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Abstract

There is an increasing interest in discovering new antibacterial agents derived from nature
to enhance the treatment of various bacterial infections. Defensins and their derived peptide
fragments exhibit significant antibacterial activity without any cytotoxic effects, making
them attractive features for potential novel antibacterial therapeutics. Crassostrea gigas, a
traditional seafood that has been used worldwide for centuries, has its shells applied in
Chinese medicine as Ostreae concha. In this study, bioinformatics analysis was used to obtain
a novel antibacterial peptide, CGD-1, derived from marine Chinese medicine Ostreae concha.
The physicochemical characterization and circular dichroism analysis results demonstrated
that CGD-1 assembled into an a-helical structure in a simulated membrane environment,
and it displayed antibacterial action against Gram-negative bacteria. The minimal inhibitory
concentrations against both Pseudomonas aeruginosa ATCC27853 and Escherichia coli
ATCC25922 were 25 uM. CGD-1 was able to efficiently permeate the cell membrane.
Changes in bacterial cell morphology were evaluated using a field emission scanning
electron microscope. The results suggested that CGD-1 exerted its antibacterial activity
through permeabilizing and disrupting the bacterial cell membrane. Therefore, CGD-1 may
have potential applications in fighting against pathogenic bacteria such as P. aeruginosa and
E. coli.
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Introduction

The use of antibiotics is leading to an increase in drug-resistant
bacteria worldwide, which is compromising the effectiveness and
availability of antibiotics. The efficacy of classical antibiotics is
currently under severe pressure from antibacterial drug resistance [1].
After several decades of successful antibiotic treatment, bacterial
infections have once again become a threat [2]. In recent years,
Gram-negative bacterial infections have received more attention due
to the unpredictable and escalating development of bacterial
resistance to these infections, with new resistance mechanisms
emerging and spreading globally [3]. These organisms employ
multiple mechanisms against antibiotics, such as loss of porins and
overexpression of transmembrane efflux pumps, by mutating or
up-regulating genes that code for enabling antibiotic resistance [4].
The World Health Organization has published a list of the most
hazardous superbugs with the highest priority needs for new
antibiotics, and Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacteriaceae, such as Escherichia coli and Salmonella, which are
three species of Gram-negative pathogens that can cause severe
infections and high mortality, were the only bacteria with a critical
priority [5]. The pharmaceutical industry has previously focused more
on developing antibiotic agents against Gram-positive bacteria,
perhaps because anti-Gram-positive agents are less costly to develop.
Therefore, there is a lack of novel antibiotics specific to Gram-negative
pathogens. Compared with Gram-positive pathogens that mostly exist
naturally outside the human body, Gram-negative bacteria typically
live in the gastrointestinal tract, where pathogens may cause serious
bloodstream infections or urinary tract infections. Data from the U.S.
National Healthcare Safety Network showed that Gram-negative
bacteria were responsible for more than 30% of hospital-acquired
infections, as well as 47% of ventilator-associated pneumonia and
45% of urinary tract infections [6]. Hence, there is an urgent need for
new antibiotics, particularly those for treating Gram-negative
infections.

Antibacterial peptides, also known as host defense peptides, are
produced by the host organism as part of its innate immunological
defense, which is present in all forms of life. An abundance of
antibacterial peptides, which are at the forefront of the host’s defense
against pathogen infections, have been discovered in the hemolymph
from marine invertebrates. Studies suggest that the hemolymph of
various species of healthy invertebrates is unsterile [7]. Investigations
into hemolymph microbiota homeostasis indicate that the host
suppresses hemolymph microbiota proliferation by producing critical
antibacterial peptides and proteins [8]. Hence, the hemolymph of
marine invertebrates usually exhibits antibacterial activity. Several
different antibacterial peptide/protein groups have been found in
marine invertebrates, including penaeidins, crustins, lectins,
anti-lipopolysaccharide factors, defensins, and lysozymes [9-19].
Defensins are one of the most well-studied classes of AMPs found in
animals, plants, and fungi. Most defensins are short (18-45 amino
acid) peptides possessing an amphipathic structure. Defensins have a
-hairpin motif as their primary secondary structure, but they can also
have a -helix. Defensins exhibit antibacterial action against a wide
range of pathogens, including enveloped viruses, protozoa, fungi, and
bacteria. Defensins have been discovered in the hemolymph of marine
invertebrates, including oysters, disk abalones, and mussels. To date,
more than 50 defensin homologs exhibiting antibacterial activity have
been identified. In addition to these typical antibacterial
peptides/proteins, the degradation fragments of some large proteins in
hemolymph, such as hemoglobin and defensin, also exhibit an
appreciable antibacterial function and play a role in inhibiting or
killing pathogenic bacteria [7]. Previously, we isolated and identified
big defensin 1 from marine Chinese medicine Ostreae concha, but the
potential peptide fragments possessing activity in big defensin 1 were
not fully revealed. Therefore, we further identified an AMP fragment
from Ostrea gigas big defensin 1, which was the first helical motif of
big defensin 1 with fair positive net charges and amphipathicity,
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named CGD-1.

Ostreae concha, a marine Chinese medicine, was first mentioned in
“Shen Nong’s Herbal Classic” during the Han Dynasty and has been
recorded in classic Chinese medicine texts of all dynasties. The
Chinese Pharmacopoeia lists three sources of Ostreae concha: the shells
of Ostrea talienwhanensis Crosse, Ostrea gigas Thunberg, or Ostrea
rivularis Gould. It is one of the most economically important bivalves
and is widespread in the western Pacific Ocean. In China, Ostrea gigas
is regarded as a salutary food material and a traditional remedy for
alleviating stomach pain, indigestion, and anemia. Several defensins
that exert innate immunity effects from Ostrea gigas have been
reported [20]. However, to our best knowledge, there is little
information available concerning the antibacterial peptides and the
mechanism of antibacterial action of Chinese materia medica Ostreae
concha.

