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Antimicrobial activity and mechanism of peptide
CM4 against Pseudomonas aeruginosa†
Jian-Feng Li, *‡a Jia-Xin Zhang,‡b Guo Li,‡c Yan-Yan Xu,a Kai Lu,d
Zhi-Guo Wang *a and Jun-Ping Liu*a
Antibacterial peptide CM4 (ABP-CM4) is a small cationic peptide with broad-spectrum activities against
bacteria, fungi and tumor cells and may possibly be used as an antimicrobial agent. In this study, a
C-terminal amidated antibacterial peptide ABP-CM4 (ABP-CM4N) with the strongest antibacterial activity
was obtained through screening the antibacterial activities of ABP-CM4 with diﬀerent modiﬁcations. The
minimal inhibitory concentration of ABP-CM4N was 8 µM against P. aeruginosa (ATCC 27853) which was
lower than that of ABP-CM4 (16 µM). The strengthened antimicrobial activity of ABP-CM4N may be
associated with the increased membrane binding capacity, being two times that of ABP-CM4 ( p < 0.001).
The antibacterial mechanism of ABP-CM4N to Pseudomonas aeruginosa was examined by means of cell
membrane integrity analysiss, the intracellular ultrastructure change observation and E. coli genomic DNA
binding assay. It was found that ABP-CM4N had the same antimicrobial mechanism as ABP-CM4, and the
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aim of the antimicrobial mechanism was mainly to destroy the cell membrane which caused nucleic acid

DOI: 10.1039/d0fo01031f

or protein leakage, and secondly to interact with E. coli genomic DNA after penetrating the cell membrane. Furthermore, in vitro ABP-CM4N showed a better bacteriostatic activity in meats, with the treated
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samples showing two to three times less positive colonies than ABP-CM4.

1.

Introduction

Foodborne pathogens have posed a serious threat to public
health and have led to large economic losses in food
storage.1–3 The most common bacteria associated diseases are
foodborne illnesses, urinary tract infections, sexually transmitted infections, and healthcare-associated infections.4 Thus,
foods that are safe and minimally processed are in high
demand. Such demands call for better, more eﬃcient antimicrobial sources of biological preservatives that prevent food
contamination.5 Antibacterial peptides (ABPs) have received

a

Institute of Aging Research, School of Medicine, Hangzhou Normal University,
Hangzhou, Zhejiang Province 311121, China. E-mail: lijianfeng@hznu.edu.cn;
Fax: +86 571 28861733, +86 571 28861559; Tel: +86 571 28861733,
+86 571 28861559
b
School of Food Science and Pharmaceutical Engineering, Nanjing Normal
University, Nanjing 210046, China
c
Department of Biochemistry and Molecular Biology and Key Laboratory of Molecular
Biology, School of Basic Medicine and Life Sciences, Hainan Medical College,
Haikou, 571199, China
d
School of Medicine, Wenzhou Medical College, Wenzhou, Zhejiang Province 325035,
China
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0fo01031f
‡ These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2020

