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ABSTRACT: Staphylococcus aureus (S. aureus) poses a serious threat to food safety and global health, driving the
demand for natural and safe antimicrobials. CpAtt, an attacin-like antimicrobial peptide identified previously in our
laboratory, demonstrated potent antibacterial activity against S. aureus. This study systematically elucidated the
multi-target antibacterial mechanisms of CpAtt against S. aureus. The bacteriostatic curve confirmed that 1 MIC
CpAtt effectively inhibited the S. aureus proliferation within 12 h. CpAtt disrupted cell wall and membrane integrity
in S. aureus, as evidenced by blurred ultrastructure features, and significant leakage of nucleic acids, proteins, alkaline
phosphatase, and B-galactosidase. Increased propidium iodide uptake increase further indicated that CpAtt increased
cell membrane permeability. Transcriptomic analysis revealed that CpAtt disrupts multiple physiological processes.
Specifically, these genes involved in the peptidoglycan biosynthesis pathway, the accessory gene regulator system, the
TCA cycle, and succinate dehydrogenase were downregulated, whereas genes encoding for F-type ATPase,
Cytochrome c oxidase, and Cytochrome bd complex were upregulated. Consequently, intracellular ATP levels
dropped significantly, while reactive oxygen species levels decreased, suggesting that CpAtt impaired the energy
metabolismwithout inducing the oxidative damage. In vitro binding assays and molecular docking analyses indicated
that CpAtt interacts with genomic DNA primarily through electrostatic interactions between its positively charged
residues and the anionic phosphate backbone. Notably, at sub-inhibitory concentrations, CpAtt modulated the
transcription of adhesion-related genes in S. aureus, thereby suppressing biofilm formation. Consistently, in vivo
experiments preliminarily demonstrated that CpAtt promotes skin wound healing in mice while conferring protection
against infection when administered at appropriate doses. Collectively, these findings indicated that the antibacterial
activity of CpAtt on S. aureus involves multiple targets, offering a strategic basis for the development of novel
preservatives and antibacterial agents.
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1. Introduction

Staphylococcus aureus (S. aureus) is a common zoonotic pathogen that frequently exists as part of the
normal microbial flora in the oral and nasal cavities and on the skin of humans and warm-blooded
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mammals!!?l. Its clinical significance is underscored by the production of various toxins that cause
bacteremia, endocarditis, and pneumonial®!. In addition, S. aureus can contaminate various foods including
dairy products, meat, seafood, and ready-to-eat items, leading to food poisoning through the production of
enterotoxins!*>). For example, the Chinese Center for Disease Control and Prevention recently reported an
outbreak of foodborne illness at a hotel in Henan Province, China, where 14 individuals developed nausea,
vomiting, and diarrhea after attending a banquet. The outbreak was attributed to S. aureus contamination of
the donkey meat and goose meat they consumed!®. Currently, most approaches for inhibiting S aureus
proliferation rely on broad-spectrum antibiotics and chemical disinfectants. These strategies typically target a
single key factor essential for bacterial survival, such as enzymes involved in cell wall synthesis or nucleic
acid metabolism. However, under such single-target regimens, pathogenic bacteria like S. aureus can readily
develop resistance through point mutations, modification of target sites, or upregulation of efflux pumps,
facilitating the rapid spread of clinical drug resistance. It has been estimated that nearly 5 million deaths in
2019 were attributable to bacterial resistance, and the burden attributed to S. aureus was second only to that of
Escherichia coli (E. coli)l”!. Additionally, S. aureus can adhere to various biotic and abiotic surfaces and
become embedded within extracellular polymeric substances (EPS) to form biofilms, which can develop on
various food-processing equipment or food surfaces. This not only promotes cross-contamination but also
forms a physical barrier, significantly reducing the effective penetration concentration of the antibacterial
agents. Even when small amounts of the drug penetrate, deeply dormant bacteria can still survive its
bactericidal effect!®®). These two antimicrobial resistance mechanisms often coexist in clinical infections,
further compromising the efficacy of traditional single-target antibacterial agent. Therefore, given the safety
controversies surrounding traditional chemical preservatives and the growing trend toward restricting
antibiotic use, there is an urgent need to develop novel antimicrobial agents that are natural, safe, and exhibit
multi-target antibacterial activity'%!,

Antimicrobial peptides (AMPs) have garnered widespread attention owing to their broad-spectrum
activity and low propensity to induce drug resistance, and are regarded as one of the most promising
"alternatives to antibiotics" in the field of food preservation!!!l. As of September 2025, the Antimicrobial
Peptide Database (https://aps.unmc.edu/) has cataloged 3,351 natural AMPs, of which host defense peptides
from animals account for 76% of the total, including 397 AMPs from insects!'® 2. AMPs typically consist of
10-100 amino acids, and most AMPs carry a net positive charge ranging from +2 to +9. This allows them to
interact with the negatively charged phospholipid bilayer of bacteria, altering membrane permeability and
ultimately causing membrane rupture and leakage of cellular contents. This is the most widespread
bactericidal mechanism!'*!. Moreover, they often possess intracellular targeting functions such as interfering
with intracellular protein synthesis, inhibiting cell wall synthesis, and disrupting intracellular metabolism,
thereby inhibiting bacterial growth!'* 6], These effects differ from the single target of traditional antibiotics;
they are less likely to select for resistance-conferring mutations. Therefore, AMPs represent an important

strategy for developing alternatives to antibiotics and chemical preservatives.
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Among the diverse families of AMPs, attacins represent a glycine-rich subclass derived from the humoral
immunity of arthropods. Although often characterized as cationic AMPs, their net charge ranges from -3 to
+10, suggesting that overall charge may not be the primary determinant of their antibacterial activity!”!.
Attacins were initially believed to be effective only against Gram-negative bacteria such as E. colil!2%,
However, subsequent research proved that some attacins also exert inhibitory effects against Gram-positive
bacterial?" %21, Like most AMPs, attacins can target the bacterial outer membrane. For instance, Carlsson et
al.['® 201 reported that an attacin from the Hyalophora cecropia inhibited the synthesis of outer membrane
proteins in E. coli by interfering with the transcription of the omp gene, thereby affecting the permeability of
the outer membrane. Subsequently, they found that this attacin did not need to enter the inner membrane or
cytoplasm of E. coli, but rather affected lipopolysaccharide synthesis by simply contacting lipopolysaccharide
on the bacterial surface, and induced the production of intracellular stress proteins/?’l. Fahmy et al.!**] reported
that an attacin from Hermetia illucens could also disrupt the outer membrane of bacteria and further
demonstrated that its destructive capacity on the outer membrane of Pseudomonas aeruginosa was greater
than that of the clinically relevant antibiotic polymyxin. Nevertheless, the antibacterial mechanism of attacins
against Gram-positive bacteria remains largely unknown, with only limited reports documenting their
antibacterial activityl!'”> 2! 22 In a previous study, we identified and characterized an attacin (designated
CpAtt) from Conogethes punctiferalis!>>. CpAtt adopts a B-barrel fold with electrostatic heterogeneity, and
exhibited more pronounced inhibitory effects against Gram-positive bacteria®’!. However, it remains unclear
the precise antibacterial mechanism of CpAtt against S. aureus has remained. Therefore, the present study
employed complementary approaches to elucidate the antibacterial mechanism of CpAtt against S. aureus,

thereby advancing our understanding of how attacins exert their effects against Gram-positive bacteria.

