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A B S T R A C T

Antimicrobial peptides (AMP) have emerged as promising candidates for addressing the clinical challenges posed 
by the rapid evolution of antibiotic-resistant microorganisms. Brevinins, a representative frog-derived AMP 
family, exhibited broad-spectrum antimicrobial activities, attacking great attentions in previous studies. How-
ever, their strong haemolytic activity and cytotoxicity, greatly limit their further development. In this work, we 
identified and characterised a novel brevinin-1 peptide, brevinin-1pl, from the skin secretions of the northern 
leopard frog, Rana pipiens. Like many brevinins, brevinin-1pl also displayed strong haemolytic activity, resulting 
in a lower therapeutic index. We employed several bioinformatics tools to analyse the structure and potential 
membrane interactions of brevinin-1pl, leading to a series of modifications. Among these analogues, des-Ala16- 
[Lys4]brevinin-1pl exhibited great enhanced therapeutic efficacy in both in vitro and in vivo tests, particularly 
against some antibiotics-resistant Escherichia coli strains. Mechanistic studies suggest that des-Ala16-[Lys4]bre-
vinin-1pl may exert bactericidal effects through multiple mechanisms, including membrane disruption and DNA 
binding. Consequently, des-Ala16-[Lys4]brevinin-1pl holds promise as a candidate for the treatment of drug- 
resistant Escherichia coli infections.

1. Introduction

The escalating challenge of antimicrobial resistance (AMR) has 
significantly intensified the strain on the global healthcare sector and 
prompted the quest for innovative antimicrobials [1–4]. In contrast to 
conventional antibiotics, AMPs offer distinct advantages such as potent 
antibacterial activity, low cytotoxicity, and a reduced likelihood of 
inducing resistance, thus attracting considerable interest in recent de-
cades [5–8]. In addition to their potent antimicrobial properties, many 
AMPs have been discovered to possess a variety of other bioactive 
functions, including antibiofilm activities, wound healing promotion, 
anticancer effects, and immunomodulatory activities [9–13]. The syn-
ergistic effects of AMPs in combination with conventional antibiotics, 
particularly in targeting both planktonic and biofilm-forming bacteria, 
have also been increasingly explored and reported in recent years [9, 
14]. Consequently, AMPs have attracted significant attention in research 
over the past few decades [15,16]. Among the diverse natural AMP 

sources, those derived from amphibians, particularly frogs, stand out 
due to their abundance and diversity [17–20]. As one of the represen-
tative families among frog-derived AMPs, brevinins, comprising 
brevinin-1 and brevinin-2 subfamilies, have been extensively explored 
and have demonstrated robust antimicrobial properties against a wide 
range of microorganisms [17,21,22]. Additionally, some of them exhibit 
great cytotoxic effects against various human cancer cells, positioning 
them as promising candidates for novel therapeutic agents [23–25]. 
However, their strong haemolytic activity and cytotoxicity towards 
human healthy cells greatly impede the further development [2,26]. 
Consequently, strategies aimed at controlling toxicity while preserving 
their bioactive functions have become heat-spot in current brevinin-1 
modification works. To address the challenges of poor selectivity, bio-
stability, and delivery of AMPs, a series of strategies have been devel-
oped based on structure-activity relationship studies, aiming to optimize 
AMP activity and enhance their proteolytic stability [11]. These stra-
tegies generally include the incorporation of D- or non-natural amino 
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acids, truncations, PEGylation, lipidation, cyclisation, and various 
modifications aimed at improving delivery or reducing costs [10,11, 
27–29]. For example, truncation and amino acid substitution have 
effectively improved the therapeutic index of brevinin-1OS, leading to 
the development of a short derivative, OSf, with potent anti-MRSA ac-
tivity in both in vitro and ex vivo tests [30]. Additionally, the introduc-
tion of D-amino acids has endowed the brevinin-1LTe analogue with 
effective antibacterial activity against both planktonic and biofilm cells 
in both in vitro and in vivo experiments [2].