increasing interest due to the emergence of bacterial resistance
and the potential toxicity of chemical food preservatives.6–8
ABP-CM4, a small cationic peptide composed of 35 amino
acid residues isolated from the hemolymph of the silkworm
Bombyx mori, belongs to the cecropins family. Compared with
traditional antibiotics, ABP-CM4 has broad-spectrum activities
against bacteria, fungi and tumors by permeabilizing the cell
membranes while remaining nontoxic to mammalian cells.9–11
Therefore, ABP-CM4 seldom causes bacterial resistance.
Because of these potential advantages of ABP-CM4, it could be
used as a new food preservative. However, ABP-CM4 lacks tertiary structure in water-like solutions and has a relatively high
content of arginine and lysine (up to 5%), which may ultimately weaken its development as antimicrobial agents.12 To
improve the physiological stability or bioavailability of ABPs,
the modification and design are the hotspots of ABP research.
In fact, more than half of the known ABPs are naturally modified. The most common modification or design are as follows:
(i) synthesis of hybrid peptides, which is a simple and eﬀective
strategy to design novel ABPs, combining the advantages of
diﬀerent native peptides;13,14 (ii) addition of consecutive positively charged amino acids, which can enhance the antibacterial eﬃcacy;15 (iii) N-terminal acylation of derivatives, which
can disturb the lipid-packing more eﬃciently and result in
higher lytic activity;16,17 and (iv) C-terminal amidation, which
can enhance the antibacterial eﬃcacy without increasing the
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lytic ability.18,19 However, which modification or design could
enhance the antimicrobial activity of ABP-CM4 is still
unknown.
In this study, the antibacterial activity of ABP-CM4 with
diﬀerent modification was tested by agar well diﬀusion assay
or by the microbroth dilution method. Based on this, the
modified ABP-CM4 with the strongest antibacterial activity was
selected to examine the mechanism of action towards
Pseudomonas aeruginosa, including membrane binding
capacity analysis by flow cytometry and confocal laser scanning microscopy, cell membrane integrity or morphological
change analysis using a bacterial viability kit and scanning
electron microscopy, and the intracellular ultrastructure
change analysis by transmission electron microscopy and DNA
gel retardation. The aim of this work is mostly directed to
evaluate the antibacterial activity of these peptides in cells in
order to propose them as novel food preservatives. For this
reason, these peptides have been synthesized and not extracted
from the hemolymph of the silkworm or produced by the
E. coli system. This study would help in the development of
eﬃcient
antimicrobial antibiotics
and novel food
preservatives.

2. Materials and methods
2.1

Reagents and bacteria

Natural ABP-CM4, hybrid peptide P1 (CM4-MA, derived from
ABP-CM4 amino acid residues 1–8 and magainin II amino acid
residues 1–12), hybrid peptide P2 (CM4-ME, derived from
ABP-CM4 amino acid residues 1–8 and melittin amino acid
residues 3–9), modified peptide P3 (AcNH-CM4, N-terminal
acetylation), modified peptide P4 (KKKKKK-CM4, N-terminal
adds six positively charged lysines) and ABP-CM4N (C-terminal
amidation) were manufactured by GenScript (Nanjing, China)
by solid state synthesis and purified by HPLC to purity greater
than 95% (ESI Table S1†). Aspergillus niger (AS 3.3928),
Penicillium chrysogenum (AS 3.564) and P. aeruginosa (ATCC
27853) were obtained from the Institute of Microbiology
Chinese Academy of Sciences (IMCAS). E. coli K12D31 was conserved by our laboratory. All reagents used were of analytical
grade and commercially available. The Petrifilm aerobic count
(AC) plates were obtained from 3M Microbiology (MN, USA).
2.2

Antimicrobial activity and cytotoxicity assay

The antimicrobial activity assay of ABPs were performed by
agar well diﬀusion method20 or by the microbroth dilution
method21 using E. coli K12D31, P. aeruginosa (ATCC 27853),
Penicillium chrysogenum, and Aspergillus niger. Briefly, 105–106
colony forming units (CFU) mL−1 suspended in 100 μL growth
medium was mixed well with 50 μL recombinant peptide solution in a microtiter plate with three replicates for each test
solution. Then 10 mM PBS ( pH 7.4) or ddH2O was added as
the negative control. Two-fold serial dilutions of peptides were
prepared with a gradient concentration. A 100 μL cell suspension with diﬀerent concentrations of ABPs was added to
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96-well cell plates, and the microbial growth was assessed by
measuring the optical density at 600 nm after 16 h incubation
at 37 °C. The minimal inhibitory concentration (MIC) was
defined as the lowest concentration of peptide at which there
was no change in the optical density.22 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) colorimetric
assay was used to detect cytotoxic activity towards HEK-293
cells.9 Briefly, 105 cells per well were seeded in 96-well plates
and incubated with diﬀerent concentrations of ABP-CM4 or
ABP-CM4N (0, 10, 20, 40 and 80 μM) for 24 h. Then 20 μL of
5 mg mL−1 MTT was added to each well and the plates were
incubated at 37 °C for 4–8 h. After removing the supernatant,
200 μL of dimethyl sulfoxide was added to dissolve the formazan product that remained in the wells. After 30 min the absorbance was measured with a Multiskan FC Microplate Reader
(Thermo Scientific, USA) at a test wavelength of 570 nm. The
results were recorded by averaging at least three repeated
experiments and the viability of the control cells was taken as
100% cell survival.
2.3