2. Materials and methods
2.1 Bacterial strain and culture conditions
S. aureus CMCC(B) 26003 was maintained at the Henan Joint International Research Laboratory of

Veterinary Biologics Research and Application at Anyang Institute of Technology (Anyang, China). S. aureus

suspension were inoculated separately into Luria-Bertani (LB) broth and incubated overnight at 37 °C.
2.2 Bacteriostatic curve

S. aureus cultures in the logarithmic growth phase were diluted 1:100 into sterile LB broth. CpAtt was
added to these cultures to achieve final concentrations corresponding to 0, 1, 2, and 4 MIC, respectively. The
treated cultures were then incubated at 37 °C for 24 h. At specified time intervals (0, 2, 4, 6, 8, 10, 12, and 24
h), 100 pL aliquots were collected from each group. The optical density at 600 nm for each aliquot was
subsequently measured using an automated microplate reader (Synergy H1, BioTek, USA).
2.3 Time-kill assay

The killing kinetics of CpAtt against S. aureus were determined. Briefly, S. aureus cultures in the

logarithmic growth phase were diluted 1:100 in sterile LB broth. CpAtt was then added to the cultures to
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achieve final concentrations of 0, 1, 2, and 4 MIC. Vancomycin was added at final concentrations of 1 MIC (1
pg/mL) and 4 MIC (4 pg/mL) as positive controls. The treated cultures were incubated at 37 °C for 12 h. At 0,
6, and 12 hours, 100 pL of each bacterial culture was removed, resuspended in PBS, and serially diluted. The
dilutions were then spotted onto LB agar plates. After overnight incubation at 37 °C, colony counts were

determined.
2.4 Transmission electron microscope (TEM)

S. aureus cells in the logarithmic growth phase were harvested by centrifugation at 6,000xg for 5 min at
room temperature. The resulting bacterial precipitate was washed twice with PBS and reconstituted to its
original volume in PBS. For the treatment group, CpAtt was added at a final concentration of 2 MIC, while an
equivalent volume of PBS served as the negative control. The samples were incubated for 1 h at 37 °C, and
then centrifuged again. The harvested cell pellet was then resuspended in a suitable fixative for
electron-microscopy and fixed for 2 h at room temperature. Finally, the fixed samples were submitted to
Wuhan Servicebio Technology Co., Ltd. (Wuhan, China) for subsequent processing and imaging, according

to the established protocol in our laboratory!2¢],

2.5 Nucleic acids and protein leakage

S. aureus bacterial suspension was prepared as described in Section 2.4, CpAtt was added at a final
concentration of 1, 2, 4 MIC, and an equal volume of PBS was added as a negative control. The samples were
incubated in a 37 °C constant-temperature water bath. The bacterial suspension was collected every hour for 6
hours and centrifuged at 6,000xg for 5 min. An ultra-micro UV spectrophotometer (NanoDrop 2000, Thermo

Fisher Scientific, USA) was used to measure OD260 and OD2so values of the supernatant'?”].
2.6 Cell wall and membrane permeability measurement

All samples were prepared following the methodology outlined in section 2.5, with 0.3% (v/v) Triton
X-100 serving as the positive control. All groups were incubated for 1 h in a water bath at 37 °C, and
centrifuged (6,000%g, 5 min) to separate the supernatants from the bacterial pellets. The membrane integrity of
S. aureus treated with CpAtt was subsequently assessed by measuring the leakage of alkaline phosphatase
(ALP) and B-galactosidase, in conjunction with propidium iodide (PI) staining, as described in prior work?®!,

For the ALP assay, the collected supernatant was combined with the working solution from an Alkaline
Phosphatase Assay Kit (Beyotime, Shanghai, China) according to the manufacturer's protocol and incubated
at 37 °C for 10 min. Absorbance at 405 nm was then recorded using an automated microplate reader (Synergy
HI, BioTek, USA). The ALP activity was calculated based on a standard curve and the definition of enzyme
activity units. Concurrently, B-galactosidase activity was determined by adding ONPG (Solarbio, Beijing,
China) to the supernatant at a final concentration of 3 mM. After an 8 h incubation at 37 °C, the absorbance

was measured at 420 nm. The sediment collected by centrifugation was washed with PBS and resuspended,

after which PI staining solution (Beyotime, Shanghai, China) was added. The sample was incubated in the
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dark at 37 °C for 30 min. Fluorescence intensity was measured using an automatic multi-function microplate

reader at an excitation wavelength of 536 nm and an emission wavelength of 617 nm.
2.7 Transcriptomic analysis

S. aureus bacterial suspension was prepared as described in section 2.4, CpAtt was added at a final
concentration of 1 MIC, and an equal volume of PBS was added as a negative control. The samples were
incubated in a constant temperature water bath at 37 °C for 2 h!*’]. The bacterial cultures were then washed
twice with PBS and centrifuged at 6,000xg for 5 min at 4 °C to collect the bacterial pellets. RNA-Seq was
performed using the Illumina platform (NovaSeq-PE150) at Novogene Co, Ltd. (Beijing, China). Total RNA
was extracted from the samples, and quantified using NanoDrop 2000 and Agilent 5400 Bioanalyzer. RNA
purity was assessed by agarose gel electrophoresis and the Agilent 5400 Bioanalyzer. An adjusted P-value
(Padj, Student’s t-test with Benjamini-Hochberg false discovery rate adjustment) < 0.05 and |logz> fold
change| > 1 was applied as the cut-off for significantly differentially expressed genes (DEGs). The data were
uploaded to the Novomagic cloud platform (https://magic.novogene.com) following database searching for
data analysis.

