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TC-14, a cathelicidin-derived antimicrobial
peptide with broad-spectrum antibacterial
activity and high safety profile

Chenxi Li,1,2,5 Ying Cai,1,5 Lin Luo,1,2,5 Gengzhou Tian,3,5 Xingyu Wang,1,4 An Yan,1 Liunan Wang,1 Sijing Wu,1,4

Zhongxiang Wu,1 Tianyu Zhang,1,* Wenlin Chen,2,* and Zhiye Zhang1,6,*

SUMMARY

Cathelicidins, amajor class of antimicrobial peptides (AMPs), hold considerable potential for antimicrobial
drug development. In the present study, we identified a novel cathelicidin AMP (TC-33) derived from the
Chinese tree shrew. Despite TC-33 demonstrating weak antimicrobial activity, the novel peptide TC-14,
developed based on its active region, exhibited a 432-fold increase in antimicrobial activity over the
parent peptide. Structural analysis revealed that TC-14 adopted an amphipathic a-helical conformation.
The bactericidal mechanism of TC-14 involved targeting and disrupting the bacterial membrane, leading
to rapid membrane permeabilization and rupture. Furthermore, TC-14 exhibited a high-safety profile, as
evidenced by the absence of cytotoxic and hemolytic activities, as well as high biocompatibility and safety
in vivo. Of note, its potent antimicrobial activity provided significant protection in a murine model of
skin infection. Overall, this study presents TC-14 as a promising drug candidate for antimicrobial drug
development.

INTRODUCTION

The introduction of antibiotics in clinical medicine has saved innumerable lives and revolutionized the treatment of previously incurable bac-

terial infections.1 However, this advancement has been accompanied by the rapid emergence and spread of antibiotic-resistant bacteria,

precipitating the current crisis of antimicrobial resistance.2,3 Recent estimates suggest that antibiotic-resistant infections are responsible

for an additional 1.27 million deaths annually, with projections indicating that this number could exceed 10 million by 2050.4 This escalating

resistance highlights the urgent need for the development of novel agents for the prevention and treatment of drug-resistant bacterial

infections.

Given their broad-spectrum activities and reducedpropensity to induce drug resistance, antimicrobial peptides (AMPs) have emerged as a

promising alternative in addressing these challenges.5,6 In nature, AMPs are highly diverse, withmost AMPs described in amphibians. They are

releasedas synergistic cocktails in vivo.7–11 Unlikemost antibiotics,which typically target a singleprimary site ormodeof action, thus increasing

their propensity for resistance development,12 AMPs generally disrupt bacterial membranes. This distinct mode of action leads to the rapid

destabilization and disintegration of the inner and outer bacterial membranes,6 with both laboratory and clinical studies indicating a lower

likelihood of resistance development against AMPs compared to traditional antibiotics.13–15 AMPs also hold considerable potential for

enhancing the efficacyof small-molecule antibiotics and combattingmultidrug-resistantmicrobes.16Despite their promise, however, substan-

tial challenges remain for the clinical application of AMPs, particularly regarding their stability, cytotoxicity, and bioavailability.17,18

Cathelicidins, a major class of AMPs, are found in all vertebrates, from hagfish to humans.19,20 Their precursor structure includes a highly

conserved signal sequence, an N-terminal cathelin domain, and an antimicrobial C-terminal domain. At present, the Antimicrobial Peptide

Database contains a total of 153 unique cathelicidins.11 Cathelicidins offer two main advantages for therapeutic drug development: they are

highly cationic,21 with an average net charge of +8.03,11 and they primarily assume an amphipathic a-helical structure,22 although a few cath-

elicidins can also form b sheet and b hairpin structures.22–24 These characteristics are strongly associatedwith their antimicrobial activity. How-

ever, the relatively long primary sequences of most cathelicidins, averaging 34.38 residues,11 lead to high production costs, susceptibility to

enzymatic degradation, and potential immunogenicity. To reduce the synthesis costs and facilitate the clinical application of AMPs as
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antibacterial agents, it is necessary to trim non-essential regions and identify the active domains within larger AMPs responsible for antimi-

crobial activity.13,25

TheChinese tree shrew (Tupaia belangeri chinensis), a small rat-sizedmammal resembling a squirrel, is widely distributed across Southeast

Asia and the southern and southwestern regions of China. Increasing evidence suggests that the tree shrew possesses several distinct traits,

establishing it as an ideal subject for experimental research.26 While the annotated genome of this species, released in 2013,27 predicted the

presence of a cathelicidin-related peptide (GenBank: XM_006165889.3), the intrinsic antimicrobial capabilities of this peptide remain to be

determined.

