BP100.

Antibacterial Activity in the MAC-T Cells
The confocal fluorescence images in Figure 3 showed that
the FITC-labeled RW-BP100-4D at 50 µg/mL was rapidly
(≤2 h) and efficiently uptaken by the MAC-T cells and
evenly distributed throughout the whole cytoplasm. To further
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FIGURE 2 | Anti-biofilm activity of RW-BP100-4D against S. aureus ATCC29213. (A) Activity of RW-BP100-4D against the biofilm-formation of S. aureus
ATCC29213 (B) Activity of RW-BP100-4D against the mature biofilm of S. aureus ATCC29213. Data are the mean ± SD of triplicate wells from three independent
experiments. p values were calculated using an independent two sample t-test for the difference in absorbance at OD590nm between RW-BP100-4D-treated group
and the PBS control, ∗p < 0.5, ∗∗p < 0.01, ∗∗∗p < 0.001.

FIGURE 3 | Confocal fluorescence images showing distribution of RW-BP100-4D in MAC-T cells. The up panel indicates the RW-BP100-4D treated group. The
down panel indicates the PBS treated control group. Green color indicates FITC-labeled peptide RW-BP100-4D, red indicates the phalloidin-stained MAC-T cell
membrane and blue indicates the DAPI-stained cell nucleus. The scale bar is 29.00 µm. FITC, Fluorescein isothiocyanate; DAPI, 6-diamidino-2-phenylindole.

investigate the intracellular antibacterial activity of RW-BP100-
4D, S. aureus ATCC29213 and S. enterica ATCC13076 were
used as the target pathogens. It showed that both S. aureus
and S. enterica at an initial dose of 5 × 105 CFU could
infect and colonize in the MAC-T cells at CFU of 3.55 × 103

and 6.92 × 103, respectively (Figure 4). Notably, RW-BP100-
4D at 50 µg/mL could significantly eliminate the intracellular
S. aureus ATCC29213 by 3.42 log and S. enterica ATCC13076
by 3.81 log, compared with that of kanamycin treatments
(p < 0.0001). In contrast, RW-BP100 at 50 µg/mL killed
the intracellular S. aureus ATCC29213 by 2.34 log and
S. enterica ATCC13076 by 2.57 log. RW-BP100-4D showed
better intracellular antibacterial activity than that of RW-BP100
(p < 0.01) and there was no significant difference between

the CFU of kanamycin treatment group and the untreated
group (Figure 4).

Disinfection Effect of RW-BP100-4D on
Chicken Meat
The potential application of RW-BP100-4D to disinfect food
was tested by using chicken meat manually contaminated by
diverse bacteria. As shown in Figure 5, RW-BP100-4D effectively
reduced the bacterial loads on chicken meat, including S. aureus
by 3.09 ± 0.035 log (99.92% killing), L. monocytogenes by
2.96± 0.028 log (99.89% killing), E. coli O157: H7 by 3.43± 0.021
log (99.96% killing), C. jejuni by 1.24 ± 0.017 log (94.18%
killing), S. enteritidis by 3.60 ± 0.021 log (99.97% killing) and
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FIGURE 4 | Intracellular antibacterial activities of RW-BP100-4D against S. aureus ATCC29213 and S. enterica ATCC13076 within the MAC-T cells. Kanamycin and
PBS were used as the antibiotic-treatment and untreated controls, respectively. Data are the mean ± SD of triplicates from three independent experiments. p values
were calculated using an independent two sample t-test for the difference in CFU after different treatments, ∗∗p < 0.01, ∗∗∗∗p < 0.0001.

FIGURE 5 | Effect of RW-BP100-4D on chicken meat disinfection contaminated with various bacterial species. Multiple contamination indicates the chicken meat
concurrently contaminated by S. aureus, L. monocytogenes, E. coli O157: H7, C. jejuni, S. enterica, and S. putrefaciens. Data are the mean ± SD from three
independent experiments. Independent two sample t-test was used to compare the difference of CFU between RW-BP100-4D-treatment group and PBS control
group, ∗∗∗p < 0.001.
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FIGURE 6 | Treatment efficacy of RW-BP100-4D against S. aureus ATCC33591 in (A) mouse skin infection model and (B) mouse bacteremia model. Ampicilin and
PBS were used as the antibiotic-treatment and untreatment controls, respectively. Data are the mean ± SD from three independent experiments. Independent two
sample t-test was used to compare the difference of CFU between different treatment groups, *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001.

S. putrefaciens by 2.95 ± 0.024 log (99.89% killing), respectively.
There were significant differences between the CFU of RW-
BP100-4D treatment group and the corresponding controls
(p < 0.001) for each bacterial strain. Interestingly, RW-BP100-4D
could also reduce the bacterial loads of multiple contamination
(concurrently contaminated by S. aureus, L. monocytogenes,
E. coli O157: H7, C. jejuni, S. enterica, and S. putrefaciens) by
3.61 ± 0.063 log in total, indicating the potential effectiveness of
RW-BP100-4D in food disinfection.