2.8 Validation of RNA-Seq results by real-time quantitative polymerase chain reaction (RT-gPCR)

RT-qPCR was performed as reported by Li et al.*®) with minor modifications using the same S. aureus
cell samples from RNA-seq analysis. Eight DEGs (murAl, murD, agrA, agrB, agrC, agrD, vraS, vraR) were
selected from the pathways of interest, and RNA-seq findings were validated using the primers listed in Table

1. Relative expression was calculated by the 2"(-AACt) algorithm after obtaining Ct values!®”].

Table 1 RT-qPCR primer sequences

Gene Forward sequence (5’-37) Reverse sequence (5°-3”)

16S GCTGCCCTTTGTATTGTC AGATGTTGGGTTAAGTCC

murAl CCACATCCTGGATTCCCGAC GCGGCTGCTGCTCTTAAATC

murD TGTGGTGGTTTGGATCGAGG GCGTCTTCGACATTGTTCGC

agrA CGTGGCAGTAATTCAGTGTATGTTC TCTAAATGGGCAATGAGTCTGTGAG
agrB TTGACCAGTTTGCCACGTATCTTC AGCTAAGACCTGCATCCCTAATCG
agrC CGCTGATGATATACCACGCATTC TTGATAGACCTAAACCACGACCTTC
agrD TAAAAAACATTGGTAACATCGCAG CGTGTAATTGTGTTAATTCTTTTGG
vras GCGTTCAATGGAAGGCGAAA GCCGCAAAAAGTTGCTGACT

vraR GAAGCAATTGCCAAAGCCCA TTTTACGAACTGCATCGGCG

icaA TCGCACTCTTTATTGATAGTCGCT CGACAAGAACTACTGCTGCGT

icaB AGCAGTCACTCCGAACTCCA TCATGGAATCCGTCCCATCTCT

icaD ACTATGGGCATTTTCGCGATTATCA ACGATTCTCTTCCTCTCTGCCAT

2.9 Adenosine triphosphate (ATP) measurement

All samples were processed as described in Section 2.5 and incubated in a 37 °C constant temperature
water bath for 1 h. Referring to the method of Shi et al.['*!, the effect on the S. aureus ATP content was
determined using an enhanced ATP assay kit (Beyotime, Shanghai, China). Briefly, S. aureus was lysed under
ice water bath conditions and then mixed with firefly luciferase and luciferin. After reacting at room
temperature for 3 min, the luminescence intensity of the sample was measured using an automatic

multi-function microplate reader (Synergy H1, BioTek, USA).
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2.10 Reactive oxygen species (ROS) generation measurement

S. aureus bacterial suspension was prepared as described in Section 2.5, DCFH-DA was added at a final
concentration of 10 uM. The samples were incubated at 37 °C for 20 min, washed three times with PBS, and
then resuspended. S. aureus cells were subsequently treated with different concentrations of CpAtt ( 1, 2, and
4 MIC), while Rosup at a final concentration of 100 pg/mL was added as a positive control and incubated at
37 °C. At 30 min, the fluorescence intensity of the samples were measured using an automatic multi-function
microplate reader (Synergy HI, BioTek, USA) at an excitation wavelength of 488 nm and emission

wavelength of 525 nm.
2.11 Agarose gel retardation experiment

Genomic DNA of S. aureus in the logarithmic growth phase was extracted using a bacterial DNA
extraction kit (Sangon, Shanghai, China). Different quantities of CpAtt were added to 0.5 ug of genomic DNA
to yield CpAtt-to-DNA mass ratios of 0, 0.5, 1, 2.5, 5, and 10. Incubations were carried out at 37 °C for 30 min

in a water bath. The migration of genomic DNA was analyzed by agarose gel electrophoresist!l.
2.12 Molecular docking analysis

Molecular docking of CpAtt with DNA was performed using the HDOCK SERVER
(http://hdock.phys.hust.edu.cn/)*?. As described by Tao et al.**!, the DNA structure of S. aureus (ID: 2XCT)
was downloaded from the PDB database, and ligands, water molecules, and hydrogens were removed. The 3D
structure of CpAtt was previously constructed by AlphaFold v2.1.0%%]. Using DNA as the receptor and CpAtt
as the ligand, the structures was uploaded to the HDOCK SERVER and docked employing the default hybrid
docking strategy. The docking results were visualized using PyMOL v2.6.

2.13 Biofilm inhibition assay

The effect of CpAtt on S. aureus biofilm formation was evaluated using the crystal violet staining method
as previously described®. Briefly, 107 CFU/mL S. aureus suspension was treated with CpAtt at
concentrations equivalent to 1/4 and 1/2 MIC. A control group was treated with an equal volume of PBS
instead. All samples were then incubated for 24 h at 37 °C in a humidified atmosphere. After incubation,
planktonic bacteria were removed, and the biofilm was fixed with methanol, stained with 0.5% (v/v) crystal
violet for 20 min, washed, and photographed using an inverted microscope (Zeiss, Oberkochen, Germany).
The biofilm was solubilized completely with 33% acetic acid and diluted appropriately. The optical density at
600 nm was determined as a measure of biofilm mass.

2.14 Expression level measurement of biofilm-related genes

S. aureus suspension (1x107 CFU/mL) were treated with CpAtt at sub-inhibitory concentrations of 1/4
MIC and 1/2 MIC. A parallel control sample received an equivalent volume of PBS. All cultures were
incubated for 24 h at 37 °C with shaking at 140 rpm. Then, total RNA was isolated from the bacterial cells

using Trigene reagent (GenStar, Beijing, China), according to the manufacturer's instructions. Subsequently,