In this study, the predicted cathelicidin-like peptide (TC-33) was synthesized and functionally evaluated, revealing limited antimicrobial

activity. As such, a novel peptide (TC-14) derived from the active region of TC-33 was developed to enhance therapeutic effectiveness

and reduce synthesis costs. Notably, TC-14 exhibited significantly improved antimicrobial activity compared to the original peptide.

RESULTS

Identification and characterization of tree shrew cathelicidin

Using the predicted precursor of the tree shrew cathelicidin, the mature peptide form consisting of 33 amino acids was identified and named

TC-33 (Table 1). TC-33 exhibited a net charge of +4 at physiological pH, indicating a moderately cationic nature. Sequence-based structural

predictions indicated that TC-33 could form an amphipathic structure, with hydrophilic amino acids primarily clustered on one side and hy-

drophobic residues clustered on the other (Figures 1A and 1B). After synthesizing TC-33 with a C-terminal amide, its antimicrobial properties

were assessed againstAcinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus, which pose consid-

erable public health threats.28 As shown in Table 2, TC-33 demonstratedweak antimicrobial activity against these bacteria, withminimal inhib-

itory concentrations (MICs) ranging from 37.5 to 150 mg/mL.

Identification of active region in tree shrew cathelicidin

TC-33 contained five acidic glutamate residues, reducing its cationicity and possibly contributing to its low activity.6,14 To identify the active

region within TC-33 and lower the costs of peptide synthesis, a smaller peptide was designed based on the removal of 14 amino acids from

the N-terminal and five from the C-terminal of TC-33, yielding a 14-amino acid peptide termed TC-14 (Table 1). TC-14 was characterized as a

cationic peptide with a net positive charge of +5. Based on its helical structure and amphiphilic nature (Figures 1C and 1D), TC-14 exhibited

superior amphipathic a-helical characteristics and higher surface electrostatic potential compared to TC-33 (Figure 1).

To confirm the accuracy of the predicted structure, the secondary structures of TC-33 and TC-14 were determined in sodium dodecyl sul-

fate (SDS) micelles, simulating amembrane environment, using circular dichroism (CD) spectroscopy. The CD spectra and spectral analysis of

TC-14 and its parent peptide (Figure 2) demonstrated a predominantly unstructured form in aqueous solution, as evidenced by low ellipticity

above 210 nm and a minimum near 198 nm.29,30 Conversely, in the presence of SDS (8 or 64 mM), they primarily formed an a-helical structure,

characterized by dual negative bands at 208 and 222 nm and a positive band at 195 nm.29,30 Specially, the a-helical content of TC-14 was

higher than that of its parent peptide TC-33 in the presence of SDS (Figures 2C and 2D), suggesting it may permeabilize bacterial membranes

more efficiently.

The antimicrobial efficacy of TC-14 was subsequently determined. Notably, TC-14 displayed improved antimicrobial activities compared

to TC-33, with MICs ranging from 2.34 to 9.38 mg/mL (Table 2), demonstrating a 432-fold increase in activity relative to its parent peptide.

Furthermore, the antimicrobial activity of TC-14was tested against clinical isolates ofA. baumannii, P. aeruginosa, E. coli, andmethicillin-resis-

tant S. aureus (MRSA). Remarkably, TC-14 exerted potent antibacterial activities, with MIC values of 1.17–2.34 mg/mL against A. baumannii,

4.69–18.75 mg/mL against P. aeruginosa, 4.69–9.38 mg/mL against E. coli, and 1.17–4.69 mg/mL against MRSA (Table S1). These findings sug-

gest that TC-14 represents the active region of TC-33.

TC-33 and TC-14 show no hemolytic or cytotoxic activity

The development of AMP-based therapies is hindered by their hemolytic and cytotoxic effects.31–33 Here, assessment revealed that neither

TC-33 nor TC-14 displayed cytotoxic (Figures 3A and 3C) or hemolytic activity (Figures 3B and 3D), even at concentrations as high as

100 mg/mL. Thus, given its favorable safety profile and potent activity, our subsequent studies focused predominantly on TC-14.