Localization and membrane binding capacity analysis

The intracellular localization of FITC-labeled peptides was
investigated using a Zeiss LSM-710 confocal microscope with
63× lens. The experiment was performed according to reported
method with some modifications.23 P. aeruginosa (ATCC
27853) was pre-cultured and suspended in LB broth to an
optical density (OD600) of 0.4. Bacteria were harvested and
washed three times with PBS, and cell suspension was incubated in the absence and presence of FITC-labeled peptides
(final concentration of 8 μM) at 37 °C for 30 min. After incubation, the cells were collected and washed twice with 10 mM
PBS ( pH 7.4). The bacteria were then immobilized on a glass
slide and analyzed immediately by confocal laser scanning
microscopy. The membrane binding capacity of FITC-labeled
peptides were detected by flow cytometry. Fluorescent images
and fluorescence intensity were obtained with a 488 nm bandpass filter for excitation of FITC.
2.4

Cell membrane integrity analysis

To corroborate the CFU results, the LIVE/DEAD BacLight™
bacterial viability kit (Invitrogen, Shanghai, China) was used
to determine the viability of biofilm cells of P. aeruginosa
(ATCC 27853) on 316-L stainless steel coupons.24 Following a
24 h period of growth, each Petri dish with coupons was
washed three times with PBS. ABPs were added at a final concentration of 8–16 μM and further incubated with P. aeruginosa
(ATCC 27853) biofilms at 37 °C without shaking for 60 min.
Then, the cells were washed with PBS and stained for
15–20 min in the dark using the LIVE/DEAD® BacLight™ bacterial viability kit. The stained biofilm samples were examined
with an Axio Imager M1 fluorescence microscope (Carl Zeiss
Inc., Berlin, Germany). Live bacteria were stained with the
SYTO 9 green fluorescent nucleic acid stain and dead bacteria
were stained with propidium iodide red fluorescent dye. At
least five randomly selected spots were examined for each
sample.25 The experiment for determining the total nucleotide

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 14 July 2020. Downloaded by THE LIBRARY OF HANGZHOU NORMAL UNIVERSITY on 11/6/2020 6:27:53 AM.

Food & Function
or protein leakage was performed according to the reported
method with some modifications.26 P. aeruginosa (ATCC
27853) was harvested, washed twice, and resuspended in PBS
to a final optical density (OD600) of 0.4. The antimicrobial
peptide was added and incubated at 37 °C for various time
periods. The cultures were then centrifuged to remove the
P. aeruginosa cells. The OD value of the supernatant at 260 nm
was recorded. And the total protein leakage in the supernatant
after 12 000 rpm centrifugation was assayed by SDS-PAGE.
2.5 Morphological and ultrastructure change in AMP-treated
bacteria
The morphological change of AMP-treated bacteria was investigated using a scanning electron microscope (SEM).27 The
experiment was performed according to reported method with
some modifications.28 P. aeruginosa (ATCC 27853) was pre-cultured and suspended in LB broth to an optical density
(OD600) of 0.4. Bacteria were harvested and washed three
times with PBS, and resuspended in 20 mM Tris-HCl ( pH 8.0)
containing 16 μM of ABP-CM4 or ABP-CM4N. After incubation
for 60 min at 37 °C, the bacteria were harvested, washed three
times with PBS and resuspended in the same buﬀer. The cell
suspensions were placed on glass slides and fixed with 2.5%
glutaraldehyde and 1% osmium acid. The glass slides were
washed with 0.1 M phosphate buﬀer ( pH 8.0), dehydrated in a
graded ethanol series, dried to the critical point under CO2
with a JCPD-5 (JEOL Ltd Tokyo, Japan), and sputter-coated
with platinum in a JFC-1800 ion beam sputterer (JEOL Ltd).
Bacteria were observed at 15 kV on a JSM-5610LV field emission scanning electron microscope (JEOL Ltd). The morphological changes in AMP-treated bacteria were further investigated using a transmission electron microscope (TEM).29,30
P. aeruginosa (ATCC 27853) was pre-cultured and suspended in
LB broth to an optical density (OD600) of 0.4. The bacteria
were harvested and washed three times with PBS. Sections of
P. aeruginosa (ATCC 27853) were prepared after 60 min of incubation in 20 mM Tris-HCl ( pH 8.0, negative control) or 16 μM
ABPs; the samples were then fixed with 4% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buﬀer, post-fixed with 1%
osmium tetroxide followed by 1% uranyl acetate, dehydrated
through a graded series of ethanol, and embedded in
EPON-812 (Sigma, USA). Ultra-thin sections were stained with
uranyl acetate and then with lead citrate, and the sections
were viewed under an H-600-II transmission electron
microscope.
2.6