Treatment Efficacy in Mouse Skin
Infection and Bacteremia Models
The mecA-positive S. aureus (MRSA) ATCC33591 was used
to establish the mouse skin infection model. In the control
group, the bacterial load in the infected mice skin reached
4.12 × 107 CFU after 24 h (Figure 6A). RW-BP100-4D
reduced S. aureus ATCC33591 by >4 log orders of magnitude
(99.99% killing) over a 24 h period, while ampicillin did not
decrease the bacteria load. Statistical analysis revealed that
there was a significant difference of CFU in the infection
sites between RW-BP100-4D treatment group and ampicillin
treatment group (p < 0.0001), whereas no significant difference
was found between the ampicillin treatment group and the
untreatment controls. Although RW-BP100 also showed good
efficacy in reducing bacterial load (3.13 log reduction) in
the infected mice skin, there was a significant difference
between CFU of RW-BP100-4D and RW-BP100 treatment
group (p < 0.001, Figure 6A). For bacteremia model, the
bacterial loads in the mouse’s heart, liver and kidney in
the control group reached 3.55 × 102, 5.87 × 102 and
5.67 × 102 CFU, respectively. RW-BP100-4D administrated
at 100 mg/kg and RW-BP100 at 50 or 100 mg/kg caused
the death of >80% mice. Therefore, the bacterial loads were
only counted in mice groups that were treated with the other
concentrations. It revealed that RW-BP100 or RW-BP100-
4D administrated at 25 mg/kg did not significantly reduce

the bacterial loads in these organs. However, RW-BP100-4D
administrated at 50 mg/kg significantly reduced the bacterial
loads in the mouse’s heart and liver (p < 0.5), indicating a
modest treatment efficacy of RW-BP100-4D in mouse systemic
infections (Figure 6B).

DISCUSSION

In this study, we designed a series of derivatives from RW-BP100
and screened out the ideal candidate RW-BP100-4D, which
showed relatively low cytotoxicity and the best antimicrobial
activity. Generally, the activity of AMP is infuenced by many
factors, such as peptide length, net charge, hydrophobicity and
secondary structure (Zhang et al., 2021). Since single D-amino
acid transformation does not alter the length and net charge
of the parental peptide, the enhanced antimicrobial activity of
RW-BP100-4D in this study may be largely due to the variation
of peptide hydrophobicity or secondary structure, thus leading
to a stronger binding affinity with the anionic components
on the microbial membrane, such as LPS of Gram-negative
bacteria, lipoteichoic acid of Gram-positive bacteria and mannan
of fungi (Zhang et al., 2021). Notably, the antimicrobial activity
of RW-BP100-4D against antibiotic-susceptible and resistant
strains were very similar, such as methicillin-sensitive S. aureus
ATCC29213 versus methicillin-resistant S. aureus ATCC33591
(both MICs were 6 µg/mL), and antibiotic-sensitive E.coli
ATCC25922 (MIC = 6 µg/mL) versus tigecycline-resistant E. coli
47EC (MIC = 3 µg/mL), indicating that the antimicrobial activity
of RW-BP100-4D was indiscriminately and not affected by the
resistance genes carried by the bacteria, which may be due to the
special bactericidal mechanisms of the peptide (Toke, 2005).

From the hemolytic activity and cytotoxicity assays, we could
see that the derivatives with single D-amino acid substitution
at the 4th, 7th, 9th, 10th or 11th positions showed decreased
cytotoxicity compared to the parental peptide RW-BP100. These
results were consistent with the previous study, which showed
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that subtle changes in a peptide influenced not only the
antimicrobial activity but also the hemolytic activity (Imma
et al., 2011). Other studies have reported excellent in vitro
antimicrobial activity profiles of several D-enantiomer peptides.
However, the high production costs imposed severe limitations
to their application as antimicrobial products (McGrath et al.,
2013; Chen et al., 2016). Considering the short length of only
11 amino acids and just one D-amino acid replacement, which
could largely reduce the cost of peptide synthesis, RW-BP100-4D
can be taken as a promising candidate for further development in
antimicrobial application.

As more than 95% of the bacteria in nature are existing
in biofilms, which could help them resistant to antibiotics and
the host immune system, and played an important role in the
persistence of chronic infections (Imma et al., 2011; Kharidia
and Liang, 2011), it is of great significance to eradicate the
bacterial biofilms in the clinical treatment. Findings in this study
indicated that RW-BP100-4D showed better anti-biofilm activity
in vitro than its parental peptide RW-BP100. RW-BP100-4D
showed a dose-dependent anti-biofilm activity and the biofilm-
formation in S. aureus was completely inhibited when peptide
concentrations were kept at a lower concentration (≥1 × MIC).
It is well known that mature biofilms are more common and
complicated in human clinical treatment, especially the implants
associated infections (Costerton et al., 2007). Interestingly,
RW-BP100-4D also showed modest dispersal activity against
mature biofilms of S. aureus when applied with a higher dose
(>8 × MIC). Despite RW-BP100-4D displayed good biofilm-
inhibition ability in vitro against S. aureus, further studies are
still needed to prove its in vivo anti-biofilm activity as some
AMPs may have their activity nullified in the presence of
tryptone, proteins, or high concentration of salts in the body fluid
(Beckloff et al., 2007).