Table 1. Physicochemical parameters of TC-33 and TC-14

Peptide TC-33 TC-14

Sequence LLRRGGEKLAEKFEKIGQKIKNFFRKLLPETES-NH2 KIGQKIKNFFRKLL-NH2

Length 33 14

Net charge +4 +5

Hydrophobicity 0.174 0.342

Polar residues (n/%) 21/63.64 8/57.14

Nonpolar residues (n/%) 12/36.36 6/42.86
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Figure 1. Three-dimensional characterization and helical wheel projections of TC-33 and TC-14

(A and C) De novo structural predictions and amphiphilicity analysis of TC-33 (A) and TC-14 (C), with blue representing hydrophilicity and orange representing

hydrophobicity. Surface electrostatic potential was analyzed using PyMOL, with blue representing positive charge and red representing negative charge.

(B and D) Helical wheel projections of TC-33 (B) and TC-14 (D). Hydrophobic residues are shown in yellow, positively charged hydrophilic residues are shown

in blue, uncharged polar residues are shown in purple, and negatively charged hydrophilic residues are shown in red.
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TC-14 kills bacteria by inducing membrane permeabilization and rupture

To elucidate the potential mechanism of action of TC-14, its impact on bacterial membrane permeation was examined using fluorescence

assay. Propidium iodide (PI), a small fluorescent molecule that intensifies in fluorescence upon binding to DNA or RNA, cannot penetrate

intact cellular membranes. The addition of TC-14 to gram negative E. coli (Figure 4A),A. baumannii (Figure 4B), and P. aeruginosa (Figure 4C)

resulted in an immediate and time-dependent increase in PI influx, suggesting changes in the permeability of the bacterial membrane.

Colistin, known for disrupting bacterial membranes, also exhibited an immediate effect on PI influx. Similarly, the application of TC-14 to

S. aureus (Figure 4D) induced a rapid increase in PI influx. In contrast, vancomycin, an inhibitor of peptidoglycan synthesis in gram positive

bacteria, showed no effect on PI influx. These findings suggest that TC-14 can rapidly permeabilize bacterial membranes.

Table 2. Antimicrobial activities of TC-14 and its analogs

Bacterial strain

MIC (mg/mL)

TC-33 TC-14 Colistin Ampicillin Vancomycin

E. coli

ATCC8739

150 9.38 0.59 – –

A. baumannii

ATCC19606

75 2.34 0.59 – –

P. aeruginosa

ATCC27853

37.5 9.38 4.69 – –

S. aureus

ATCC6538

75 4.69 – 9.38 1.17

These MICs represent mean values of three independent experiments. See also Table S1.

Figure 2. CD spectra of TC-33 and TC-14

CD spectra of TC-33 (A) and TC-14 (B) (200 mg/mL) in different concentrations of SDS (0, 8, and 64 mM). Graph depicts representative measurements of three

independent replicates. TC-33 (C) and TC-14 (D) Further CD spectral analysis was carried out to predict secondary structure characteristics using the

deconvolution program DichroWeb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml). See also Figure S2.
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The morphological changes in P. aeruginosa and S. aureus cells after TC-14 treatment were further explored using SEM and transmission

electron microscopy (TEM). As illustrated in Figure 5A, normal saline-treated (vehicle) P. aeruginosa cells appeared as rods with bright and

smooth surfaces. In contrast, significant structural changes, including membrane disruption, cellular content leakage, and cytoplasmic clear

zones were observed in the TC-14-treated bacteria. Exposure to colistin resulted in noticeable membrane roughening and corrugation,

without evident cellular leakage. Similarly, TC-14 treatment of S. aureus led to significant structural alterations, including cell membrane

disruption with visible pore formation and bacterial inclusion leakage (Figure 5B). Conversely, vancomycin treatment resulted in limited

cell lysis in S. aureus, with most cells appearing normal. Overall, these results indicate that TC-14 can effectively permeabilize and disrupt

microbial membranes.