This study aimed to evaluate the antibacterial activity,
physicochemical, and structural properties of the antibacterial
peptide, CGD-1. Furthermore, the preliminary mechanism of CGD-1’s
antibacterial action is revealed.

Materials and methods

Materials

Fetal bovine serum, Luria-Bertani (LB) broth, and RPMI-1640 were
procured from GIBCO Invitrogen Corporation (USA). Propidium
iodide (PI), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), dimethyl sulfoxide, streptomycin, penicillin,
polymyxin B,  o-nitrophenyl-B-D-galactopyranoside =~ (ONPG),
N-phenyl-1-naphthylamine (NPN), and tris (hydroxymethyl)
aminomethane (Tris) were purchased from Sigma Chemical Co. (USA).
Ciprofloxacin was obtained from Guangzhou Baiyunshan
Pharmaceutical Co., Ltd. (China). Other commercially available
chemicals and reagents were of analytical grade. Unless otherwise
specified, bacteria were cultured in LB broth at 37 °C. All bacteria
were preserved in suitable culture media with 30% (v/v) glycerol at
—80 °C.

Peptide synthesis

CGD-1 was synthesized by Shanghai GL Biochem Ltd. (China), and the
peptides’  purity ~was  determined using reversed-phase
high-performance liquid chromatography and mass spectrometry. The
purity of CGD-1 was found to be greater than 95% (Figure 1).

Antibacterial spectrum of CGD-1

The antibacterial activity of CGD-1 was assessed against several
bacterial strains, including E. coli ATCC 25922, P. aeruginosa ATCC
27853, P. aeruginosa clinical isolate, E. faecalis ATCC 29212, S.
epidermidis ATCC12228, S. aureus ATCC 25923, and B. subtilis ATCC
6633. The minimum inhibitory concentration (MIC) values of CGD-1
against pathogenic strains were determined using a modified NCCLS
broth microdilution method [21]. The bacterial pellets were incubated
to mid-logarithmic phase in LB broth at 37 °C. Serial concentrations of
CGD-1 dissolved in sterile normal saline were added to the suspended
bacteria solution in sterile 96-well plates and further incubated at 37
°C for 18 h. Ciprofloxacin was used as a control. The OD600 was
measured using a microplate reader. The concentration at which the
OD did not increase from the start of the assay was considered as the
MIC.

Hemolytic and cell viability assays

Following the previously described method, erythrocytes from murine
blood were washed thrice and added to serial dilutions of CGD-1
placed in 96-well plates and incubated at 37 °C for an hour [21]. A 1%
Triton X-100 solution and saline solution were used as control samples
for total and no hemolysis, respectively. Hemolysis was evaluated by
determining OD570 using a microplate reader [21, 22]. To evaluate
the cell viability of CGD-1, human embryonic kidney cells (HEK293
cells) at a concentration of 1 x 10° cells/mL were used for MTT
reduction assays [21]. All experiments were performed in triplicate.
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Figure 1 The purity confirmation of Al-hemocidin 1. (A) The result of RP-HPLC; (B) The result of Mass spectrometry.

Membrane permeability assay

P. aeruginosa and E. coli bacteria were utilized to assess the cell
membrane permeability induced by CGD-1. The outer membrane
permeability assay was conducted by measuring the NPN uptake, as
previously described [23]. In brief, the bacterial cells were suspended
in 5 mM HEPES buffer, and 1 mL of the bacterial suspension was
mixed with 10 uM NPN bulffer in a quartz cuvette. The fluorescence
increase caused by the introduction of NPN into the outer membrane
was measured using a fluorescence spectrometer (HITACHI F-4500,
Japan) until there was no further rise in fluorescence. The
measurements were taken 360 seconds after CGD-1 treatment. The
percentage of NPN uptake was used to evaluate the outer membrane
permeability.

% NPN uptake = (Aobs — A0)/(A100 — A0) x 100

In this equation, Aobs represents the fluorescence observed after
CGD-1 treatment, AO represents the original fluorescence of NPN with
only bacteria, and A100, considered as 100% outer membrane
permeability, represents the fluorescence observed with the positive
control, 10 pg/mL polymyxin B, which is known for its exceptional
outer membrane permeabilizing ability.

To determine the permeability of the E. coli inner cell membrane,
the transformation from ONPG to o-nitrophenol was assessed, as
reported previously [24]. The bacterial cells were treated with a
solution of ONPG with a final concentration of 1.5 mM and CGD-1 at 1
or 3 MIC. The conversion of ONPG to o-nitrophenol was measured
every 30 minutes at a wavelength of 405 nm using a microplate

Submit a manuscript: https://www.tmrjournals.com/pr

reader. A suspension of bacterial cells without peptide was used as a
negative control.

Effects on the bacterial membrane integrity

To examine the bacterial membrane integrity, a PI uptake assay was
conducted using flow cytometry [25]. The bacterial density of E. coli
and P. aeruginosa was adjusted to 1 X 10° CFU/mL and mixed with
CGD-1 at 1 and 3 x MIC for an hour of incubation. After
centrifugation, the bacterial pellets were cultured with 100 uM PI for
10 minutes on ice. Flow cytometry was used to collect 40,000 events
per sample, with excitation and emission occurring at 488 and 525
nm, respectively.