E. coli genomic DNA gel mobility shift assay

The DNA gel mobility shift assay was performed as described
with some modifications. 100 ng P. aeruginosa genomic DNA
was mixed with ABPs in 20 μL binding buﬀer (5% glycerol,
10 mM Tris/HCl, 1 mM EDTA, 1 mM DTT, 20 mM KCl and
50 μg mL−1 BSA), and the weight ratio of peptide/DNA were 0,
0.1, 0.2, 0.4, 0.8, 1.0, and 2.0. The reaction mixtures were incubated at room temperature for 60 min prior to gel electrophoresis in 0.8% agarose gel. Gel retardation was visualized under
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UV illumination using a Gel imaging system (Bio-Rad,
Hercules, CA, USA).
2.7

Molecular simulation

The structures of ABP-CM4 and ABP-CM4N were generated
through homology modeling using the I-TASSER server31 and
subjected to energy minimization for structural optimization.
The crystal structure of DNA (PDB ID: 453D) was used after
removing the bound E9625 compound to obtain pure DNA.32
The binding conformations of ABPs and DNA were predicted
using a HDOCK web server based on a hybrid docking algorithm (http://hdock.phys.hust.edu.cn/).33 The binding complexes of ABP-CM4-DNA and ABP-CM4N-DNA were further subjected to molecular dynamics (MD) simulations to investigate
their binding stabilities. AMBER ﬀ14SB and parmbsc1 force
fields were applied to ABPs and DNA, respectively. MD simulations were performed using AMBER 12 software34 according
to a previously reported procedure.35
2.8

Inhibition of bacteria in meats

The fresh meat samples of beef (from Inner Mongolia, China)
and pork (from Shandong, China) were obtained from WalMart in the city of Hangzhou. The ultraviolet irradiated
samples were cut into about 1 cm3 pieces, and treated with
10 mM sterile PBS and 16 µM ABPs for 30 min on a clean
bench, respectively. Then all samples were exposed to environmental microbes and kept at room temperature. The samples
(2.5g) were taken at 0 h and 24 h after treatment, diluted with
22.5 mL sterile PBS (10−1) in a sterile flask and homogenized
by manual shaking. Decimal dilutions of the samples to be
tested up to 1 : 1000 (10−2–10−4) were prepared using sterile
PBS. From each dilution of samples, 0.5 mL aliquots were
plated on Petrifilm AC plates following the method recommended by the manufacturer. After incubation at 35 ± 1 °C
for 48 ± 3 h, the plates containing 25–250 red colonies were
selected, the colonies were counted, and the average number
of CFU mL−1 was determined.
2.9

Statistical analysis

All of the tests were performed in triplicate. The values are
expressed as mean ± standard error (mean ± SE). Statistical
analyses were performed using one-way ANOVA, using SPSS
software (SPSS Inc., Chicago, IL, USA). The Tukey test was used
to determine the level of significance ( p < 0.05).36