TC-14 shows medium killing rate and low propensity to induce resistance

To assess the bactericidal properties of TC-14, kinetic analyses were carried out with A. baumannii and S. aureus. As shown in Figures 6A and

6B, results indicated that the bactericidal activity of TC-14 increased with prolonged exposure, leading to a reduction in colony-forming unit

(CFU) counts. Specifically, TC-14 eradicatedA. baumanniiwithin 180min at 53MIC (Figure 6A). This pattern wasmirrored with colistin, which

also completely eliminated A. baumannii within the same duration at a similar concentration. In the case of S. aureus, TC-14 demonstrated a

time-dependent lethal effect, eradicating more than 99% of bacterial cells within 180 min at 5 3 MIC, although a small number of bacteria

persisted (Figure 6B). In contrast, vancomycin exhibited reduced efficacy against S. aureus, likely attributable to its inhibition of cell wall syn-

thesis rather than direct killing ability within the 180 min time frame.

The emergence of resistance poses a significant global health challenge, impeding drug development and the elimination of nosocomial

pathogens. As such, we evaluated resistance development by serially passaging P. aeruginosa and S. aureus up to 60 times in the presence of

subinhibitory concentrations of TC-14 or control treatments. As shown in Figure 6C, serial passaging of P. aeruginosawith TC-14 did not result

in the development of resistant isolates, whereas colistin exposure resulted in a 2-fold increase in MIC after 35 passages. Interestingly, expo-

sure of S. aureus to TC-14 led to a 2-fold increase in MIC after five passages (Figure 6D), while vancomycin exposure led to a 4-fold increase in

MIC after 25 passages.

Figure 3. Cytotoxicity and hemolytic activity of TC-33 and TC-14

Potential toxicity of TC-33 (A) and TC-14 (C) on human HaCaT keratinocytes. Potential hemolysis of TC-33 (B) and TC-14 (D) on human erythrocytes. Sterile saline

and 1% (v/v) Triton X-100 were used as negative (NC) and positive (PC) controls, respectively. Data represent mean G SD of three independent experiments.
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TC-14 shows therapeutic potential against skin infection

The therapeutic potential of TC-14was subsequently assessed using amouse skin wound infectionmodel. Prior to the in vivo experiments, the

effects of plasma on the antibacterial activity of TC-14 were examined. As shown in Table S2, 8-h pre-treatment with mouse plasma slightly

reduced the antimicrobial activity of TC-14, resulting in a 4- to 8-fold increase in the MICs against A. baumannii and S. aureus. However, the

peptide largely maintained its antibacterial activity. Furthermore, intravenous administration of TC-14 at a dose of 10 mg/kg showed no

observable toxicity over a 48-h period, indicating high biocompatibility and safety of the peptide in vivo. In contrast, a 10 mg/kg dose of

colistin proved lethal to all mice within 10 min (Figure S1).

The in vivo therapeutic potency of TC-14 was further evaluated using a mouse skin wound model infected with either S. aureus or

A. baumannii (Figure 7A). Notably, treatment with TC-14 resulted in a dose-dependent decrease in S. aureus colonization, with peptide con-

centrations of 0.5 and 2 mg/mL significantly reducing S. aureus CFU counts by 57.9% and 93.1%, respectively (Figure 7B). A similar dose-

dependent decline in bacterial load was observed for A. baumannii (Figure 7C). Vancomycin and colistin also effectively lowered bacterial

counts, potentially due to their markedly lower MICs compared to TC-14 (Table 2). Collectively, these findings highlight the significant ther-

apeutic potential of topical TC-14 for the treatment of skin infections.

DISCUSSION

AMPs represent a promising class of therapeutic agents with potent effects against bacteria, fungi, and viruses. However, many natural AMPs

require further characterization and optimization for clinical use, particularly in regard to their safety, stability, and activity. One common strat-

egy is to employ natural AMPs as models, either by truncating them or identifying their active domains, to achieve similar or superior antibac-

terial activity and selectivity.13,34 For instance, the truncated derivative of dermaseptin shows improved antimicrobial properties compared to

its parent peptide.35 Studies on cathelicidins have also shown that shorter peptides can retain antibacterial activity.25,36–39 Humans possess a

single cathelicidin, whose mature form (LL-37) has been extensively studied.40 Although LL-37 exhibits broad-spectrum activity, its efficacy

against bacteria, fungi, andviruses is relatively limited.41Both structure-baseddesignand library screeningmethodshavebeenused to identify

the active regions of LL-37, revealing a corepeptideof just 13 aminoacids.25,42 In this study, we identifiedanovel cathelicidinAMP (TC-33) from

the Chinese tree shrew. Similar to human LL-37, TC-33 exhibited weak activity (Table 2). Crucially, we identified and synthesized a novel

14-residue peptide (TC-14), which displayedmarkedly higher activity than the parent peptide (Tables 2 and S1). This smaller peptide likely rep-

resents the active region of TC-33, thus enabling a substantial reduction in synthesis costs while enhancing therapeutic potential.