Bacterial membrane damage detection by scanning electron
microscope (SEM)

The bacterial cells were suspended and their density was adjusted to
an OD600 of 0.2. The cells were then incubated with CGD-1 at 1 X
MIC for an hour and washed three times. Next, the cells were fixed
with 2.5% (v/v) glutaraldehyde at 4 °C for 12 hours and dehydrated in
a series of ethanol concentrations (50, 60, 70, 80, 90, and 100%) for
10 minutes each. The dehydrated cell pellets were added to a mixture
of isoamyl acetate and ethanol (1:1, v/v) for 20 minutes. The samples
were dried using a critical point dryer, coated with gold, and
examined using a field emission SEM (Carl Zeiss Ultra 55, Germany)
[25].
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Physicochemical characterization and
analysis of CGD-1

The physicochemical parameters of CGD-1 were analyzed using the
ExPASy Bioinformatics Resource Portal
(http://www.expasy.org/tools/). The secondary structure of CGD-1
was detected using a circular dichroism (CD) spectrometer (Chirascan,
UK) under aqueous and hydrophobic conditions represented by 10
mM PBS and 50% trifluoroethanol (TFE), respectively [26]. The
scanning range was recorded from 195 to 250 nm. The secondary
structure of CGD-1 in three dimensions was established using the
online server I-TASSER
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/), and the helical
structure was evaluated using HeliQuest
(http://heliquest.ipmc.cnrs.fr/).

secondary structure

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 5.0
(GraphPad Software, CA, USA). The experimental data are presented
as the mean =+ standard deviation, unless otherwise indicated. A
P-value of less than 0.05 was considered statistically significant.

Results and discussion

Bioactivity evaluation of CGD-1
The antibacterial activity was investigated, and the MIC of CGD-1 was
found to be 25 puM against three pathogenic bacteria, namely E. coli
ATCC25922, P. aeruginosa clinical isolate, and ATCC 27853 strain
(Table 1). However, the MIC values of CGD-1 were more than 200 uM
against several Gram-positive bacterial strains, including
Staphylococcus aureus ATCC 25923, B. subtilis ATCC 6633, S.
epidermidis ATCC12228, and E. faecalis ATCC 29212. When compared
with the MIC values of the Gram-positive drug ciprofloxacin, which
were 3.125 pM and 6.25 puM against E. coli and P. aeruginosa,
respectively, CGD-1 showed considerable inhibition against these
Gram-negative bacterial strains, but no inhibition against
Gram-positive strains (up to 100 uM). Additionally, CGD-1 exhibited
antibacterial activity against a P. aeruginosa clinical isolate. It is worth
noting that several antibiotics have been discovered to inhibit
Gram-positive pathogenic bacteria, but there is a dearth of antibiotics
against Gram-negative bacteria. CGD-1 was discovered from
Crassostrea gigas, which thrives in a bacteria-enriched environment.
Studies have shown that macromolecules, such as hemoglobin in the
hemolymph, might be digested by endogenous enzymes and produce
molecules with antibacterial activity to combat bacterial invasion [7].
Table 2 shows that CGD-1 had minimal effect on the lysis of murine
red blood cells. The maximum hemolysis observed was 7.54 = 0.32%
with a concentration of CGD-1 of 250 uM. Cell viability was assessed
in HEK293 cells, and the results indicated that 88.67 * 4.02% of
HEK293 cells survived after treatment with CGD-1 at 125 uM (Table
2). Furthermore, the median inhibitory concentration for cell viability
of CGD-1 was greater than 500 pM. The concentrations of CGD-1 that
resulted in cytotoxicity were much higher than the MIC values,
indicating that CGD-1 exhibits good bacterial selectivity (Table 2).
Some antibacterial peptides possess potent antibacterial effects, but
also exhibit high cytotoxicity and hemolytic activity. For instance,
melittin, a peptide purified from honey bee venom, exhibits both
potent antibacterial activity and vigorous lytic activity against
eukaryotic cells, including red blood cells [27]. The antibacterial
action of melittin is achieved by disrupting the cell membranes.
Similarly, the antibacterial peptide piscidin 1, derived from hybrid
striped bass, exerts strong inhibitory effects on bacteria, as well as on
normal human cell lines [28]. However, the use of melittin and
piscidin 1 is limited due to their cytotoxic effects. In contrast,
defensin-derived peptides exhibit antibacterial activity without
obvious cytotoxicity. CGD-1 shows promise as a biocide candidate
because it possesses antibacterial activity coupled with low cell
toxicity and low hemolytic activity.
Physicochemical structure

properties and  secondary
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characterization of CGD-1

Table 3 presents the physicochemical properties of CGD-1. CGD-1
possesses a net positive charge of + 3, which classifies it as a cationic
peptide. Additionally, CGD-1 has a moderate hydrophobicity of 0.797.
The putative helical structure of CGD-1 is illustrated in Figure 2A,
which demonstrates a stable amphipathic structure consisting of a
positively charged surface and a hydrophobic lateral area. Generally,
antibacterial peptides share several common features that are
associated with their antibacterial activity [29, 30]. One of the most
important features is their positive charge, which facilitates
electrostatic  interactions with negatively charged bacterial
membranes [31]. Another crucial feature is having more than 50%
hydrophobic residues, which are conducive to disrupting the bacterial
membrane. Therefore, the presence of an ordered amphipathic
structure is critical for peptides to exert antibacterial effects [32].
CGD-1 may possess antibacterial activity due to its ordered
amphipathic structure, which consists of positively charged and
hydrophobic side surfaces, in addition to proline residues.