500 ng of the extracted RNA served as the template for first-strand cDNA synthesis, which was performed
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using a TaKaRa PrimeScript™ II 1st Strand cDNA Synthesis Kit (TaKaRa, Beijing, China) as per the
provided instructions. The transcriptional levels of the target genes (icaA, icaB, icaD, and agrA) were
quantified via the method detailed in section 2.8 (see Table 1 for primers). The relative expression of each
gene transcript was calculated using the 2°(-AACt) method, with the 16S rRNA gene serving as the

endogenous control for normalization.
2.15 Mice Skin Wounds Infection Model

All animal experiments were approved by the Experimental Animal Management and Animal Welfare
Ethics Committee of the College of Biology and Food Engineering, Anyang Institute of Technology
(AGSWN202501). The therapeutic effect of CpAtt against S. aureus CMCC(B) 26003 was assayed in a
wounded mice skin infection model. Female KM mice (30-33 g, randomly divided into 4 groups, 6
mice/group, 24 mice in total) were purchased from Sibefu (Beijing) Biotechnology Co., Ltd., China, and
housed in a room with natural light, experiencing day and night alternations, and controlled temperature at (25
+ 1) °C. Mice were provided with a commercial pellet diet and sterile distilled water ad libitum. After 7 days
acclimation period to the environment, mice were anesthetized by intraperitoneal injection of pentobarbital
(30 mg/kg). After which, the dorsal hair was removed with a shaver and depilatory cream, and a
10-mm-diameter full-thickness excisional wound was created with a biopsy punch. S. aureus suspension was
prepared as described in Section 2.3. Each mouse in three groups was infected with 100 pL of bacterial
suspension, resulting in 1x10” CFU per wound. The remaining group received an equal volume of PBS as a
blank control. At 1 h post-infection, 50 uL. of PBS was given to the wounds of the negative control group, and
50 puL of CpAtt (400 pg/mL or 200 pg/mL) was applied to the wounds the high concentration and low
concentration treatment groups, respectively. Meanwhile, 50 uL. PBS was given to the blank control group.
PBS and CpAtt treatments were repeated after 24 h. Mice were monitored and photographed on days 0, 1, 3, 5,
7 and 14, and the wound areas were calculated with ImageJ. On the 3™ day, the wound tissues of randomly
selected three mice from each group were homogenized in 1 mL of sterile PBS and serial dilutions of the
suspension were plated on LB agar plates (containing 7.5% sodium chloride), and incubated for 12 h.
Moreover, on the 14™ day, full-thickness skin samples around the wounds were excised and fixed in 4% tissue
fixative solution (Servicebio, Wuhan, China) for 24 h. According to the experimental Standard Operation
Procedure (SOP) of Servicebio (Wuhan, China), skin tissue sections were prepared and stained with
hematoxylin-eosin (H&E) or Masson’s trichrome stain**. Quantitative analysis of Masson staining was

performed using ImageJ software.
2.16 Statistical analysis

Experimental data were analyzed and plotted using GraphPad Prism 10.5 (La Jolla, CA, USA). All
experiments were performed in triplicate and data are expressed as the mean + standard deviation. Statistical

differences between groups were analyzed for significance using Student's t-tests or ordinary one-way

ANOVA. P <0.05 was considered statistically significant.
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3. Results
3.1 Effects of CpAtt on the growth and mortality of S. aureus

The antibacterial activity of CpAtt against S. aureus at different growth stages was evaluated by
measuring the bacteriostatic curves. Compared with the control group, treatment with 1 MIC (37.5 pg/mL)
CpAtt significantly inhibited S. aureus growth within 12 hours, whereas 2 and 4 MIC CpAtt sustained growth
inhibition for at least 24 hours (Fig. 1A). The bactericidal activity of CpAtt at different concentrations was
also assessed. While 1 MIC CpAtt failed to effectively kill S. aureus, concentrations of 2 and 4 MIC exhibited
a marked bactericidal effect (Fig. 1B).

A B
0.8 10
a
— pBS
—— 1 MIC CpAu
0.6 2MICCpAtt o 8 a
=] ——  4MIC CpaAtt a £
'c_:g =
S 0.4 a ’ 3 -
= a a < ~£__ .
a = S
C a )
0.2 a 2 S 44 — B — 1 MIC CpAl ¢
b b —— IMICVan —— 2MICCpAtt
by, be be b 4 b 4 MIC V: 4 MIC CpAd
b ¢ ¢ BHh B B b - Rl AL
0.0 \ T T T T — AT 2 T T T T
0 2 4 6 8 10 12 24 0 3 6 9 12
Time/h Time/h

Fig. 1. Bacteriostatic curve (A) and time-killing curve (B) of S. aureus in response to CpAtt treatment. Data are presented as
the mean + standard deviation (n = 3). For a given time point, significant differences (P < 0.05) among treatment groups are
indicated by different lowercase letters (a, b, c).

3.2 Effect of CpAtt on the ultrastructure of S. aureus

The effect of CpAtt on the ultrastructure of S. aureus was examined by TEM. In the control group, S.
aureus cells exhibited a smooth and intact surface with no significant morphological alterations. In contrast,

CpAtt-treated S. aureus displayed blurred cell wall and membrane structures, reduced intracellular electron

density, and the formation of cavities (Fig. 2).
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Fig. 2. Effect of CpAtt on the ultrastructure of S. aureus. White arrows indicate damaged regions.
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3.3 Effect of CpAtt on the leakage of nucleic acids and proteins in S. aureus

The effect of CpAtt on the integrity of S. aureus was preliminarily evaluated by measuring the leakage of
intracellular nucleic acids and proteins. As shown in Fig. 3, CpAtt significantly increased the leakage of
intracellular nucleic acids and proteins in S. aureus in a dose-dependent and time-dependent manner compared

to the control group.
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Fig. 3. Leakage of nucleic acids (A) and proteins (B) from S. aureus cells treated with CpAtt. Data are presented as the mean
+ standard deviation (n = 3). At each time point, significant differences (P < 0.05) among treatment groups are indicated by
different capital letters (A-D). Within the same treatment group, significant differences (P < 0.05) across time points are
indicated by different lowercase letters (a-g).

3.4 Effect of CpAtt on the cell wall and membrane permeability in S. aureus

To assess the effect of CpAtt on the cell wall and membrane integrity of S. aureus, we further examined
the leakage of intracellular ALP and B-galactosidase, as well as PI staining intensity. As shown in Fig. 4,
CpAtt treatment significantly induced the leakage of ALP (Fig. 4A) and B-galactosidase (Fig. 4B) from S.
aureus compared with the control group. Moreover, the fluorescence intensity of Pl-stained S. aureus cells

increased gradually with increasing CpAtt concentration (Fig. 4C).
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Fig. 4. Effect of CpAtt on the cell wall and membrane permeability of S. aureus. (A) Leakage of ALP. (B) Leakage of
B-galactosidase. (C) Fluorescence intensity of PI staining. Data are presented as the mean =+ standard deviation (n = 3).
Significant differences (P < 0.05) among groups are indicated by different lowercase letters (a-d).