Although TC-33 contained nine basic amino acids, its positive charges were largely neutralized by five glutamate residues, resulting in a

net charge of +4, which likely contributed to its low antimicrobial activity (Table 2). To improve the antimicrobial potential of TC-33, the

Figure 4. TC-14 induces bacterial membrane permeabilization

(A–D) E. coli (0894) (A), A. baumannii (0357) (B), P. aeruginosa (90068) (C), and S. aureus (6538) (D) were first incubated with PI for 15 min, after which the test

samples were added (TC-14, 1–10 3 MIC; 5 3 MIC for colistin and vancomycin). Fluorescence intensities of PI were measured continuously for 90 min.

Arrows indicate addition of PI (a) and test samples (b). Representative measurements of three independent replicates are depicted.
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glutamate-rich sequences were removed to increase its cationic nature. Additionally, the proline residue, known to prevent helix formation,43

was eliminated, resulting in a novel 14-amino acid sequence (TC-14). Notably, TC-14 contained an additional net positive charge (+5) and

exhibited greater hydrophobicity (Table 1), improved amphipathic a-helical characteristics and higher surface electrostatic potential

compared to TC-33 (Figure 1), likely contributing to its enhanced antimicrobial activities. As expected, TC-14 exhibited substantially higher

antimicrobial activity than TC-33 (Table 2). While higher antimicrobial activity can correlate with increased toxicity, TC-14 demonstrated no

cytotoxic (Figure 3C) or hemolytic activity (Figure 3D), indicating high therapeutic potential.

AMPs are highly susceptible to degradation by proteases, which are commonly present at wound sites. These proteases can be secreted

by both host skin tissues and bacteria.44 In the present study, a mouse skin wound infection model was utilized to assess the therapeutic ef-

ficacy of TC-14. Although TC-14 significantly reduced bacterial counts in themouse skin wounds, its activity was lower than that of vancomycin

and colistin (Figure 7). This reduced efficacy could be attributed to two factors. Firstly, vancomycin and colistin exhibited MIC values 4-fold

lower than that of TC-14 (Table 2), indicating 4-fold greater activity. Secondly, the activity of TC-14 may have been compromised in the pres-

ence of wound proteases, as evidenced by the reduced antimicrobial effectiveness of TC-14 following plasma treatment (Table S2).

As crucial components of the innate immune system, AMPs serve as the first line of defense against invasive pathogens. Their mechanisms

of action not only include direct bacterial destruction via interactions with bacterial membranes but also the regulation of various immuno-

modulatory activities to enhance the host’s response to infection.45,46 Despite its limited activity against bacteria, the human LL-37 peptide

exerts potent immunomodulatory effects.47 Similarly, although we identified the active region of TC-33, its low antimicrobial activity suggests

it may function as a multifaceted peptide within the innate immune system of the Chinese tree shrew.

In conclusion, this study identified a novel cathelicidin peptide from the Chinese tree shrew with relatively low antimicrobial activity.

To enhance its therapeutic potential and reduce synthesis costs, the active region of this peptide was determined. The resultant peptide (TC-

14) demonstrated potent and broad-spectrum bactericidal activities, with a favorable safety profile and robust effects on skin wound infections.

Limitations of the study

Due to the small sample size of the bacterial strains, there may be a selection bias. A larger group would be needed to confirm the afore-

mentioned results.