In this study, we identified and characterised a novel brevinin-1 
peptide, brevinin-1pl, from the skin secretion of the frog, Rana pipiens. 
Like most reported brevinin-1 peptides, brevinin-1pl exhibited potent 
antimicrobial activities against tested bacterial strains, but also induced 
strong haemolytic activity, resulting in a low therapeutic index. To 
address this issue, we employed a set of bioinformatics tools to analyse 
its structural features and predict potential interactions with mamma-
lian membranes. Based on these predictions and previous experiences, 
we designed six analogues of brevinin-1pl aimed at reducing haemolysis 
while preserving antimicrobial functions. Among these analogues, des- 
Ala16-[Lys4]brevinin-1pl was successfully developed, demonstrating 
improved therapeutic efficacy and potent anti-E. coli activities against 
both antibiotic-sensitive and resistant strains. Des-Ala16-[Lys4]brevinin- 
1pl rapidly eradicates E. coli cells through a combination mode of action, 
as confirmed by in vivo anti-E. coli studies, which highlight its potential 
as a novel antimicrobial agent. In summary, the modification work in 
this study provides valuable insights into brevinin-1 peptide research 
and paves the way for further development of these peptides as novel 
antimicrobials. The promising anti-E. coli efficacy of des-Ala16-[Lys4] 
brevinin-1pl suggests its potential for advancement in future research 
endeavours.

2. Materials and methods

2.1. Collection of skin secretion from Rana pipiens

Skin secretions of Rana pipiens were collected from the dorsal skin as 
described previously [31]. The investigation adhered to the regulations 
outlined in the UK Animal (Scientific Procedures) Act of 1986, under 
project license PPL 2694, granted by the Department of Health, Social 
Services, and Public Safety in Northern Ireland. The procedures under-
went evaluation by the IACUC of Queen’s University Belfast and 
received approval on March 1st, 2011.

2.2. Molecular cloning of brevinin-1pl precursor encoding cDNA

Polyadenylated mRNA was isolated from the skin secretion suspen-
sion using a Dynabeads mRNA Direct Kit (Dynal Biotech, UK). A SMART- 
RACE kit (Clontech, UK) was utilised to acquire the DNA sequence of 
prepro-peptide nucleic acids using a NUP primer (supplied with the kit) 
and a degenerate sense primer (S1; 5’ -GAWYYAYYHRAGCCYAAA-
DATG-3’) [32]. The PCR products were purified, cloned using a pGEM-T 
vector (Promega, USA), and sequenced by a commercial service pro-
vided by Eurofins (Eurofins Biosearch, Belfast, UK).

2.3. Bioinformatics analysis

National Center for Biotechnology Information (NCBI) - Basic Local 
Alignment Search Tool (BLAST) was used to analyse the identified 
peptide. Jalview program is employed to perform the multiple sequence 
alignment analysis. The secondary structures of peptides were predicted 
using the online server PEPFOLD3 (https://bioserv.rpbs.univ-paris-dide 
rot.fr/services/PEP-FOLD3/) [33]. The helical wheel diagrams of pep-
tides were generated using the HeliQuest server (https://heliquest.ipmc. 
cnrs.fr/) [34]. PPM 3.0 web server was utilised to calculate the possible 
binding model and membrane affinity of peptides (https://opm.phar. 
umich.edu/ppm_server3_cgopm) [35]. PyMOL program was employed 

to virtualise the prediction results. The molecular docking of the peptide 
with the DNA molecule was performed using the online server HDOCK 
[36]. The predicted structure model of the peptide obtained from the 
PEPFOLD3 server was submitted as the ligand, while the crystal struc-
ture of B-DNA (PDB: 1BNA) was set as the receptor. HDOCK, which 
employs a combined template-based and template-free algorithm, was 
used for automatic molecular-level protein–DNA docking. The top result 
was selected for further analysis using the Protein-Ligand Interaction 
Profiler (PLIP) web tool [37].

2.4. Peptide synthesis and characterisation

Peptides used in this work were synthesised with the solid phase 
peptide synthesis strategy (SPPS) using a tribute peptide synthesiser 
machine (Gyros Protein Technology, USA). All synthetic peptides were 
then oxidised by dimethyl sulfoxide (DMSO) to formed disulphide 
bridge [38] and purified with a reverse-phase HPLC (RP-HPLC) system 
(Waters, UK) equipped with an Aeris Peptide XB-C18 HPLC Column 
(250 ×21.2 mm, 5 µm, Phenomenex, UK). The purified peptides were 
further characterised with a MALDI-TOF mass spectrometry (4800 
MALDI TOF/TOF, Applied Biosystems, USA).