3.5 Quantitative and enrichment analysis of DEGs

To elucidate the antibacterial mechanism of CpAtt against S. aureus, we employed transcriptome
sequencing to identify its potential antibacterial targets. The raw sequence data reported in this paper have
been deposited in the Genome Sequence Archive of the National Genomics Data Center'®>), China National
Center for Bioinformation / Beijing Institute of Genomics, Chinese Academy of Sciences (GSA accession

number: CRA036876), and are publicly accessible at https://ngdc.cncb.ac.cn/gsa. DEGs were identified using
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DESeq2 software by comparative analysis between the CpAtt- and PBS-treated groups. Applying the
threshold criteria of Padj <0.05 and |log2 fold change| > 1, a total of 1561 DEGs were identified, of which 804
were upregulated and 757 were downregulated (Fig. SA). To validate the RNA-Seq data, RT-qPCR was used
to verify the transcription levels of selected DEGs. As shown in Fig. 5B, the results of RT-qPCR were
consistent with those of RNA-Seq. We then conducted enrichment analysis of the upregulated and
downregulated DEGs. According to GO annotation analysis, the upregulated DEGs were mainly enriched in
biological processes related to the biosynthesis and metabolism of organonitrogen compounds, amide,
peptide, and protein, as well as molecular functions of transport activity (Fig. 5C). The downregulated DEGs
were mainly enriched in biological processes related with cell communication and the killing of other
organisms. It is noteworthy that almost all downregulated DEGs were enriched in the membrane compartment
(Fig. 5D). KEGG enrichment analysis further revealed that these upregulated DEGs were involved in various
biosynthetic and metabolic pathways, as well as pathways related to f-lactam resistance (Fig. SE). In contrast,
downregulated DEGs were associated with pathways such as the citrate acid (TCA) cycle, nucleotide excision
repair, the pentose phosphate pathway, and nucleotide sugar biosynthesis (Fig. 5F). Collectively, these results
suggest that the antibacterial mechanism of CpAtt against S. aureus extends beyond membrane disruption and
may also involve the disruption of intracellular metabolism, interference with transcription and translation
machinery, and modulation of cell communication.
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Fig. 5. Transcriptomic profile of S. aureus following CpAtt treatment. (A) Volcano plot of DEGs between control and
CpAtt-treated groups. (B) RT-qPCR validation of the expression levels for eight selected DEGs. Data are presented as the
mean + standard deviation (n = 3). For each gene, significant differences (P < 0.05) between groups are indicated by different
letters (a, b). (C and D) GO annotation of upregulated (C) and downregulated (D) DEGs. (E and F) KEGG pathway
enrichment analysis of upregulated (E) and downregulated (F) DEGs.

3.6 Analysis of DEGs associated with cell wall biosynthesis

A detailed analysis of DEGs related to peptidoglycan synthesis revealed that vraS and vraR, belonging to
the two-component system, were upregulated, while the peptidoglycan biosynthesis pathway was
downregulated (Fig. 6). The results indicated that S. aureus underwent a stress response in its cell wall

following CpAtt treatment, and this was accompanied by a reduction in peptidoglycan biosynthesis.
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Fig. 6. Analysis of DEGs related to cell wall biosynthesis in S. aureus.

3.7 Effects of CpAtt on the intracellular metabolism of S. aureus

In the KEGG enrichment analysis, we observed that S. aureus underwent significant pathway enrichment
related to energy metabolism and oxidative stress after CpAtt treatment (Fig. SE, F). Subsequent in-depth
analysis of the TCA cycle pathway and oxidative phosphorylation pathway revealed that compared with the
control group, CpAtt-treated S. aureus downregulated the TCA cycle-related DEGs (Fig. 7A). For the
oxidative phosphorylation pathway, CpAtt-treated S. aureus downregulated the DEGs associated with
succinate dehydrogenase (SDH), and upregulated the DEGs related to F-type ATPase, Cytochrome ¢ oxidase,
and Cytochrome bd complex (Fig. 7B). ATP content measurement demonstrated a significant decrease in
intracellular ATP levels of CpAtt-treated S. aureus (Fig. 7C). ROS content analysis revealed that compared

with the control group, ROS accumulation did not increase but significantly decreased in the CpAtt-treated
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groups (Fig. 7D). These results indicated that CpAtt disrupted S. aureus energy metabolism pathways, leading
to intracellular ATP depletion, and did not cause ROS accumulation, differing from typical bactericidal
antibiotics that induce oxidative stress.
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Fig. 7. Effects of CpAtt on the intracellular metabolism of S. aureus. (A and B) Heatmaps displaying the expression of DEGs

associated with the TCA cycle (A) and oxidative phosphorylation (B). Corresponding gene names are listed on the left. (C and

D) Intracellular levels of ATP (C) and ROS (D) in S. aureus treated with different concentrations of CpAtt. Data are presented

as the mean + standard deviation (n = 3). Significant differences (P < 0.05) among groups are indicated by different lowercase
letters (a-c).

3.8 Analysis of CpAtt-S. aureus DNA interaction

Agarose gel electrophoresis was used to evaluate the interaction between CpAtt and S. aureus DNA. As
shown in Fig. 8 A, the DNA bands remained clear and bright in the untreated control, but gradually weakened
with increasing CpAtt concentration. Notably, when the concentration ratio reached 5 and 10, the DNA bands
exhibited significant smearing and blurring, while the brightness increased in the loading wells. Molecular
docking was further employed to investigate the binding mode between CpAtt and DNA. The results revealed
that CpAtt could bind to DNA (PDB ID: 2XCT) with a confidence score of 0.8692. According to Li et al.[*¢],
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when the confidence score exceeds 0.7, the two molecules are highly likely to bind. Visualization of the model
demonstrated that the positively charged end of the B-barrel structure formed hydrogen bonds with DNA (Fig.
8B). These findings suggested that CpAtt could interact with S. aureus DNA, potentially affecting

intracellular DNA replication and translation processes.
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Fig. 8. Analysis of CpAtt-S. aureus DNA interaction. (A) Agarose gel electrophoresis of CpAtt with the genomic DNA of S.
aureus in vitro. (B) Molecular docking pattern of CpAtt with S. aureus DNA, where blue indicates positive charges and red
denotes negative charges.