Figure 5. TC-14 induces cell membrane rupture

(A and B) SEM and TEM images showing morphological changes in P. aeruginosa (27853) (A) and S. aureus (6538) (B) treated with TC-14 (5 3 MIC) or controls

(colistin or vancomycin at 5 3 MIC). Images are representative of three independent replicates.
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Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Mouse model

d METHOD DETAILS

B Peptide synthesis

B Bioinformatic analysis and structural modeling

B Circular dichroism (CD) spectroscopy

B Antibacterial properties in vitro

B Cytotoxicity assay

B Hemolytic activity assay

B Effects of plasma on TC-14 antibacterial activity

B Bacterial membrane permeabilization assay

B Scanning electron microscopy (SEM)

B Transmission electron microscopy (TEM)

Figure 6. Bactericidal kinetics and resistance monitoring

(A–D) Bactericidal kinetics of TC-14 againstA. baumannii (19606) (A) and S. aureus (6538) (B). CFU: colony forming unit; NC: saline. TC-14, colistin, and vancomycin

concentrations were all 5-fold MIC. TC-14 resistance assay for P. aeruginosa (27853) (C) and S. aureus (6538) (D) induced by 60 generations. Same induction was

used for colistin and vancomycin in the control group. Data represent mean G SD of three independent experiments.

ll
OPEN ACCESS

8 iScience 27, 110404, July 19, 2024

iScience
Article



B Bacteria killing kinetics

B Drug-resistant assays

B Acute toxicity analysis

B Effects of TC-14 on mouse skin wound infections

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2024.110404.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhiye Zhang

(zhangzhiye5225@163.com).

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli ATCC ATCC 8739

Acinetobacter baumannii ATCC ATCC 19606

Pseudomonas aeruginosa ATCC ATCC 27853

Staphylococcus aureus ATCC ATCC 6538

Escherichia coli Kunming Medical University 0894, 5017, 1007,1826, and 3401

Acinetobacter baumannii Kunming Medical University 19110, 10769, 0357, 3228, and 4612

Pseudomonas aeruginosa Kunming Medical University 90068, 60357, 52097, 17068, and 27450

Methicillin-Resistant Staphylococcus aureus Kunming Medical University Z, 11, 12, 21, 22, 41, 42, 51, and 52

Chemicals, peptides, and recombinant proteins

TC-33 This study N/A

TC-14 This study N/A

SDS Sigma Cat#75746-250G

Luria-Bertani (LB) broth OXOID Cat#LP0021B

Dulbecco’s modified Eagle’s medium (DMEM) CORNING Cat#10013134

PBS CORNING Cat#21040086

Propidium Iodide (PI) Solarbio Cat#IP5030

RPMI1640 medium CORNING Cat#10040082

Vancomycin MACKLIN Cat#V871983

Colistin Solarbio Cat#P8350

Ampicillin Solarbio Cat#A6920

Critical commercial assays

Cell Counting Kit-8 Med Chem Express Cat#159077

Deposited data

Reversed-phase high-performance liquid

chromatography (RP-HPLC) and mass spectrometry

This study Figure S2.

Experimental models: Cell lines

Human HaCaT keratinocytes ATCC Cat# FS-0241

Software and algorithms

ExPASy Bioinformatics Resource Portal N/A http://www.expasy.org/tools/

ChimeraX N/A https://www.cgl.ucsf.edu/chimerax/index.html

PyMOL N/A https://pymol.org/

PEP-FOLD3 N/A http://bioserv.rpbs.univ-paris-diderot.fr/

services/PEPFOLD3

GraphPad Prism 9.0 GraphPad Software https://www.graphpad.com/
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Materials availability

All reagents generated in this study are available from the lead contact with a Materials transfer Agreement.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon reasonable request.

� This paper does not report original code.
� Any additional information reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse model

All animal procedures were performed according to the standards described in the Guidelines for the Care and Use of Laboratory Animals of

Institute of Medical Biology, Chinese Academy of Medical Sciences & Peking UnionMedical College (DWSP202306005). All the experimental

procedures using mouse blood samples were approved by the Research Ethics Board, Institute of Medical Biology, Chinese Academy of

Medical Sciences & Peking Union Medical College.

METHOD DETAILS

Peptide synthesis

All peptides were synthesized by GL Biochem Ltd. (Shanghai, China) at purities exceeding 98%, as confirmed by reversed-phase high-per-

formance liquid chromatography (RP-HPLC) and mass spectrometry.

Bioinformatic analysis and structural modeling

The physical and chemical parameters of the designed peptides were analyzed using the ExPASy Bioinformatics Resource Portal (http://www.

expasy.org/tools/). The amphiphilicity of the peptides was analyzed using ChimeraX. The surface electrostatic potential of the peptides was

analyzed using PyMOL. The helical wheel and secondary structures of the peptides were constructed using HeliQuest (http://heliquest.ipmc.

cnrs.fr/) and PEP-FOLD3 (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEPFOLD3), respectively.