2.5. Secondary structure analysis

The secondary structure of peptides was determined using circular 
dichroism (CD) spectrometry (J-815, Jasco, UK). Peptides (final con-
centration 50 µM) were prepared in 10 mM Ammonium acetate 
(NH4AC) for mimicking aqueous environments and in 50 % TFE (v/v, in 
10 mM NH4AC) for mimicking membrane-like environments. Wave-
length detection ranged from 190 nm to 260 nm with a scanning speed 
of 100 nm/min. The bandwidth and data pitch used were 1 nm and 0.5 
nm, respectively. Additionally, changes in the conformations of 
brevinin-1pl and brevinin-1pl-del 16 in water and in the presence of LPS 
were monitored using CD spectrometry. LPS (O26:B6, 100 µM, Sigma- 
Aldrich, UK) was added to the 10 mM NH4AC solution to prepare the 
Lipopolysaccharides (LPS) environment. To analyse the interaction of 
the peptide with plasmid DNA, DNA samples (10 µg/ml) were tested 
with and without various ratios of peptides. The analysis was conducted 
by measuring the absorbance from 360 nm down to 230 nm [39,40]. The 
K2D3 server was utilised to analyse the possible secondary structure 
contents of peptides in different environments (https://cbdm-01.zdv. 
uni-mainz.de/~andrade/k2d3/) [41].

2.6. Antimicrobial assays

The antimicrobial activities of peptides were assessed by deter-
mining their minimal inhibitory concentration (MIC) and minimal 
bactericidal concentration (MBC) values, following established pro-
tocols [42]. The assay involved testing against three Gram-positive 
bacteria: Staphylococcus aureus NCTC 10788 (S. aureus 10788), 
Methicillin-resistant Staphylococcus aureus NCTC 12493 (MRSA 12493), 
and Enterococcus faecalis NCTC 12697 (E. faecalis 12697); five 
Gram-negative bacteria: Escherichia coli ATCC 8739 (E. coli 8739), E. coli 
NCTC 13846 (E. coli 13846), E. coli BAA 2340 (E. coli 2340), Pseudo-
monas aeruginosa ATCC CRM 9027 (P. aeruginosa 9027), Klebsiella 
pneumoniae ATCC 43816 (K. pneumoniae 438416), and Acinetobacter 
baumannii BAA 747 (A. baumannii 747); and one yeast strain, Candida 
albicans ATCC 10231 (C. albicans 10231). Each experiment was con-
ducted with three independent repetitions, each consisting of three 
replicates. Bacteria/yeast were inoculated for 16–18 h and then sub-
cultured in 20 ml fresh medium until the optical density (OD) of the 
cultures at 550 nm reached 0.23 (for tested Gram-positive bacteria), 0.4 
(for tested Gram-negative bacteria), and 0.15 (for tested yeast strain), 
corresponding to the density of 1 × 108 colony-forming units (cfu)/ml 
for the bacteria, and 1 × 106 cfu/ml for the yeast. Afterwards, the cul-
tures were diluted to a final density of 5 × 105 cfu/ml and incubated 
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with peptide solutions at concentrations ranging from 1 to 128 μM. The 
plates were incubated at 37 ◦C for 18 h, and bacterial/yeast growth was 
determined by measuring absorbance values at 550 nm using a Synergy 
HT plate reader (Bio Tek, USA). MIC results were defined as the lowest 
concentration of peptide at which no observed growth of microorgan-
isms could be detected. For the MBC assay, the culture in each well was 
spotted onto an agar plate and incubated at 37 ◦C for 18 h. The MBC 
results were defined as the lowest concentration of peptide at which no 
colony was observed. The experiment was conducted independently in 
three separate sessions, with each experiment performed in triplicate. 
The geometric mean of the MICs for the tested peptides was calculated 
using the online tool Alcula (http://www.alcula.com/calculators/statist 
ics/geometric-mean/).