Table 1 Antibacterial activity of Al-hemocidin-1

MIC Value (pug/mL)

Bacteria
CGD-1 ciprofloxacin

E. coli ATCC25922 25 3.125

P. aeruginosa ATCC 27853 25 6.25

P. aeruginosa Clinical isolate 25 6.25

S. aureus ATCC 25923 > 100 3.125

B. subtilis ATCC 6633 > 100 3.125

S. epidermidis ATCC12228 > 100 3.125

E. faecalis ATCC 29212 > 100 6.25

MIC, minimum inhibitory concentration.

Table 2 Cytotoxicity and hemolytic activity of CGD-1

Sample Al-hemocidin-1
MIC® (uM) 25

HC,,” (UM) > 250

Hmax"® 7.54 = 0.32
% Cell viability at 125 uM 88.67 * 4.02
ICso (UM) > 500

SI value® 20

% MIC against P. aeruginosa and E. coli; b HC10 is the
CGD-1concentration induced 10% human erythrocytes lysis; ¢, Hmax
is the percentage of hemolysis treated with 250 uM CGD-1; ¢, IC50 is
the concentration causing half maximal inhibitory effect of HEK293
cell growth; ©, Selectivity index (in vitro) is the ratio of IC50 to MIC;
IC50 taken at the maximum of 500 puM. MIC, minimum inhibitory
concentration.

Table 3 Physicochemical properties of CGD-1

Peptide Sequence Length pl Mw NC H PR/n%
RKSFLSA
3 0,
Al-1 IFIVLLVK 15 11.0 1734.20 +3 0.797 5/33.33%

pl, represents the isoelectric point; NC, represents net charge; H,
represents hydrophobicity; PR, represents polar residues.
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The secondary structure of CGD-1 was determined using CD
spectroscopy in different environments, including a 50% TFE solution
which mimics a hydrophobic environment, and 10 mM phosphate
buffer saline (PBS) [25]. As shown in Figure 2B, CGD-1 adopted a
random coil conformation in an aqueous environment, but displayed
an a-helix conformation in a membrane environment mimicked by the
50% TFE solution. The CD spectrum of the a-helix formation was
consistent with the results demonstrated by the helical wheel diagram
(Figure 2A). The 3D structure of CGD-1 (Figure 2C) was predicted
using I-TASSER. A structure with a high degree of a-helix formation
enables antibacterial peptides to insert into bacterial membranes and
alter the permeability of the bacterial membrane, eventually leading
to bacterial cell lysis [33]. Therefore, CGD-1 exhibited sensitive
antibacterial action through its a-helix structure.

Effects of CGD-1 on bacterial membrane permeability

A common mechanism by which antibacterial peptides inhibit
bacteria is by increasing bacterial membrane permeability. The outer
membrane permeability of CGD-1 was measured using a NPN uptake
assay. After destabilization of the bacterial cell membrane induced by
antibacterial peptides, NPN can insert into the injured membrane and
emit an intense fluorescence signal in the hydrophobic interior of
bacterial membranes [34]. As shown in Figure 3A, 25 uM (1 x MIC)
of CGD-1 caused 61.07 + 6.21% and 65.283 + 3.01% NPN uptake, at
360 s after peptide treatment, in P. aeruginosa and E. coli, respectively.
Furthermore, 75 uM (3 x MIC) of CGD-1 induced 71.84 + 5.07% and
78.22 = 3.65% NPN uptake in P. aeruginosa and E. coli, respectively.
These results indicated that CGD-1 was able to permeabilize the outer
membrane in a dose-dependent manner. The inner cytoplasmic

membrane permeability of CGD-1 was assessed using a
B-galactosidase assay. B-Galactosidase leakage after treatment with
CGD-1 was examined in E. coli (Figure 3B). No absorbance change was
detected in the control cell medium over time. Despite the existence of
multiple mechanisms for antibacterial action, most peptides with an
a-helical conformation have been reported to exert antibacterial
action via interaction with bacterial membranes, which contain
specific membrane components [36, 37]. According to the
self-promoted uptake theory, antibacterial peptides possessing an
a-helix structure interact with the outer acidic surfaces of bacteria by
displacing cations, such as Ca’* and Mg*, thereby generating an
electrostatic association with the cytoplasmic membrane [29].
Subsequently, the antibacterial peptides cause peptide-membrane
lipid aggregates and membrane pores, ultimately resulting in bacterial
cell death [38, 39]. Similar to other hemoglobin-related peptides, such
as bactenecin from bovine sources and SHPAP from skipjack tuna,
CGD-1, possessing a positive net charge and an a-helix structure,
displayed antibacterial activity by permeabilizing bacterial
membranes in a rapid and reproducible manner [28, 35].