Circular dichroism (CD) spectroscopy

The secondary structures of TC-14 were assessed by CD spectrometry (Chirascan V100, Applied Photophysics, UK) according to our previ-

ously described methods.48 Briefly, TC-14 was first dissolved in either distilled water or sodium dodecyl sulfate (SDS) solution (0–64 mM)

to a final concentration of 0.2 mg/mL. The CD spectra were recorded from 190 to 260 nmwith a path length of 1 mm, step size of 1 nm, band-

width of 1 nm, and timeper point of 1 s at room temperature. The spectra of each sample represented the averageof three scans after solution

background subtraction.

Antibacterial properties in vitro

Theminimal inhibitory concentrations (MICs) of the peptides against all bacterial strains were determined using a tubemicrodilution assay, as

described in our previous study.14 Four standard bacterial strains (Escherichia coli (E. coli) ATCC8739, Acinetobacter baumannii

(A. baumannii) ATCC19606, Pseudomonas aeruginosa (P. aeruginosa)ATCC27853, and Staphylococcus aureus (S. aureus) ATCC6538) and

24 clinically isolated strains of E. coli (0894, 5017, 1007, 1826, and 3410), A. baumannii (19110, 10769, 0357, 3228, and 4612), P. aeruginosa

(90068, 60357, 52097, 17068, and 27450), andmethicillin-resistant S. aureus (MRSA) (Z, 11, 12, 21, 22, 41, 42, 51, and 52) were used in the assays.

The bacterial strains were cultured in Luria-Bertani (LB) broth.

Cytotoxicity assay

In vitro cytotoxicity was assessed using a Cell Counting Kit-8 (CCK-8, Lot. No. 159077, Med Chem Express).48 Human HaCaT keratinocytes

(5 3 105 cells/well) were cultured in 96-well plates with Dulbecco’s modified Eagle’s medium (DMEM) for 24 h in a cell incubator (5% CO2,

37�C). Peptide solutions (final concentrations of 3.125–100 mg/mL) were then added to the wells and incubated at 37�C for 24 h. The

CCK-8 kit was then used according to the manufacturer’s instructions. Thereafter, absorbance was measured at 490 nm using a microplate

reader (Epoch, Bio Tek, USA). Each test was conducted in triplicate and repeated three times.

Hemolytic activity assay

To measure hemolytic activity, freshly obtained red blood cells from mice were washed several times in phosphate-buffered saline (PBS, pH

7.4), followed by centrifugation for 10 min and 1 200 3 g at 4�C. The cells were then incubated at 37�C for 1 h in 0.9% saline with a series of

peptide concentrations (1.563–100 mg/mL). Hemoglobin released in the supernatant was thenmeasured at 540 nmwith amicroplate reader in

accordance with previous study.49
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Effects of plasma on TC-14 antibacterial activity

To determine the effects of plasma on the antibacterial activity of TC-14, the peptide (400 mg/mL) was incubated in saline solution with

an equal volume of diluted mouse plasma at 37�C for 0, 0.5, 1, 2, 4, 6, and 8 h. The antibacterial activity of the peptide against

P. aeruginosa ATCC27853, A. baumannii ATCC19606, and S. aureus ATCC6538 was evaluated at each time point based on MIC

values.48

Bacterial membrane permeabilization assay

The impact of TC-14 on bacterial membrane permeabilization was determined using fluorescence assay according to our previously re-

ported method.48 In brief, the four bacterial strains were cultured in LB broth to the logarithmic growth phase, with the density of the bac-

terial solution then adjusted to 2 3 108 CFU/mL. Subsequently, 100 mL of bacterial suspension was added to a 96-well plate, followed by

the addition of 10 mL of PI (2.5 mg/mL). Fluorescence measurements were taken for 15 min both before and after the addition of PI at an

excitation wavelength of 535 nm and emission wavelength of 615 nm using a microplate reader (SynergyH1, BioTek, USA). Thereafter,

100 mL of TC-14 (1, 5, and 10 3 MIC) or control (5 3 MIC for colistin and vancomycin) was added, and changes in fluorescence were re-

corded for 60 min.