2.7. Haemolysis assay

The haemolytic activity of peptides was evaluated using the horse 
erythrocytes as described previously [43]. In short, peptide solutions 
(final concentrations ranging from 1 µM to 128 µM) were incubated with 
2 % horse erythrocytes (E&O LABORATORIES LIMITED, UK) at 37 ◦C for 
2 h. Triton x-100 (1 %, Sigma-Aldrich, UK) was used as the positive 
control group, and the sterile PBS was set as the blank group. After that, 
the peptide-horse erythrocytes mixture was centrifuged at 930g for 10 
min, and the absorbance at 570 nm of the supernatant was measured. 
The percentage haemolysis was calculated using the formal:

Percentage Haemolysis= (Abs Sample-Abs Blank)/ (Abs Positive-Abs 
Blank) × 100 %.

The experiment was performed in triplicated, with each trial con-
ducted independently.

2.8. Salt sensitivity assay

The sensitivity of peptides to various ions was assessed by measuring 
changes in their MIC and MBC values. Seven types of ions, including 150 
mM NaCl, 4.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 8 µM ZnCl2, 6 µM 
NH4Cl, and 4 µM FeCl3, were introduced into the Mueller-Hinton broth 
(MHB) medium during the antimicrobial assays [42]. Each experiment 
was independently repeated three times.

2.9. Time-killing kinetic assay

The rate of sterilisation was assessed using time-killing kinetics 
assay. Diluted bacterial suspensions (106 CFU/ml) were mixed with 
appropriate peptide concentrations (1 × MIC, 2 × MIC, and 4 × MIC). 
Ten microliters of the mixture suspended in PBS solution were sampled 
at different time intervals (0 min, 5 min, 10 min, 20 min, 30 min, 60 min, 
90 min, 120 min, and 180 min) and plated onto agar plates. After 24 h of 
incubation, the number of bacterial colonies was counted. The experi-
ment was conducted independently in three separate sessions, with 
three replications of each experiment performed.

2.10. LPS binding assay

Lipopolysaccharide (LPS) binding capacity of antimicrobial peptides 
was assessed using the fluorescent dye, BODIPY™ TR Cadaverine (BC, 
ThermoFisher, USA). Initially, 50 μg/ml LPS solution and 5 μg/ml BC 
dye solution were prepared by dilution with Tris-HCl buffer. After 
standing at room temperature for 4 h, equal volumes of the mixture were 
mixed with peptide solutions (concentrations ranging from 2 μM to 32 
μM) and added to the wells of the black plate, resulting in final con-
centrations of 25 μg/ml LPS and 2.5 μg/ml BC dye. The plate was then 
incubated at 37 ◦C for 1 h, and fluorescence was measured using a 
Synergy HT plate reader (BioTek, USA) with excitation and emission 
wavelengths set at λ = 590 nm and λ = 645 nm, respectively. The 
experiment was conducted independently in three separate sessions, 
with three replications of each experiment performed.

2.11. NPN assay

The NPN assay was conducted to assess the outer membrane (OM) 
permeabilisation activity of peptides [44]. Bacteria in the logarithmic 
growth phase were centrifuged at 3000g for 10 min to remove the su-
pernatant, and the pellet was washed three times with HEPES buffer (5 
mM, pH 7.2, containing 5 mM glucose). Subsequently, the bacterial 
suspension was diluted in the prepared HEPES buffer to a density of 1 ×
107 CFU/ml and mixed with peptide solutions (1 × MIC, 2 × MIC, 4 ×
MIC) and NPN solutions (Sigma-Aldrich, UK). The mixture was then 
incubated at 37 ◦C for 2 h. The fluorescent intensity of NPN was 
measured at wavelengths of 420 nm (excitation) and 350 nm (emission). 
Melittin served as the positive control (100 % permeability rate), while 
HEPES buffer served as the negative control (0 % permeability rate). The 
experiments were conducted in three independent runs.