3. Results and discussion
3.1

Antimicrobial activity assay

The antimicrobial activity of the ABP-CM4, P1, P2, P3, P4 and
ABP-CM4N were evaluated by agar well diﬀusion assay. As
shown in Fig. S1† and Fig. 1A, hybrid peptide P2 and modified
peptide P4 showed no anti-Pseudomonas aeruginosa activity.
The result from P4 indicates that the position rather than the
number of positively charged residue aﬀects the biophysical
properties and selectivity of the peptide.37 ABP-CM4, hybrid
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Fig. 1 The bioactivity of the peptides against P. aeruginosa ATCC 27853. (A) Inhibition zone assay of the bioactivity of ABP-CM4 (16 µM) and
ABP-CM4N (8 µM) in comparison to the control treatment with PBS buﬀer and 20 mM Tris solution ( pH 8.0). (B) The survival percentage of
P. aeruginosa ATCC 27853 under diﬀerent peptide concentrations. Data points present mean ± SE (n = 3) of three independent experiments.

peptide P1, modified peptide P3 and ABP-CM4N (C-amidation)
have anti-Pseudomonas aeruginosa activity, but the antimicrobial activity is quite diﬀerent, and only ABP-CM4N could
enhance the antimicrobial activity of ABP-CM4. The antimicrobial activity of the ABPs were further evaluated by determining their MICs against two pathogenic bacteria (E. coli
K12D31 and P. aeruginosa ATCC 27853) and two spoilage fungi

Table 1 The minimal inhibitory concentration of ABP-CM4 and its
derivative peptides towards selected microorganisms. The determinations of the MIC was carried out in triplicate (n = 3)

Minimum inhibitory concentrationa (µM)
Microorganisms E. coli K12D31 P. aeruginosa P. chrysogenum A. niger
ABP-CM4
P1
P2
P3
P4
ABP-CM4N

12a
128a
>128a
32a
>128a
5b

16a
160b
>256a
64a
>256a
8a

a

20b
>256a
>256a
128a
>256a
20b

5b
>256a
>256a
256a
>256a
5b

The MIC of the peptides was determined by the microbroth dilution
method with the gradient peptide concentrations of 512, 256, 128, 64,
32, 16, and 8 μM. b The MIC of the peptides was determined by the
microbroth dilution method with the gradient peptide concentrations
of 320, 160, 80, 40, 20, 10, and 5 μM.

(A. niger AS 3.3928 and P. chrysogenum AS 3.564) pertinent to
food. This was consistent with the agar well diﬀusion assay
and ABP-CM4N exhibited a stronger antibacterial activity than
other antimicrobial peptides against P. aeruginosa ATCC 27853
and E. coli K12D31 (Table 1). However, ABP-CM4N did not
enhance the antifungal activity, and the MIC against
P. chrysogenum and A. niger was similar with ABP-CM4 (20 µM
and 5 µM, respectively). In addition, the antifungal activity of
other peptides (P1, P2, P3 and P4) was lower than those of
ABP-CM4 and ABP-CM4N. It was found that ABP-CM4N exhibited a stronger anti-Pseudomonas aeruginosa activity than
ABP-CM4 (Fig. 1), but its antibacterial mechanism is still
unclear, so we further studied the possible anti-Pseudomonas
aeruginosa mechanism of ABP-CM4N.
3.2

Localization and membrane binding capacity analysis

To visualize the cell localization of peptides in P. aeruginosa
ATCC 27853, FITC-labeled peptides were cultured with
P. aeruginosa ATCC 27853 for 30 min. As shown in Fig. 2A,
there is no diﬀerence in the cell localization of FITC-CM4N
and FITC-CM4. Most of the FITC-labeled antimicrobial peptides are located on the cell membrane, and a small fraction of
FITC-ABPs could penetrate the cell membranes and accumulate in the cytoplasm of P. aeruginosa ATCC 27853. However
the results of confocal microscopy (Fig. 2A) show that