Scanning electron microscopy (SEM)

SEM was performed to study the possible mechanisms underlying TC-14 activity against bacteria. In brief, P. aeruginosa ATCC27853 and

S. aureus ATCC6538 (approximately 2 3 108 CFU/mL) were incubated with TC-14 (5 3 MIC) at 37�C for 30 min, followed by centrifugation

for 10 min and 1000 rpm at 4�C. The resulting pellets were fixed with 2.5% buffered glutaraldehyde at 4�C for 2 h. The bacteria were then

postfixed in 1%buffered osmium tetroxide for 2 h, dehydrated in a graded series of ethanol, frozen in liquid nitrogen-cooled tertbutyl alcohol,

and vacuum dried overnight. After being mounting onto aluminum stubs and coated with gold via vacuum sputtering, the samples were

analyzed using a Hitachi SEM (Regulus 8220, Hitachi, Japan) under standard operating conditions.

Transmission electron microscopy (TEM)

Exponential-phase bacteria (S. aureusATCC6538 or P. aeruginosaATCC27853) were treatedwith the peptide at 53MIC and 37�C for 30min,

then centrifuged for 10 min and 300 3 g at 4�C. The resulting bacterial pellets were fixed with 2.5% buffered glutaraldehyde for 1 h, then

postfixed with 1% buffered osmium tetroxide for 1 h, stained with 1% uranyl acetate, dehydrated in a graded series of ethanol, and finally

embedded in white resin. Thin sections on copper grids were stained with 1% uranyl acetate and lead citrate. The buffer used was 0.1 M so-

dium cacodylate (pH 7.4). Microscopy was performed using a JEM microscope (JEM-1011, JEOL, Japan) under standard operating

conditions.

Bacteria killing kinetics

In brief, A. baumannii ATCC19606 and S. aureus ATCC6538 were cultured in 1640 medium with 10% LB medium to the exponential phase

(OD600 = 1.0), then diluted to 1 3 105 CFU/mL in 1640 medium with 10% LB medium and treated with peptide or control solutions

(5 3 MIC). Aliquots were taken at defined intervals and washed with 0.9% saline, then diluted appropriately in saline and plated on LB

agar plates. The plates were incubated at 37�C for 24 h, and colony forming units (CFUs) were counted.

Drug-resistant assays

Bacterial passaging was conducted every 24 h based on our previous research.48,49 In brief, bacteria were cultured on LB medium containing

final MICs of 25%, 50%, 75%, 100%, 150%, and 200% for generations 1–10, 11–20, 21–30, 31–40, 41–50, and 51–60, respectively. After 60

consecutive generations, the bacteria were removed from the culture at five-generation intervals, and the MICs of the antimicrobial peptides

against the above bacteria were examined.

Acute toxicity analysis

Female BALB/c mice (n = 6, 6–8 weeks old) were intravenously administered a single dose of TC-14 or control (colistin and vancomycin) at

10 mg/kg. After administration, mouse behaviors were monitored at different time points (10 min, 60 min, 12 h, 24 h, and 48 h). Toxicity

was evaluated according to: normal fur and motility (without signs); ruffled fur and poor motility (mild signs); dyspnea, hutching, very ruffled

fur, and complete immobility, even under stimulation (manifest signs).

Effects of TC-14 on mouse skin wound infections

The effects of TC-14 on mouse skin wound infections were determined according to our previous report.48 In brief, female BALB/c

mice (n = 6 or 7) were anesthetized, with their dorsal skin then shaved and disinfected with 70% ethanol. An incision was created on

the dorsal surface with a 6-mm punch biopsy needle. At 4-h post-inoculation with 20 mL of A. baumannii (19606) and S. aureus (6538)

(1 3 108 CFU/mL), a 20-mL dose of TC-14 (concentration range of 0.1 to 2 mg/mL) was applied to the wounded skin. Controls, including
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saline (vehicle control), 0.5 mg/mL colistin, and 0.5 mg/mL vancomycin, were also administered. Bacterial colonization was quantified 2 h

after these interventions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differences in mean values among different groups were assessed, expressed as meanG standard deviation (SD). The Kolmogorov-Smirnov

test was used for normal distribution analysis, followed by one-way analysis of variance (ANOVA) with post hoc Dunnett adjustment for

p values. Data were analyzed using Prism v9.0 (GraphPad Software) and differences were considered significant at p < 0.05.
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