PI uptake assay

PL, a fluorescent intercalating agent used for staining DNA, is
commonly used to determine cell death and cell membrane integrity
by flow cytometry [40]. The results of the PI uptake assay are
presented in Figure 4. In the absence of CGD-1, a low level of PI
uptake in P. aeruginosa and E. coli cells was observed, suggesting that
the bacterial cells were surviving with intact cell membranes.
However, the amount of PI uptake in P. aeruginosa and E. coli cells was
significantly increased after treatment with 1 X and 3 X the MIC of

0 (mdeg)

== CGD-1in 40%TFE

C-terminus

CGD-1in PBS

B N-terminus

‘Wavelength (nm)

Figure 2 Secondary structure characterization of CGD-1. (A) Putative Schiffer & Edmundson helical wheel for CGD-1. The neutral residues are
colored gray, polar residues are colored purple, hydrophobic residues are colored yellow, negatively charged hydrophilic residues are colored red,
positively charged hydrophilic residues are colored blue, proline residues are colored green, and glutamine and asparagine are colored pink; (B) CD
spectrum of CGD-1; (C) three-dimensional structure prediction of CGD-1. The colors are meaningless.
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Submit a manuscript: https://www.tmrjournals.com/pr


https://orcid.org/0000-0003-3908-0186
https://doi.org/10.53388/PR202303010

ARTICLE

TMR Pharmacology Research 2023;3(2):10. https://doi.org/10.53388/PR202303010

CGD-1. A dose-dependent increase in PI fluorescence demonstrated
that the P. aeruginosa and E. coli cells were damaged by CGD-1. Taken
together with the results of the membrane permeability assay, CGD-1
was shown to have the ability to permeabilize and disrupt bacterial
cell membranes, resulting in cell integrity damage and cell death.
Most a-helical antibacterial peptides exhibit their antibacterial
function through bacterial membrane attack. One mechanism for the
membrane attack of a-helical antibacterial peptides is the traditional
toroidal model. In this model, it is hypothesized that the lytic pores in
damaged bacterial membranes are attached to the hydrophilic side
chains of peptides, and these are concurrently interacted with the lipid
groups of antibacterial peptides [41, 42]. Recently, an alternative
mechanism for membrane attack induced by a-helical peptides has
been proposed. Based on the results of molecular modelling and
dynamic simulations, it was hypothesized that antibacterial peptides
with an a-helix structure may insert a partial sequence into the
cytoplasmic membrane, ultimately contributing to an arrangement of
tiny and dynamic toroidal pore aggregates, compared with the
putative larger lytic pores in the traditional toroidal model [38, 42].
Both of these hypotheses are based on interactions between
antibacterial peptides and the bacterial membrane, ultimately
resulting in membrane damage and bacterial cell death. The results of
the PI uptake and bacterial membrane permeability assays indicated
that CGD-1 can increase cell membrane permeability, resulting in
damage to cell integrity.

Examination of bacterial morphologic changes by SEM

Cellular damage and morphological changes in E. coli and P.
aeruginosa were assessed using SEM following exposure to CGD-1.
Treatment with CGD-1 resulted in altered bacterial cell morphology.
Specifically, the E. coli cell membrane was partially impaired after
treatment with CGD-1 at 1 x MIC for 1 hour, as shown in Figure 5B,
in contrast to the control (Figure 5A). However, after 3 hours of
co-incubation, ruptured membranes and leakage of cellular
components were observed, as depicted in Figure 5C.

The antibacterial effects of CGD-1 against P. aeruginosa were
observed and documented in Figure 5D-F. After only 1 hour of
treatment with CGD-1, roughness and wrinkling of the bacterial
membrane surface were immediately apparent, as shown in Figure 5E,

in contrast to the smooth and intact appearance of control bacterial
cells (Figure 5D). Furthermore, severe membrane corrugation was
observed after 3 hours of peptide treatment (Figure 5F). Interestingly,
CGD-1 was found to deform not only the cytoplasmic membrane, but
also the outer membranes of P. aeruginosa cells. As depicted in Figure
5D-F, the smooth outer membranes of P. aeruginosa cells became
furrowed after CGD-1 treatment. These results suggest that CGD-1 is
capable of damaging the cellular integrity of bacteria and promoting
significant distortions in cellular morphology. These morphological
changes in the bacterial cell surface caused by CGD-1 are consistent
with the findings of previous studies [43, 44]. The negatively charged
components on the outer acidic surfaces of the bacterial membrane,
such as peptidoglycans and lipopolysaccharides, may bind to the
peptides, causing membrane instability [45]. The results of this study
demonstrate that CGD-1 may exert its antibacterial effect by
permeabilizing and disrupting the bacterial cell membrane integrity.
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Figure 4 CGD-1 affected the membrane integrity of P. aeruginosa
and E. coli. PI uptake is shown with mean fluorescence intensity (MFI)
values. ", P < 0.0001 versus control. PI, Propidium iodide.

Figure 5 Cell morphology changes of E. coli and P. aeruginosa with CGD- treatment 1. (A) control, E. coli cells only; (B) E. coli treated with
CGD-1 at 1 x MIC for 1 h; (C) E. coli treated with CGD-1 at 1 x MIC for 3 h; (D) control, P. aeruginosa cells only; (E) P. aeruginosa treated with
CGD-1 at 1 x MIC for 1 h; (F) P. aeruginosa treated with CGD-1 at 1 X MIC for 3 h. MIC, minimum inhibitory concentration.
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Conclusions

CGD-1 is a defensin-related peptide derived from the marine Chinese

medicine Ostreae concha,

which has been found to exhibit

antibacterial activity against the Gram-negative bacteria E. coli
ATCC25922 and P. aeruginosa ATCC27853, with low hydrolysis
activity and cytotoxicity. In a simulated membrane environment,
CGD-1 formed a representative a-helical structure. The results of the
membrane permeability determination assay and SEM examination
suggested that the potential mechanism for the antibacterial action of

CGD-1 might be the

induction of bacterial cell death by

permeabilizing and disrupting the bacterial membrane. These findings
suggest that defensin-related peptides may serve as a source of
nature-derived biocide agents against pathogenic bacteria.