2.12. SYTOX green assay

SYTOX green assay was conducted to evaluate the cytoplasmic 
membrane permeabilisation activity of peptides as describe previously 
[25]. In short, bacteria in log phase were centrifuged to remove the 
supernatant, and the cell pellets were washed three times with 5 % TSB 
buffer (prepared in 0.85 % NaCl). Following the final centrifugation, the 
bacterial cell pellets were re-suspended in the 5 %TBS to a density of 
OD590 = 0.7. Diluted bacterial suspension was then mixed with peptide 
solutions (1 × MIC, 2 × MIC, 4 × MIC) and incubated at 37 ◦C for 2 h. 
After incubation, diluted SYTOX green-fluorescent nucleic acid stain 
(final concentration 50 µM, ThermoFisher, USA) was added to the 
mixture, and the fluorescent intensity was detected at an excitation 
wavelength of 360 nm and an emission wavelength of 460 nm. The 
experiments run in three independent repeats with three replicates each 
time.

2.13. ONPG assay

The ONPG assay was conducted to further assess the membrane 
permeabilisation activity of peptides against the tested E. coli strains 
[45,46]. E. coli cells cultured in LB medium (containing 2 % lactose) 
were incubated until reaching the logarithmic phase and then centri-
fuged to discard the supernatant. The bacterial cell pellets were sus-
pended to a density of OD600 = 0.5 and then ten-fold diluted in a PBS 
buffer containing 1.5 mM ONPG (Sigma-Aldrich, UK) at a pH of 7.4. The 
diluted bacterial suspension was subsequently incubated with peptide 
solutions. The changes in absorbance were dynamically monitored at 
37 ◦C with a wavelength of 460 nm. The experiments were indepen-
dently repeated three times with three replicates each time.

2.14. DNA binding assay

Gel retardation experiments were conducted to study the potential 
interactions of brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl with E. coli 
plasmid DNA. Briefly, peptide solutions (final concentrations ranging 
from 1 µM to 32 µM) were incubated with E. coli plasmid DNA (100 ng, 
Sigma-Aldrich, UK) in a sample buffer containing 1 mM EDTA, 10 mM 
Tris-HCl (pH 8.0), 5 % glucose, 50 μg/ml BSA, and 20 mM KCl. After 
incubation at 37 ◦C for 1 h, the mixture was analysed by agarose gel 
electrophoresis in 1 × TAE buffer (ITW REAGENTS, UK) [47–49]. Equal 
concentrations of the DNA-binding peptide Buforin II were used as the 
control group [47,50].

2.15. In vivo antibacterial study

The in vivo anti-E. coli activities of peptides brevinin-1pl and des- 
Ala16-[Lys4]brevinin-1pl were evaluated using the Galleria mellonella 
(G. mellonella) larvae model [2,42,51]. Initially, larvae were infected 
with E. coli cells by injecting a suspension (1 × 107 CFU/ml) into the last 
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right proleg for 1 h. Subsequently, peptide solutions at doses of 10 
mg/kg, 20 mg/kg, and 40 mg/kg (equal to 1 × MIC, 2 × MIC, and 4 ×
MIC of the brevinin-1pl-del 16) were administered to treat the infected 
larvae. All larvae were then cultivated at 37 ◦C for five days, and survival 
rates were assessed daily, with each group consisting of ten larvae. 
Rifampin (20 mg/kg, Sigma-Aldrich, UK) served as the positive control 
group, while the negative control group involved treating infected 
larvae with the same volume of sterile PBS. Each experiment was 
independently conducted three times.

2.16. MTT assay

Two human cancer cell lines, non-small-cell lung cancer line H838 
(ATCC, USA) and human breast cancer cell line MCF-7 (ATCC, USA), and 
one human healthy cell line, human keratinocytes cell HaCaT (Caltag 
Medsystems, UK) were employed to assess the cytotoxic activity of 
Brevinin-1pl and its analogues using the MTT assay. H838 cells were 
cultured in RPMI-1640 medium (Gibco, UK), while MCF-7 and HaCaT 
cells were cultured in DMEM medium (Gibco, UK), both supplemented 
with 10 % (v/v) fetal bovine serum (FBS, Gibco, UK) and 1 % (v/v) 