Fig. 2 Confocal laser scanning microscopy images showing localization and membrane binding capacity of ABPs (A) and their ﬂow cytometry
proﬁles (B). The peptide concentration of FITC-labeled ABP-CM4 or ABP-CM4N was 8 µM. Each value is expressed as the mean ± SE (n = 3) of three
independent experiments. The average ﬂuorescence intensity of the cells treated with FITC-CM4 or FITC-CM4N was 1986 ± 14 and 4681 ± 29 ( p <
0.001).
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FITC-CM4N exhibited a stronger membrane binding ability
than FITC-CM4 at the same concentration (identified by
SDS-PAGE, ESI Fig. S2†). Furthermore flow cytometric analysis
also confirmed this result (Fig. 2B), and the average fluorescence intensity of cells treated with FITC-CM4 or
FITC-CM4N was 1986 ± 14 and 4681 ± 29 ( p < 0.001), respectively. These results suggest that the strengthened antimicrobial
activity of ABP-CM4N may be associated with the increased
membrane binding capacity. And this is consistent with the literature which reported that amidation could stabilize helix formation and generate higher local concentrations of peptide at
the bilayer interface, which in turn would be predicted to
increase eﬃcacy.19
3.3

Cell membrane integrity analysis

To corroborate the CFU results of biofilm killing, the control
and ABP treated biofilm samples were analyzed using LIVE/
DEAD staining. The cells in the untreated control were healthy
(green), killing was observed (red) upon the addition of ABPs
(Fig. 3). Consistent with CFU data, the LIVE/DEAD images also

Fig. 3

Paper
showed a stronger antimicrobial activity when the samples
were treated with ABP-CM4N than with ABP-CM4 (Fig. 3). To
further investigate the integrity of the cell membrane, we
measured the total nucleotide or protein leakage by ultraviolet
absorption or SDS-PAGE. The result shows that both ABP-CM4
and ABP-CM4N could cause nucleic acid (ESI Fig. S3†) or
protein (ESI Fig. S4†) leakage from the cell. The amount of
nucleotide and total protein leakage were increased after
approximately 0.5 h of peptide treatment.

3.4

Morphological change in ABP-treated bacteria

The cell morphology of ABP treated P. aeruginosa ATCC 27853
was observed by scanning electron microscopy (SEM) analysis.
The PBS treated P. aeruginosa ATCC 27853 (Fig. 4) showed
normal morphologies with smooth and complete cell membrane; however, the surface of ABP-CM4 or ABP-CM4N treated
bacteria were damaged, formed surface aggregates and had a
deformed appearance with holes (Fig. 4). These results
suggested that an interaction occurs between positively

Fluorescence microscopy images showing cell membrane integrity. The peptide concentration of ABP-CM4 or ABP-CM4N was 8–16 µM.

Fig. 4 Images showing morphological changes in ABP-CM4 or ABP-CM4N treated bacteria. The peptide concentration of ABP-CM4 or ABP-CM4N
was 16 µM.

This journal is © The Royal Society of Chemistry 2020

Food Funct., 2020, 11, 7245–7254 | 7249

View Article Online

Published on 14 July 2020. Downloaded by THE LIBRARY OF HANGZHOU NORMAL UNIVERSITY on 11/6/2020 6:27:53 AM.

Paper
charged peptides and negatively charged lipid membrane,
leading to membrane pore formations.38
3.5

ultrastructure changes in ABP-treated E. coli bacteria

In TEM photographs, the cell wall, cell membrane and
nucleoid are clearly seen in PBS treated P. aeruginosa ATCC
27853 (Fig. 5A), while cell walls of ABP-CM4 or ABP-CM4N
treated P. aeruginosa ATCC 27853 were degraded and the cell
membrane became ruptured. With the prolongation of the
action time of ABPs the nucleoid of P. aeruginosa ATCC 27853
widened and the protoplasm leaked, which lead to irregular or
ruptured shape of bacteria (Fig. 5B and C). In addition, inner
vacuoles were observed in ABP treated cells while they are
rarely seen in control cells. These results suggested that
ABP-CM4 or ABP-CM4N could penetrate the cell membrane of

Food & Function
P. aeruginosa ATCC 27853 and cause a series of ultrastructure
changes.
3.6 E. coli genomic DNA gel mobility shift assay and
molecular simulation
To determine if ABPs can bind P. aeruginosa ATCC
27853 genomic DNA, a gel retardation assay was performed.
The electrophoretic mobility of unrestricted genomic DNA
treated with peptides was analyzed on agarose gel. The
migration of DNA was retarded as the quantity of ABP-CM4 or
ABP-CM4N binding to DNA increased, and when the weight
ratio of ABPs to DNA was 1, the migration was totally inhibited,
as shown in Fig. 6. MD simulations of the binding complexes
of ABP-CM4-DNA and ABP-CM4N-DNA achieved equilibration
as indicated by their structural root-mean-square deviations