References

10.

11.

12.

Téné N, Bonnafé E, Berger F, et al. Biochemical and biophysical
combined study of bicarinalin, an ant venom antimicrobial
peptide. Peptides 2016;79:103-113. Available at:
http://doi.org/10.1016/j.peptides.2016.04.001

Ventola CL. The antibiotic resistance crisis: part 1: causes and
threats. Pharm Ther 2015;40(4):277-283. Available at:
https://pubmed.ncbi.nlm.nih.gov/25859123/

World Health Organization. Antimicrobial resistance; 2021.
http://www.who.int/mediacentre/factsheets/fs194/en/
Accessed April 13, 2023.

Peleg AY, Hooper DC. Hospital-Acquired Infections Due to

Gram-Negative Bacteria. N Engl J Med 2010;362(19):1804-1813.

Available at:

http://doi.org/10.1056/NEJMc1006641

World Health Organization. Global priority list of
antibiotic-resistant bacteria to guide research, discovery, and
development of new antibiotics; 2017
https://www.aidsdatahub.org/sites/default/files/resource/who
-global-priority-list-antibiotic-resistant-bacteria.pdf

Accessed April 13, 2023.

Hidron Al, Edwards JR, Patel J, et al. Antimicrobial-Resistant
Pathogens Associated With Healthcare-Associated Infections:
Annual Summary of Data Reported to the National Healthcare
Safety Network at the Centers for Disease Control and
Prevention, 2006-2007. Infect Control Hosp Epidemiol
2008;29(11):996-1011. Available at:
http://doi.org/10.1086,/591861

Wang XW, Wang JX. Crustacean hemolymph microbiota:
Endemic, tightly controlled, and utilization expectable. Mol
Immunol 2015;68(2):404-411. Available at:
http://doi.org/10.1016/j.molimm.2015.06.018

Fredrick WS, Ravichandran S. Hemolymph proteins in marine
crustaceans. Asian Pac J Trop Biomed 2012;2(6):496-502.
Available at:

http://doi.org/10.1016/52221-1691(12)60084-7

Cuthbertson BJ, Deterding LJ, Williams JG, et al. Diversity in
penaeidin antimicrobial peptide form and function. Dev Comp
Immunol 2008;32(3):167-181. Available at:
http://doi.org/10.1016/j.dci.2007.06.009

Destoumieux D, Bulet P, Loew D, Van Dorsselaer A, Rodriguez J,
Bacheére E. Penaeidins, a New Family of Antimicrobial Peptides
Isolated from the Shrimp Penaeus vannamei (Decapoda). J Biol
Chem 1997;272(45):28398-28406. Available at:
http://doi.org/10.1074/jbc.272.45.28398

Destoumieux D, Munoz M, Bulet P, Bachére E. Penaeidins, a
family of antimicrobial peptides from penaeid shrimp
(Crustacea, Decapoda). Cell Mol Life Sci
2000;57(8-9):1260-1271. Available at:
http://doi.org/10.1007/PLO0000764

Smith VJ, Fernandes JMO, Kemp GD, Hauton C. Crustins:
Enigmatic WAP domain-containing antibacterial proteins from
crustaceans. Dev Comp Immunol 2008;32(7):758-772. Available

Submit a manuscript: https://www.tmrjournals.com/pr

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

at:

http://doi.org/10.1016/j.dci.2007.12.002

Relf JM, Chisholm JR, Kemp GD, Smith VJ. Purification and
characterization of a cysteine-rich 11.5-kDa antibacterial
protein from the granular haemocytes of the shore crab,
Carcinus maenas. Eur J Biochem 1999;264(2):350-357.
Available at:
http://doi.org/10.1046/j.1432-1327.1999.00607.x

Runsaeng P, Puengyam P, Utarabhand P. A mannose-specific
C-type lectin from Fenneropenaeus merguiensis exhibited
antimicrobial activity to mediate shrimp innate immunity. Mol
Immunol 2017;92:87-98. Available at:
http://doi.org/10.1016/j.molimm.2017.10.005

Wang XW, Xu JD, Zhao XF, Vasta GR, Wang JX. A Shrimp
C-type Lectin Inhibits Proliferation of the Hemolymph
Microbiota by Maintaining the Expression of Antimicrobial
Peptides. J Biol Chem 2014;289(17):11779-11790. Available at:
http://doi.org/10.1074/jbc.M114.552307

Rosa RD, Vergnes A, de Lorgeril J, et al. Functional Divergence
in Shrimp Anti-Lipopolysaccharide Factors (ALFs): From
Recognition of Cell Wall Components to Antimicrobial Activity.
PLoS One 2013;8(7):e67937. Available at:
http://doi.org/10.1371/journal.pone.0067937

Ren Q, Zhang 7Z, Li XC, et al. Three different
anti-lipopolysaccharide factors identified from giant freshwater
prawn, Macrobrachium rosenbergii. Fish Shellfish Immunol
2012;33(4):766-774. Available at:
http://doi.org/10.1016/j.£51.2012.06.032

Pisuttharachai D, Yasuike M, Aono H, et al. Characterization of
two isoforms of Japanese spiny lobster Panulirus japonicus
defensin c¢DNA. Dev Comp Immunol 2009;33(4):434-438.
Available at:

http://doi.org/10.1016/j.dci.2008.11.007

Zhang HW, Sun C, Sun SS, Zhao XF, Wang JX. Functional
analysis of two invertebrate-type lysozymes from red swamp
crayfish, Procambarus clarkii. Fish Shellfish Immunol
2010;29(6):1066-1072. Available at:
http://doi.org/10.1016/j.£51.2010.08.023