Fig. 1. (a) Brevinin-1pl precursor cDNA and corresponding amino acid sequence. The nucleotide sequence of signal peptide is labelled with double-underline, and 
the nucleotide sequence of the deduced mature peptide sequence is labelled with single-underline. The asterisk represents the stop code. (b) Multiple sequence 
alignment results of brevinin-1pl with similar peptides found in NCBI-BLAST database. Zappo colour scheme is used to label and reveal patterns of variations.
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penicillin–streptomycin (PS, Gibco, UK). Cells were seeded in 96-well 
plates at a density of 8000 cells per well for H838 and MCF-7 and 
10,000 cells for HaCaT and incubated overnight at 37 ◦C with 5 % CO2 
until attached. After attachment, the cells were treated with peptide 
solutions (final concentrations ranging from 10-4 M to 10-9 M). After 22 
h of exposure, MTT solution (final concentration 0.5 mg/ml) was added 
to each well and incubated at 37 ◦C for 4 h. Subsequently, the medium 
was removed, and 100 μl of DMSO was added to each well. After shaking 
for 15 min in a shaking incubator, the absorbance was measured at a 
wavelength of 570 nm using a Synergy HT plate reader.

2.17. Statistical analysis

Experiment data in this work was analysed using the GraphPad Prism 
9.0 software (GraphPad Software Inc., San Diego, CA, USA), and the 
results are represented as standard error of the mean (S.E.M.). Signifi-
cance levels were determined through one-way ANOVA tests, comparing 
the mean values of the designated data sets. Asterisks denote significant 
differences (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3. Results

3.1. Molecular cloning and characterisation of brevinin-1pl precursor 
cDNA

The cDNA encoding an AMP precursor was obtained through mo-
lecular cloning (Fig. 1a). The cDNA consists of 320 base pairs (bp) 
coding for 71 amino acids, including a signal peptide, acidic spacer, 
enzyme cleavage site (-KR-) and a putative mature peptide (FFPI-
VAGVAAKVLKKIFCTISKKC). The amino acid sequence of this pre-
propeptide was then submitted and analysed with BLASTp program. As 
shown in Fig. 1b, the identified peptide shared high similarity with 
peptides in brevinin-1 family, indicating that this peptide may be a novel 
brevinin-1 peptide. Therefore, it was named brevinin-1pl. The nucleo-
tide sequence of brevinin-1pl precursor was deposited in GenBank with 
an accession number of PP898169.

3.2. Secondary structure predication and modification of brevinin-1pl

The prediction result from PEPFOLD 3 server demostrated that 
brevinin-1pl may adopt high degree of helicity in its secondary structure 
(Fig. 2a and b), with an integrated hydrophobic face consisting of nine 
hydrophobic residues (Fig. 2c). Brevinin-1 peptides typically 

Fig. 2. (a) Predicted secondary structure of breinin-1pl. (b) Distribution of predicted secondary structure in residues. Red, blue and green represents possible 
distribution of helical, coil and extended structure, respectively. (c) Helical wheel diagram of possible helix part of brevinin-1pl. The hydrophobic face calculated by 
the HeliQuest server is labelled in red. (d) Possible binding mode of brevinin-1pl with the plasma membrane (mammalian) model (Red represents the extracellular 
side; blue represents the intracellular side) predicted by PPM server and virtualised in PyMOL program. Residues embedded in the membrane are labelled with three- 
letter code.
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demonstrate potent antimicrobial activities against a broad spectrum of 
microorganisms. However, their high toxicity has significantly hindered 
their advancement as novel antimicrobials. Hence, the binding mode of 
brevinin-1pl with mammalian plasma membrane was analysed using the 
PPM server. The predicted results revealed that the peptide’s maximal 
penetration depth is 9.2 ± 2.0 Å, and residues at positions 1–14, 16–17, 
20, and 24 may play crucial roles in embedding the peptides in the 
plasma membrane.