3.9 Effect of CpAtt on the biofilm formation of S. aureus

RNA-seq analysis revealed that after CpAtt treatment, agrA, agrB, agrC and agrD were all
downregulated in S. aureus. At the same time, rot was upregulated (Fig. 9A), indicating that the accessory
gene regulator (agr) system of S. aureus was inhibited by CpAtt. Evaluation of S. aureus biofilm growth under
sub-inhibitory concentrations of CpAtt showed that compared with the PBS group, 1/4 MIC CpAtt could
prevent S. aureus from forming complete and dense biofilm, and under 1/2 MIC CpAtt, S. aureus almost
failed to form biofilm with only partial bacterial adhesion (Fig. 9B). Quantitative detection after dissolving
biofilm suggested that compared with the PBS group, biofilm formation of S. aureus was significantly
reduced at concentrations of 1/4 MIC and 1/2 MIC (Fig. 9C). RT-qPCR analysis revealed that icaA, icaB,
icaD were downregulated in S. aureus treated with sub-MIC CpAtt. In contrast to the inhibition of the agr
system under high-concentration short-term treatment (1 MIC, 2 hours), agrA expression was upregulated
following sub-inhibitory concentration long-term treatment (24 hours) (Fig. 9D). This upregulation may
represent a compensatory response of bacteria after prolonged adaptation to low-dose stress. These results
indicated that CpAtt affected the quorum sensing system of S. aureus, and under sub-MIC concentration, it

regulated transcription of biofilm-related genes to inhibit biofilm formation.
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Fig. 9. Inhibitory effect of CpAtt on biofilm formation in S. aureus. (A) Schematic of the S. aureus agr quorum-sensing
pathway. (B) Representative images of biofilms observed by inverted microscopy. (C) Quantitative analysis of biofilm
biomass, determined by absorbance measurement. (D) RT-qPCR analysis of biofilm-related gene expression. Data are
presented as the mean + standard deviation (n = 3). Significant differences (P < 0.05) among groups are indicated by different
lowercase letters (a-c).

3.10 CpAtt promoted the healing of skin wounds infected with S. aureus in mice

The in vivo efficacy of CpAtt against S. aureus was further assessed in a mouse skin wound infection
model (Fig. 10A). As shown in Fig. 10B and 10C, compared with the negative control group, mice treated
with CpAtt (10 pg) had better wound healing within 14 days after infection, which was similar to the blank
control group. Surprisingly, CpAtt (20 ug) significantly reduced the amount of bacteria at the wound site in
mice, but didn’t promote wound healing, possibly due to its cytotoxic effect (Fig. 10D, E). Meanwhile, when
compared with the negative control group, it was observed that CpAtt (10 pg) was able to reduce the bacterial
load at the wound site by 35%. Consistently, histological analysis using H&E and Masson staining revealed a

significant decrease in inflammatory cell infiltration and an increase in collagen deposition in wounds treated
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with CpAtt (10 pg). These results collectively indicated that CpAtt promoted skin wound healing in mice

infected with S. aureus when used at appropriate doses.
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Fig. 10. Application of CpAtt in promoting healing of skin wounds infected with S. aureus in mice. (A) Timeline and
procedure of the mouse skin wound infections model (n = 6 per group). (B) Representative photographs of different treatment
groups. Photographs were taken on days 0, 1, 3, 5, 7, and 14 to record wound condition. (C) Percentage of wound size
measured at the 1™, 3, 5 7" and 14" day. (D) and (E) Bacterial loads in wound tissues after drug treatments, determined by
quantitative culturing on day 3 from infection sites. The detection limit of the experiment was 10 CFU/mL. All experiments
were conducted with three biological replicates and data are presented as mean + SD. Significant differences among groups
were determined by ordinary one-way ANOVA (P < 0.05), with differences indicated by different lowercase letters (a, b). (F)
H&E and Masson staining of the full-thickness skins. The collagen fiber percentage (from Masson staining) is shown in the

upper right corner.
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4. Discussion

Attacins are Gly-rich AMPs that exhibit inhibitory effects against both Gram-negative and

(18,21, 221 " Attacins employ multiple mechanisms to combat Gram-negative bacteria,

Gram-positive bacteria
including direct disruption of the bacterial outer membrane, interference with the synthesis of the bacterial
outer membrane, and induction of intracellular stress protein production '%2% 241 However, there are relatively
few reports on the antimicrobial mechanisms of attacins against Gram-positive bacteria. This study focused on
the antimicrobial mechanisms of CpAtt, an attacin AMP that exhibits antimicrobial activity against S.
aureus®!.

CpAtt at a concentration of 37.5 pg/mL could significantly inhibit the growth of S. aureus within 12
hours (Fig. 1), while an attacin-like AMP, Hill BB_C10074, did not inhibit the growth of S. aureus®*.
Subsequent TEM observations revealed that after treatment with CpAtt, the cell wall and membrane structures
of S. aureus became indistinct, and the intracellular electron cloud density decreased (Fig. 2). Previous SEM
studies had shown that CpAtt-treated S. aureus exhibited severe deformation and wrinkling!®!. It was reported
by Xue et al.l*”) that exposure to compound Gel@COF led to structural damage of the cell wall and a decrease
in intracellular electron density in S. aureus, as revealed by SEM and TEM analysis. Therefore, it can be
inferred that CpAtt could cause significant damage to both intracellular and extracellular structures of S.
aureus. Furthermore, we observed significant leakage of intracellular components in S. aureus treated with
CpAtt, including nucleic acids (Fig. 3A), proteins (Fig. 3B), ALP (Fig. 4A), and B-galactosidase (Fig. 4B).
ALP is located between the cell membrane and cell wall, and B-galactosidase resides within the cell
membrane. Therefore, these two indicators are usually used for evaluating cell wall and membrane
permeability!?’- 38!, Consequently, we proposed that CpAtt, like other AMPs such as Gloverin and Nisin, could

27.28] "This hypothesis was further validated by PI staining

damage the cell wall and membrane of S. aureus
experiments (Fig. 4C).

The antimicrobial effects of AMPs typically damage bacterial membrane integrity, and can also exhibit
multi-targeted antibacterial mechanisms such as disrupting energy metabolism, damaging bacterial DNA, and
blocking bacterial quorum sensing!!'*3%. To elucidate the antibacterial mechanism of CpAtt against S. aureus,
we employed transcriptomic sequencing to further analyze the potential antibacterial targets. Enrichment
analysis of the selected DEGs revealed that genes related to biosynthesis and metabolism of amides, peptides,
and proteins were upregulated (Fig. 5C, E), while pathways involving cell communication, bacterial killing
capacity, energy metabolism, and nucleotide excision repair were downregulated (Fig. 5D, F). This pattern of
transcriptional regulation closely resembled the effects of tannic acid on S. aureus, interestingly showing that
tannic acid also compromised the integrity of S. aureus cell membranes!>*!.