Contreras G, Shirdel I, Braun MS, Wink M. Defensins:
Transcriptional regulation and function beyond antimicrobial
activity. Dev Comp Immunol 2020;104:103556. Available at:
http://doi.org/10.1016/j.dci.2019.103556

Jin L, Bai XW, Luan N, et al. A Designed Tryptophan- and
Lysine/Arginine-Rich Antimicrobial Peptide with Therapeutic
Potential for Clinical Antibiotic-Resistant Candida albicans
Vaginitis. J Med Chem 2016;59(5):1791-1799. Available at:
http://doi.org/10.1021/acs.jmedchem.5b01264
Fernandez-Lopez S, Kim H-S, Choi EC, et al. Antibacterial agents
based on the cyclic d,l-a-peptide architecture. Nature
2001;412(6845):452-455. Available at:
http://doi.org/10.1038/35086601

Lv YF, Wang JJ, Gao H, et al. Antimicrobial Properties and
Membrane-Active Mechanism of a Potential a-Helical
Antimicrobial Derived from Cathelicidin PMAP-36. PLoS One
2014;9(1):e86364. Available at:
http://doi.org/10.1371/journal.pone.0086364

Miao JY, Guo HX, Chen FL, et al. Antibacterial Effects of a
Cell-Penetrating Peptide Isolated from Kefir. J Agric Food Chem
2016;64(16):3234-3242. Available at:
http://doi.org/10.1021/acs.jafc.6b00730

Li CL, Zhu JH, Wang Y, et al. Antibacterial Activity of
Al-Hemocidin 2, a Novel N-Terminal Peptide of Hemoglobin
Purified from Arca inflata. Mar Drugs 2017;15(7):205. Available
at:

http://doi.org/10.3390/md15070205

Lopez-Abarrategui C, McBeth C, Mandal SM, et al. Cm-p5: an
antifungal hydrophilic peptide derived from the coastal mollusk
Cenchritis muricatus (Gastropoda: Littorinidae). FASEB J
2015;29(8):3315-3325. Available at:


https://orcid.org/0000-0003-3908-0186
http://www.who.int/mediacentre/factsheets/fs194/en/
https://www.aidsdatahub.org/sites/default/files/resource/who-global-priority-list-antibiotic-resistant-bacteria.pdf
https://www.aidsdatahub.org/sites/default/files/resource/who-global-priority-list-antibiotic-resistant-bacteria.pdf
https://doi.org/10.53388/PR202303010

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

ARTICLE

TMR Pharmacology Research 2023;3(2):10. https://doi.org/10.53388/PR202303010

http://doi.org/10.1096/fj.14-269860

Asthana N, Yadav SP, Ghosh JK. Dissection of Antibacterial and
Toxic Activity of Melittin. J Biol Chem
2004;279(53):55042-55050. Available at:
http://doi.org/10.1074/jbc.M408881200

Seo JK, Lee MJ, Jung HG, Go HJ, Kim YJ, Park NG.
Antimicrobial function of SHBAP, a novel hemoglobin f
chain-related antimicrobial peptide, isolated from the liver of
skipjack tuna, Katsuwonus pelamis. Fish Shellfish Immunol
2014;37(1):173-183. Available at:
http://doi.org/10.1016/j.£5i.2014.01.021

Jenssen H, Hamill P, Hancock REW. Peptide Antimicrobial
Agents. Clin Microbiol Rev 2006;19(3):491-511. Available at:
http://doi.org/10.1128/CMR.00056-05

Dathe M, Wieprecht T. Structural features of helical
antimicrobial peptides: their potential to modulate activity on
model membranes and biological cells. Biochim Biophys Acta
1999;1462(1-2):71-87. Available at:
http://doi.org/10.1016/S0005-2736(99)00201-1

Bin Hafeez A, Jiang XK, Bergen PJ, Zhu Y. Antimicrobial
Peptides: An Update on Classifications and Databases. Int J Mol
Sci 2021;22(21):11691. Available at:
http://doi.org/10.3390/ijms222111691

Dathe M, Wieprecht T. Structural features of helical
antimicrobial peptides: their potential to modulate activity on
model membranes and biological cells. Biochim Biophys Acta
1999;1462(1-2):71-87. Available at:
http://doi.org/10.1016/S0005-2736(99)00201-1

Izadpanah A, Gallo RL. Antimicrobial peptides. J Am Acad
Dermatol 2005;52(3):381-390. Available at:
http://doi.org/10.1016/j.jaad.2004.08.026

Phadke SM, Lazarevic V, Bahr CC, et al. Lentivirus Lytic Peptide
1 Perturbs both Outer and Inner Membranes of Serratia
marcescens. Antimicrob Agents Chemother
2002;46(6):2041-2045. Available at:
http://doi.org/10.1128/AAC.46.6.2041-2045.2002

Skerlavaj B, Romeo D, Gennaro R. Rapid membrane
permeabilization and inhibition of vital functions of
gram-negative bacteria by bactenecins. Infect Immun
1990;58(11):3724-3730. Available at:
http://doi.org/10.1128/iai.58.11.3724-3730.1990

Matsuzaki K, Sugishita K, Fujii N, Miyajima K. Molecular Basis
for Membrane Selectivity of an Antimicrobial Peptide, Magainin
2. Biochemistry 1995;34(10):3423-3429. Available at:
http://doi.org/10.1021/bi00010a034

Submit a manuscript: https://www.tmrjournals.com/pr

37.