The high degree of helicity and potential strong binding affinity with 
the mammalian membrane may enable brevinin-1pl to exhibit remark-
able cytotoxicity, similar to many reported brevinin-1 peptides. There-
fore, based on the prediction results, modifications to brevinin-1pl were 
carried out to preserve its antimicrobial functions while decreasing its 
toxicity. Firstly, we substituted the 4th Ile with Lys to design [Lys4] 
brevinin-1pl. Building upon [Lys4]brevinin-1pl, further modifications 
focused on the 13th Leu and 16th Ile sites. They were replaced with 
weaker hydrophobic amino acid Ala (resulting in analogues [Lys4, 
Ala13]brevinin-1pl, [Lys4, Ala16]brevinin-1pl, and [Lys4, Ala13,16]bre-
vinin-1pl) or deleted (yielding analogues des-Ala16-[Lys4]brevinin-1pl 
and des-Leu13, Ala16-[Lys4]brevinin-1pl) to control hydrophobicity 
(Table 1) and reduce their potential binding capacity with mammalian 
membranes. MALDI-TOF MS results demonstrated that all peptides used 
in the test were successfully synthesized, oxidized, and purified 
(Fig. S1). HPLC results indicated that all synthetic peptides were purified 
to achieve a purity of over 90 % (Figs. S2). The detected mass of the 
peptides matches the theoretical mass, indicating successful disulfide 
bond formation.

3.3. Secondary structure analysis of brevinin-1pl and its analogues

The secondary structure of brevinin-1pl and its analogues was ana-
lysed using CD spectroscopy (Fig. 3). In the 10 mM NH4AC solution, all 
peptides primarily adopt a random coil structure, while they mainly 
adopt alpha-helix, anti-parallel, and parallel structures in the 50 % TFE 
solution (Table 2). The introduction of Lys or Ala replacements pro-
duced great effects on the percentage of the α helix content of peptide 
[Lys4]brevinin-1pl, [Lys4, Ala13]brevinin-1pl, [Lys4, Ala16]brevinin-1pl 
and [Lys4, Ala13,16]brevinin-1pl in NH4AC solution while do not 
remarkably affect the α helix formation in the TFE solution. However, 
their contents of anti-parallel structures slightly decreased, while the 
parallel structure contents slightly increased. In contrast, for des-Ala16- 
[Lys4]brevinin-1pl and des-Leu13, Ala16-[Lys4]brevinin-1pl, the removal 
of the 16th and 13th residues improved the helix content of the peptide.

3.4. Antimicrobial activities and therapeutic index values of brevinin-1pl 
and its analogues

Brevinin-1pl exhibited potent antibacterial activities against the 
tested bacterial strains, with MIC values ranging from 2 to 8 µM 
(Table 3). Among the tested bacterial strains, Gram-positive bacteria 
were more susceptible to brevinin-1pl, with a GM value of 2.52 µM. 
However, no obvious inhibitory activity against the tested yeast strain, 
C. albicans 10,231, was observed with brevinin-1pl. Brevinin-1pl dis-
played strong haemolytic activity toward horse erythrocytes, with an 

HC10 value of 8.28 µM, contributing to its low TI values (TIG+ = 3.29 
and TIG- = 1.46) (Table 4). Simply replacing the 4th Ile with Lys, 
although producing no obvious effects on the TI values of brevinin-1pl- 
6k, alleviated its haemolytic activity. Its HC10 value increased from 
8.28 µM to 13.68 µM, and the HC50 value increased from 37.64 µM to 
80.77 µM. Introducing Ala at the 13th and 16th positions did not help 
improve the TI values of brevinin-1pl-13A and brevinin-1pl-16A. How-
ever, the removal of the 16th Ile, although affecting the antibacterial 
activity against tested Gram-positive bacteria remarkably, decreased the 
haemolysis of brevinin-1pl-del 16, resulting in a TIG- value of 55.77, 
much higher than that of brevinin-1pl and other analogues. Especially, 
its TI value against E. coli 8739 is 128, indicating potential efficacy 
against E. coli strains. Further removal of the 13th Ala greatly affected 
the antibacterial activities of breinin-1pl-del 13, 16 and reduced the TI 
values against tested bacteria.

3.5. Antibacterial activities of brevinin-1pl and des-Ala16-[Lys4]brevinin- 
1plagainst drug-resistant E. coli

Breinin-1pl and its analogues showed relatively stronger antimicro-
bial effects on the tested E. coli strain. Meanwhile, among designed an-
alogues, des-Ala16-[Lys4]brevinin-1pl exhibited the highest TI values. 
Therefore, both the parent peptide brevinin-1pl and the analogue des- 
Ala16-[Lys4]brevinin-1plwere selected to evaluate their effects on two 
drug-resistant E. coli strains. As shown in Table 5, both peptides 
exhibited potent antibacterial activities against the tested E. coli strains. 
Des-Ala16-[Lys4]brevinin-1pl displayed higher anti-E. coli efficacy with a 
TI value of 80.63, much higher than that of the parent peptide breinin- 
1pl.