Previous studies have shown that some short cationic peptides
could be used as cell-penetrating carrier to transport functional
cargoes (such as DNA, proteins, and chemical agents) into
the target cells (Mazel et al., 2001; Perea et al., 2004). As
RW-BP100-4D has an amphiphilic structure that may easily
penetrate through the hydrophobic lipid bilayer, this short
peptide is tested for its cell-penetrating ability. The results
revealed that RW-BP100-4D could efficiently penetrate into
the MAC-T cells and concurrently kill the S. aureus and
S. enterica isolates colonized within the cells. Intracellular
bacteria, including opportunistic pathogens (such as S. aureus
and Salmonella spp.) and obligate parasites (e.g., mycobacterium
tuberculosis and Brucella spp.), posed a great challenge to
clinical treatment since these microorganisms could colonize
within the cells and thus evade the killing of some clinically-
important antibiotics such as β-lactams and aminoglycosides
(Paul and AndrÉ, 1978; Petra and Matthias, 2005). Although RW-
BP100 also showed good intracellular bacterial-killing ability, the
cytotoxic concentration of RW-BP100 was much higher than
that of RW-BP100-4D. Therefore, the modified peptide has a
higher therapeutic index and may be more appropriate to be
developed in treating the intracellular bacterial infections or as
a cell-penetrating tool to deliver the functional molecules in
the future.

Staphylococcus aureus, L. monocytogenes, E. coli O157: H7,
C. jejuni, and Salmonella spp. were the main foodborne
pathogens commonly identified in food poisoning incidences
(Kirk et al., 2015), and S. putrefaciens was one of the
dominated pathogens that led to food spoilage of chilled
meat (Lan et al., 2019). The present study showed that RW-
BP100-4D was active against the above-mentioned pathogens
contaminated on chicken meat, either by single microorganism
or by multiple pathogens. Previous study has reported that
Nisin, which is a natural antimicrobial peptide and has
been commercialized as a food preservative, is active against
many foodborne pathogens such as L. monocytogenes and
Clostridium botulinumon (Gharsallaoui et al., 2016). However,
the antimicrobial spectrum of Nisin is limited to the Gram-
positive bacteria, and Gram-negative bacteria are usually resistant
to nisin mainly due to their impermeable outer membranes
(Gharsallaoui et al., 2016). Therefore, RW-BP100-4D may have
the advantages in food disinfection as it could reduce the
transmission risk of foodborne pathogens, including both Gram-
postitive and Gram-negative bacteria. In addition to food
disinfection, RW-BP100-4D also displayed good efficacy in
treating MRSA infection in mouse local skin. However, the in vivo
treatment efficacy of RW-BP100-4D toward MRSA was modest
in mouse bacteremia model, which may be due to its degradation
by proteolytic enzymes in the animal serum or tissues. Moreover,
a higher dose (100 mg/kg) of RW-BP100-4D led to the death of
most treated mice, indicating that the candidate peptide is toxic to
the animals when applied in vivo with higher doses. Development
of AMP-based application has encountered many challenges
including stability, efficacy and toxicity (Zhang et al., 2021). As
indicated in this study, RW-BP100-4D showed generally good
bactericidal effect in vitro, including the removal of food bacteria
and treatment of local skin infection, which has a potential to
be applied as a food bactericide and local external use. However,
the toxicity of RW-BP100-4D should not be ignored (hemolysis
at higher concentrations) when the candidate peptide is to be
developed on these applications. Moreover, both toxicity and
protease-sensitivity of RW-BP100-4D are unavoidable problems
when used in vivo, which will limit the development of the
peptide in clinical therapy, including the biofilm removal and
systemic infection treatment. Therefore, future research works
are still needed to further reduce the toxicity and improve the
therapeutic effect of RW-BP100-4D in vivo.

CONCLUSION

This study presented a broad-spectrum AMP designated RW-
BP100-4D, which was derived from RW-BP100 by transforming
the N-terminal-4th amino acid from L- to D-enantiomer.
Compared to its parent analogue, RW-BP100-4D showed
remarkably reduced cytotoxicity and enhanced antimicrobial
activity, including both Gram-positive and Gram-negative
bacteria as well as the fungi. Moreover, RW-BP100-4D displayed
good bactericidal effect in the removal of food bacteria and local
skin infection. However, the protease-sensitivity of RW-BP100-
4D and toxic effect at higher doses reduced the therapeutic effect

Frontiers in Microbiology | www.frontiersin.org 10 January 2022 | Volume 12 | Article 815980290

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


fmicb-12-815980 January 20, 2022 Time: 12:56 # 11

Tong et al. Characterization of RW-BP100-4D Peptide

of the candidate peptide in vivo and should be managed in the
future studies.
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