38.

39.

40.

41.

42.

43.

44,

45.

Ramamoorthy A, Lee DK, Narasimhaswamy T, Nanga RPR.
Cholesterol reduces pardaxin’s dynamics-a barrel-stave
mechanism of membrane disruption investigated by solid-state
NMR. Biochim Biophys Acta 2010;1798(2):223-227. Available
at:

http://doi.org/10.1016/j.bbamem.2009.08.012

Sengupta D, Leontiadou H, Mark AE, Marrink SJ. Toroidal pores
formed by antimicrobial peptides show significant disorder.
Biochim Biophys Acta 2008;1778(10):2308-2317. Available at:
http://doi.org/10.1016/j.bbamem.2008.06.007

Neville F, Cahuzac M, Konovalov O, et al. Lipid Headgroup
Discrimination by Antimicrobial Peptide LL-37: Insight into
Mechanism of Action. Biophys J 2006;90(4):1275-1287.
Available at:

http://doi.org/10.1529/biophys;j.105.067595

Scocchi M, Mardirossian M, Runti G, Benincasa M.
Non-Membrane Permeabilizing Modes of Action of
Antimicrobial Peptides on Bacteria. Curr Top Med Chem
2015;16(1):76-88. Available at:
http://doi.org/10.2174/1568026615666150703121009
Matsuzaki K, Murase O, Fujii N, Miyajima K. An Antimicrobial
Peptide, Magainin 2, Induced Rapid Flip-Flop of Phospholipids
Coupled with Pore Formation and Peptide Translocation.
Biochemistry 1996;35(35):11361-11368. Available at:
http://doi.org/10.1021/bi960016v

Huang HW. Free Energies of Molecular Bound States in Lipid
Bilayers: Lethal Concentrations of Antimicrobial Peptides.
Biophys J 2009;96(8):3263-3272. Available at:
http://doi.org/10.1016/j.bpj.2009.01.030

Mine Y, Ma F, Lauriau S. Antimicrobial Peptides Released by
Enzymatic Hydrolysis of Hen Egg White Lysozyme. J Agric Food
Chem 2004;52(5):1088-1094. Available at:
http://doi.org/10.1021/jf0345752

Lee NK, Jin Han E, Jun Han K, Paik HD. Antimicrobial Effect of
Bacteriocin KU24 Produced byLactococcus lactiskU24 against
Methicillin-ResistantStaphylococcus ~ aureus. J Food  Sci
2013;78(3):M465-M469. Available at:
http://doi.org/10.1111/1750-3841.12053

Piers KL, Brown MH, Hancock RE. Improvement of outer
membrane-permeabilizing and  lipopolysaccharide-binding
activities of an antimicrobial cationic peptide by C-terminal
modification. Antimicrob Agents Chemother
1994;38(10):2311-2316. Available at:
http://doi.org/10.1128/AAC.38.10.2311


https://orcid.org/0000-0003-3908-0186
https://doi.org/10.53388/PR202303010

	Introduction
	The use of antibiotics is leading to an increase i
	Antibacterial peptides, also known as host defense
	Ostreae concha, a marine Chinese medicine, was fir
	This study aimed to evaluate the antibacterial act
	Materials and methods
	Materials
	Fetal bovine serum, Luria-Bertani (LB) broth, and 
	Peptide synthesis
	CGD-1 was synthesized by Shanghai GL Biochem Ltd. 
	Antibacterial spectrum of CGD-1
	The antibacterial activity of CGD-1 was assessed a
	Hemolytic and cell viability assays
	Following the previously described method, erythro
	Figure 1 The purity confirmation of AI-hemocidin 1
	Membrane permeability assay
	P. aeruginosa and E. coli bacteria were utilized t
	% NPN uptake  =  (Aobs − A0)/(A100 − A0) × 100
	In this equation, Aobs represents the fluorescence
	To determine the permeability of the E. coli inner
	Effects on the bacterial membrane integrity
	To examine the bacterial membrane integrity, a PI 
	Bacterial membrane damage detection by scanning el
	The bacterial cells were suspended and their densi
	Physicochemical characterization and secondary str
	The physicochemical parameters of CGD-1 were analy
	Statistical analysis
	Statistical analysis was conducted using GraphPad 
	Results and discussion
	Bioactivity evaluation of CGD-1
	The antibacterial activity was investigated, and t
	Table 2 shows that CGD-1 had minimal effect on the
	Physicochemical properties and secondary structure
	Table 3 presents the physicochemical properties of
	Table 1 Antibacterial activity of AI-hemocidin-1
	MIC, minimum inhibitory concentration.
	Table 2 Cytotoxicity and hemolytic activity of CGD
	a, MIC against P. aeruginosa and E. coli; b, HC10 
	Table 3 Physicochemical properties of CGD-1
	pI, represents the isoelectric point; NC, represen
	The secondary structure of CGD-1 was determined us
	Effects of CGD-1 on bacterial membrane permeabilit
	A common mechanism by which antibacterial peptides
	PI uptake assay
	PI, a fluorescent intercalating agent used for sta
	Figure 2 Secondary structure characterization of C
	Figure 3 Bacterial membrane permeability effect of
	CGD-1. A dose-dependent increase in PI fluorescenc
	Examination of bacterial morphologic changes by SE
	Cellular damage and morphological changes in E. co
	The antibacterial effects of CGD-1 against P. aeru
	Figure 5 Cell morphology changes of E. coli and P.
	Conclusions
	CGD-1 is a defensin-related peptide derived from t
	References