Fig. 5 Images showing ultrastructure changes in ABP-treated E. coli bacteria. (A) Normal ultrastructure of E. coli. (B) Ultrastructure of E. coli treated
with ABP-CM4. (C) Ultrastructure of E. coli treated with ABP-CM4N. The peptide concentration of ABP-CM4 or ABP-CM4N was 16 µM.

Fig. 6 Photograph showing E. coli genomic DNA gel mobility shift. Mixture of DNA with various amounts of ABP-CM4 or ABP-CM4N, and the
weight ratio ( peptide: DNA) are: 0, 0.1, 0.2, 0.4, 0.8, 1.0, and 2.0.
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Fig. 7
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Illustration of MD-equilibrated conformations of ABP-CM4-DNA and ABP-CM4N-DNA binding complexes.

(RMSDs) (ESI Fig. S5†). The equilibrated binding conformations showed that both ABP-CM4 and ABP-CM4N bound to
the DNA minor groove by forming intermolecular hydrogen
bonds (Fig. 7). The N-terminal cationic residues of both ABPs
contributed the most to the binding, with Arg1 forming hydrogen bonds with the cytosine base and the deoxyribose group of
DNA C15 and Lys3 forming hydrogen bonds with the phospholipid backbone of DNA (Fig. 7). ABP-CM4N formed additional
hydrogen bonds with the phospholipid backbone of DNA

using the polar residues Gln13 and Asn14 (Fig. 7). The structural features listed in Table 2 indicated that the intermolecular hydrogen bonds were highly stabile and should play
a major contributing role in the binding.
The result of DNA-binding aﬃnity suggested that
ABP-CM4N can interact with P. aeruginosa ATCC
27853 genomic DNA after penetrating the cell membrane, and
C-terminal amidation has no eﬀect on genomic DNA binding.

3.7
Table 2

Hydrogen bonds between/ABP-CM4/ABP-CM4N and DNA
a

b

c

Model

H-Acceptor

H-Donor

Ocpy

Dis

Ang

CM4-DNA

A17@OP1
C15@O2

Lys3@H Lys3@N
Arg1@HH12
Arg1@NH1
Arg1@HH22
Arg1@NH2
Arg1@HH22
Arg1@NH2
Lys3@HZ3
Lys3@NZ
Arg1@HH12
Arg1@NH1
Lys3@H Lys3@N
Asn14@HD22
Asn14@ND2
Arg1@HH22
Arg1@NH2
Arg1@HH22
Arg1@NH2
Gln13@HE22
Gln13@NE22

99.30
99.20

2.92
2.87

161.89
156.16

89.21

3.08

142.52

52.55

3.09

131.33

30.97

2.80

157.65

99.30

2.86

157.73

99.00
95.00

2.92
2.86

162.33
161.40

90.21

3.11

141.35

58.64

3.09

131.63

42.96

2.92

160.41

C15@O2
C15@O4′
A18@OP1
CM4N-DNA

C15@O2
A17@OP1
A17@OP2
C15@O2
C15@O4′
G16@OP1

a

Hydrogen bond occupancy across the MD simulation (%). b Time
averaged hydrogen bond length (Å). c Time averaged hydrogen bond
angle in (°).