It is well established that peptidoglycan is essential for S. aureus survival. Consequently, the enzymes
and intermediate metabolites of its biosynthesis pathways represent prime targets for clinical antibiotics,

exemplified by vancomycin and B-lactam antibiotics!**#!l. KEGG enrichment indicated an upregulation of

B-lactamase resistance pathways. This finding suggested that CpAtt might compromise the cell wall and
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membrane permeability of S. aureus via a mechanism analogous to that of B-lactam antibiotics, namely, the

42431 In this study, a cell wall stress response was observed.

specific inhibition of peptidoglycan synthesis!
Concurrently, genes associated with peptidoglycan biosynthesis were downregulated (Fig. 6). The VraSR
two-component system, comprising the histidine kinase VraS and the response regulator VraR, mediates the
response of S. aureus to cell wall-targeting antibiotics, such as B-lactams and vancomycin***3]. These
findings were consistent with the mode of action reported for other cell wall-targeting AMPs. For instance,
transcriptomic analysis of S. aureus treated with the scorpion defensin BmKDfsin4 revealed downregulation
of genes in the mur series (peptidoglycan synthesis) and tag series (lipoteichoic acid synthesis)“¢l. Previous
studies indicated that CpAtt demonstrated more potent antibacterial activity against Gram-positive
bacteria,with a proposed mechanism involving binding to lipid 11>, These results supported the hypothesis
that the antibacterial action of CpAtt against S. aureus might involve targeting lipid II and/or key enzymes in
peptidoglycan biosynthesis. However, the specific molecular interactions still need to be further elucidated.
Antibiotics usually do not rely solely on a single target, but on multiple targets to exert their antibacterial
effects!’>). The bactericidal activity of some antibiotics was achieved through the perturbation of core
metabolic processes such as the TCA cycle, which triggers a cascade that includes NADH depletion,
iron-sulfur cluster destabilization, and Fenton reaction stimulation, culminating in hydroxyl radical-mediated
oxidative damage!*”). The TCA cycle serves as the core pathway for aerobic oxidation, oxidizing acetyl-CoA
to generate high-energy molecules and providing reducing equivalents to the electron transport chain
(ETC)“8l. Under antibiotic pressure, bacteria universally adopt a "low metabolism" or dormancy state, a
strategy that involves the downregulation of central carbon metabolism to reduce the cellular energy burden
and promote survival®-%. Consistent with this paradigm, genes associated with the TCA cycle were
downregulated in S. aureus under CpAtt stress (Fig. 7A), indicating a shift to a low-metabolism mode.
Notably, the transcription of SDH, a key TCA cycle enzyme that also directly feeds electrons into the
respiratory chain, showed a further reduction. This decrease would be expected to further diminish TCA
flux!®"). However, in the context of compromised cell membrane integrity, inhibition of the TCA cycle
inevitably reduces the efficiency of the ETCI®!), The F-type ATPase typically relies on the proton motive force
(PMF) to synthesize ATP. However, upon dissipation of the transmembrane PMF or a decrease in membrane
potential, the ATPase reverses its function, hydrolyzing ATP to pump protons outward in an attempt to
maintain membrane potentiall®*-33!, The intracellular ATP content of S. aureus was measured following CpAtt
treatment. As expected, a significant decrease in ATP levels was observed (Fig. 7C). It is hypothesized that
this reduction was collectively due to inhibition of the TCA cycle and the consumption of ATP by F-type
ATPase to maintain membrane potential. Although the potential contribution of ATP leakage through the

49,541 These findings reflect a low-metabolic stress state adopted

compromised membrane cannot be excluded'
by bacteria upon encountering membrane structural damage. Although bacteria attempt to reduce central
carbon metabolism flux to alleviate the energy burden, this compensatory mechanism fails to prevent ATP

depletion once membrane integrity is compromised.
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Within the oxidative phosphorylation pathway, the upregulation of DEGs related to cytochrome c
oxidase and cytochrome bd complex reflected an adaptive response aimed at alleviating oxidative stress.
Cytochrome c oxidase catalyzes the final electron transfer to molecular oxygen and is associated with lower
ROS production Concurrently, induction of the cytochrome bd complex, a well-characterized stress-adaptive
terminal oxidase under challenges like antibiotic exposure or hypoxia, further contributes to ROS
minimization and promotes survival®>->¢l. ROS is an inevitable byproduct of aerobic metabolism, when
accumulated to excessive levels, ROS could result in bacterial metabolic disruption, protein misfolding, DNA
damage, and ultimately cell death®”). Consequently, the targeted induction of high intracellular ROS
concentrations is regarded as a common mechanistic strategy for numerous antimicrobial agents!!> %31 In
contrast to typical bactericidal antibiotics, CpAtt treatment did not elevate intracellular ROS in S. aureus but
caused a significant reduction at 2 MIC (Fig. 7D), indicating a non-canonical mechanism distinct from
ROS-mediated bactericidal activity. Inhibition of the TCA cycle reduced electron flux into the chain, limiting
ROS generation, while induction of the oxidases promoted ROS detoxification. Collectively, these
adaptations resulted in a net decrease in cellular ROS. However, the above inference has not yet been directly
verified at the protein or enzyme activity level, which represents a major limitation of this study. In future
research, we will use enzyme activity assay kits to measure changes in the activities of key TCA cycle
enzymes and assess the expression levels of oxidative phosphorylation-related proteins via Western blotting.

As the core of bacterial life activities, DNA is essential for genetic information storage and physiological
regulation!®. Treated DNA displayed marked smearing and aberrant migration on agarose gels, along with
the signal intensity an increase in the wells (Fig. 8A), a pattern consistent with compound-induced binding and
aggregation®}]. Molecular docking predicted that this binding was driven by the non-specific electrostatic
interactions, whereby basic residues (e.g., LYS, HIS, ARG) on CpAtt engage the negatively charged DNA
backbonel®'-2], These results demonstrated the in vitro binding potential between CpAtt and S. aureus DNA.
We hypothesize that membrane disruption is a prerequisite for DNA binding. In intact bacteria, large
molecules cannot readily cross the intact cell membrane to enter the cytoplasm. Thus, binding of CpAtt to
DNA likely occurs only after membrane disruption. In other words, increased membrane permeability enables
CpAtt to enter the cell and access DNA. However, the above model represents a rational speculation based on
currently available data and is subject to certain limitations. Specifically, we did not examine DNA
replication-related gene expression, DNA synthesis rate, or protein synthesis levels. Consequently, the impact
of CpAtt-DNA binding on the bacterial central dogma remains speculative and requires direct validation in
future studies. Moreover, the agarose gel retardation assay did not include calf thymus DNA as a negative
control, so non-specific binding of CpAtt to DNA cannot be excluded. In addition, no in vitro pull-down
assays were performed to experimentally verify the actual binding between CpAtt and DNA. Therefore, the
current binding results are largely predictive and warrant further validation using more rigorous biophysical

methods.
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The agr system is a key determinant of S. aureus virulence, therefore the inhibition of its effectors is
considered a promising strategy for mitigating infection!®*%*. The Agr system exerts regulation primarily
through AgrA-dependent transcription of RNAIII from the P3 promoter. RNAIII serves as both an mRNA
encoding 8-toxin and a multifunctional regulatory factor that binds to target mRNAs to exert its functions[®*!.
Its regulatory activity includes the translational repression of Rot, a master transcriptional repressor of genes
for lipases, hemolysins, proteases, and other secreted proteins. RNAIII inhibits Rot to thereby derepress these
virulence gene transcription!®]. Transcriptional analysis revealed that CpAtt induced downregulation of the
agr locus genes (agrA-D) and an antagonistic upregulation of the regulator rot (Fig. 9A). These findings
demonstrated that CpAtt inhibited the agr system, resulting in disruption of S. aureus quorum sensing. Biofilm
formation is the structured bacterial community encased in an extracellular polymeric matrix and makes
bacteria readily adhere to surfaces, which leads to persistent contamination and enhances antibiotic
resistancel® % %61 At sub-inhibitory concentrations, CpAtt impeded the development of intact biofilms in S.
aureus (Fig. 9B, C). The discrepancy in agrA expression between Fig. 9A and 9D arises from the different
experimental conditions. Under long-term sub-inhibitory concentration treatment, agrA expression was
upregulated, which aligns with the known regulation of the Agr system by fosfomycin!®’). Consistent with this
phenotype, transcriptional analysis after 24 h growth under sub-MIC CpAtt revealed downregulation of the
icaA, icaB, and icaD genes, alongside an upregulation of agrA (Fig. 9D). In S. aureus, the ica operon genes
mediate the production of polysaccharide intercellular adhesion (PIA), a key determinant of biofilm

68,691 However, the Agr system promotes biofilm dispersal by regulating RNAIII transcription and

formation!
repressing adhesion protein expression!® 7!, Therefore, it was concluded that CpAtt disrupted the
quorum-sensing system and mediated PIA production and adhesion protein expression, thereby affecting
biofilm formation in S. aureus!’?. Nevertheless, this study did not investigate quorum-sensing signal molecule
concentrations or the potential direct interaction of CpAtt with AgrC/AgrA. Consequently, the upstream
regulatory mechanism remains undefined, representing a major limitation of this work.

Using a mouse skin infection model, we found that two doses of CpAtt treatment effectively reduced the
bacterial load around the wound and promoted healing. We attribute the difference in bacterial load measured
on day 3 primarily to the cumulative antibacterial effect of the two administrations rather than the sustained
effect of a single dose, given that 48 hours had elapsed since the last administration by day 3. For antimicrobial
peptides such as CpAtt, the effective concentration in the wound environment is typically maintained for a
limited duration. The two administrations covered the critical 0-24 hour window post-infection, providing
continuous bacterial growth inhibition and leading to a detectable difference in bacterial load on day 3.
However, the absence of a single-administration control group precludes a strict distinction between whether
the day-3 effect is entirely due to the cumulative effect of two doses or whether the first dose already produced
the primary effect and the second only maintained or enhanced it. Nonetheless, this limitation does not affect
the overall conclusion that CpAtt treatment effectively reduces the bacterial load around mouse wounds. The

accelerated wound closure and histological improvement observed on day 14 are primarily a secondary
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consequence of the reduced bacterial load achieved in the early stage. The two initial administrations
effectively lowered the bacterial burden at the wound site, thereby creating favorable conditions for the host’s
intrinsic repair mechanisms, including alleviation of persistent inflammatory damage, promotion of collagen
deposition, and acceleration of re-epithelialization. In other words, the early antibacterial effect appears
sufficient to trigger a cascade of healing processes that continue beyond the period of drug presence!!*.

In summary, we demonstrated that CpAtt is a multi-target peptide belonging to the attacin family. To
clarify the antibacterial mechanism of attacin against Gram-positive bacteria, the antibacterial mechanism of
CpAtt against S. aureus was elucidated, and the effect of CpAtt on S. aureus infection in vivo was
preliminarily evaluated. Unlike traditional antibacterial agents that act on a single target, the antibacterial
mechanism of the cationic antimicrobial peptide CpAtt is rooted in its intrinsic physicochemical properties.
These features enable CpAtt to bind simultaneously to multiple negatively charged targets on the bacterial
surface through electrostatic interactions, thereby disrupting cell membrane integrity. It can further penetrate
into the cell interior to interfere with energy metabolism and DNA functions. This multi-level, multi-target
mode of action fundamentally differs from that of conventional single-target drugs and is expected to reduce
the risk of bacterial resistance!!® 72, Nevertheless, there are some limitations in this study, such as the specific
molecular mechanism by which CpAtt inhibits peptidoglycan biosynthesis remains unclear. Furthermore,
CpAtt was applied to the skin wounds infected with S. aureus in mice, the higher dose more effectively
eliminated bacteria at the wound, but its ability to promote wound healing was not as good as that of the lower
dose, which may be due to the cytotoxicity of higher doses.Future clinical studies should determine the
median lethal dose and maximum tolerated dose of CpAtt and compare its efficacy with that of currently used
clinical antibacterial agents. Moreover, modification of natural CpAtt to improve its activity and safety,
together with the development of safer and more efficient expression systems, would facilitate its production

and clinical application.

5. Conclusions

This study elucidated the antibacterial mechanisms of the peptide CpAtt against S. aureus. CpAtt
primarily targeted the cell wall and membrane, causing structural disruption and consequent leakage of
intracellular components. Furthermore, it interfered with critical physiological processes, including the
inhibition of peptidoglycan synthesis, perturbation of intracellular metabolism, and non-specific binding to
genomic DNA. Additionally, CpAtt modulated the transcription of adhesion-related genes, thereby impeding
biofilm formation. Consistently, in vivo experiments demonstrated that CpAtt promoted skin wound healing in
mice while protecting against infection when administered at appropriate doses. Therefore, this work provides
insight into the antibacterial mechanism of attacin against Gram-positive bacteria and offers a basis for the

development of green biological control agents targeting Gram-positive bacteria.
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