This journal is © The Royal Society of Chemistry 2020

Inhibition of bacteria in meats

Microorganisms are one of the important factors that influence the safety of food. Great concern has arisen about food
safety problems caused by harmful microorganisms that
induce food contamination and deterioration. In this work,
the inhibition of bacteria by ABP treatment in meats was evaluated by using the Petrifilm AC plates. As shown in Fig. 8, the
initial numbers of positive colonies in all ultraviolet irradiated
samples at 0 h after treatment were lower than 25 ± 3 CFU
mL−1. The average number of positive colonies at 24 h after
treatment with PBS was 1280 ± 6 CFU mL−1, however the
average number decreased observably upon treatment with
ABP-CM4 (28 ± 3 CFU mL−1) or ABP-CM4N (8 ± 2 CFU mL−1)
in samples of beef (Fig. 8). As shown in the ESI Fig. S6,† the
average number of positive colonies at 24 h decreased upon
treatment with ABP-CM4 (26 ± 2 CFU mL−1) or ABP-CM4N (14
± 2 CFU mL−1) in samples of pork, compared to treatment
with PBS (940 ± 9 CFU mL−1). Furthermore ABP-CM4 and
ABP-CM4N exhibited no cytotoxicity to HEK-293 cells, even at a
concentration of 80 μM (ESI Fig. S7†). This indicated that
ABP-CM4N had a good bacteriostatic activity in meats and may
be used as a novel food preservative.

Food Funct., 2020, 11, 7245–7254 | 7251

View Article Online

Published on 14 July 2020. Downloaded by THE LIBRARY OF HANGZHOU NORMAL UNIVERSITY on 11/6/2020 6:27:53 AM.

Paper

Food & Function

Fig. 8 Photographs showing inhibition of bacteria in meat samples of beef. The peptide concentration of ABP-CM4 or ABP-CM4N was 16 µM. Each
value is expressed as the mean ± SE (n = 3) of three independent experiments. The average number of positive colonies treated with FITC-CM4 or
FITC-CM4N was 28 ± 3 CFU mL−1 and 8 ± 2 CFU mL−1 ( p < 0.05). The average number of colonies treated with PBS was 1280 ± 6 CFU mL−1.

There are some limitations worth mentioning in our
current study. The antimicrobial activity and mechanism of
peptides towards specific pathogenic bacteria in vitro were
studied here. However, the interactions of peptides with microbiota and their possible modulatory eﬀects in vivo were still
unclear. Referring to the published article on the interaction
between the microbiota and polyphenols,39 we speculated that
ABP-CM4 or ABP-CM4N may interact with and modulate the
microbiota in two ways, i.e. ABP-CM4N and ABP-CM4 may
directly act on certain target bacterial strains and reduce
(inhibit) some pathogenic strains, and the peptides may
modulate the bacterial ratio by decreasing the serum tumor
necrosis factor-alpha (TNF-α) as indicated by the inhibitory
eﬀect towards the production of cytokine TNF-α in RAW264.7
cells.40 The remarkable in vitro antibacterial eﬀect of
ABP-CM4N towards meat suggests that it could be a promising
food preservative. However, it has been reported that the bioavailability in vivo diﬀers significantly from the findings of the
in vitro studies,41 therefore more attention should be paid for
further exploring and improving the peptide bioavailability
in vivo.

and TEM analysis showed that both ABP-CM4 and ABP-CM4N
could penetrate the cell membrane of P. aeruginosa and cause
a series of ultrastructure changes. Combined with E. coli
genomic DNA gel mobility shift assay in vitro, ABP-CM4 and
ABP-CM4N had the same antimicrobial mechanism, and the
aim of the antimicrobial mechanism was mainly to destroy
the cell membrane and secondly to interact with E. coli
genomic DNA after penetrating the cell membrane.
Furthermore ABP-CM4N showed a good bacteriostatic activity
in in vitro bacteriostasis experimental studies on meats and
may be used as a novel food preservative. In addition, the
interaction of peptides with microbiota and possible modulatory eﬀects should be given more attention and explored
further. We believe that studies on the interaction of microbiota with antimicrobial peptides or the peptide complex
(combined with other nutraceutical compounds, e.g., polyphenols) may influence the restoration process and human
well-being.
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4.

Conclusion

In the present study, a C-terminal amidated antibacterial
peptide ABP-CM4N was synthesised by solid state synthesis,
which exhibited a stronger antibacterial activity than
ABP-CM4 against P. aeruginosa and E. coli K12D31. The
strengthened antimicrobial activity of ABP-CM4N may be
associated with increased membrane binding capacity as
shown by flow cytometry and confocal analyses. Further SEM
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