3.6. Salt sensitivity of brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl

The sensitivity of brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl to 
different salt environments was assessed by measuring changes in their 
MIC and MBC values against three E. coli strains. As indicated in Table 6, 
the presence of calcium and magnesium ions significantly impacted the 
antibacterial activities of both peptides, resulting in MIC/MBC value 
increases ranging from two-fold to sixteen-fold. Des-Ala16-[Lys4]brevi-
nin-1pl exhibited enhanced tolerance to sodium ions compared to the 
parent peptide.

3.7. Time-killing kinetics study of brevinin-1pl and des-Ala16-[Lys4] 
brevinin-1pl

The time-killing kinetics of brevinin-1pl and its analogue des-Ala16- 
[Lys4]brevinin-1pl were assessed on three E. coli strains. Both peptides 
demonstrated a rapid killing rate against the tested E. coli strains, 
eradicating all cells within 60 min (Fig. 4). However, des-Ala16-[Lys4] 
brevinin-1pl exhibited significantly higher efficiency in killing all tested 
E. coli strains compared to brevinin-1pl, completely eradicating cells 
within 10 min. Remarkably, at a concentration of 4 × MIC, des-Ala16- 
[Lys4]brevinin-1pl was capable of almost immediate bacteria eradica-
tion upon contact.

Table 1 
Partial structural parameters of brevinin-1pl and its analogues.

Peptide name Sequence Theoretical molecular Weight Net charge Hydrophobicity <H> Hydrophobic moment < µH>

brevinin− 1pl FFPIVAGVAAKVLKKIFCTISKKC 2609 5 0.765 0.447
[Lys4]brevinin− 1pl FFPKVAGVAAKVLKKIFCTISKKC 2624 6 0.601 0.567
[Lys4, Ala13]brevinin− 1pl FFPKVAGVAAKVAKKIFCTISKKC 2581 6 0.519 0.504
[Lys4, Ala16]brevinin− 1pl FFPKVAGVAAKVLKKAFCTISKKC 2581 6 0.514 0.487
[Lys4, Ala13, 16]brevinin− 1pl FFPKVAGVAAKVAKKAFCTISKKC 2539 6 0.432 0.421
des-Ala16-[Lys4]brevinin− 1pl FFPKVAGVAAKVLKK_FCTISKKC 2510 6 0.526 0.587
des-Leu13, Ala16-[Lys4] 

brevinin− 1pl
FFPKVAGVAAKV_KK_FCTISKKC 2397 6 0.448 0.426
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3.8. Anti-E. coli mechanism studies of brevinin-1pl and des-Ala16-[Lys4] 
brevinin-1pl

To investigate the antibacterial mechanisms of brevinin-1pl and des- 

Ala16-[Lys4]brevinin-1pl against the tested E. coli strains, a series of 
experiments were conducted. Firstly, the interaction capacity of 
brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl with LPS was studied 
(Fig. 5a). Compared to the control peptide Melittin, both peptides 
exhibited a more potent binding ability with LPS. In particular, the 
analogue des-Ala16-[Lys4]brevinin-1pl showed the strongest binding 
affinity with LPS among the tested peptides. The EC50 value of des- 
Ala16-[Lys4]brevinin-1pl is around 0.65 µM, which is lower than 
0.77 µM for brevinin-1pl and 0.93 µM for melittin. The binding affinity 
peaked at 2 µM for all three peptides. Meanwhile, the CD spectra results 
showed that the presence of LPS altered the conformation of brevinin- 
1pl and des-Ala16-[Lys4]brevinin-1pl in an aqueous environment, as 
evidenced by obvious negative peaks observed at around 208 nm and 
220 nm (Fig. 5b). According to the K2D3 prediction, in the presence of 
LPS, the α helix content of brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl 
was increased to 95.09 % and 95.44 %, respectively.

Fig. 3. CD spectra of brevinin-1pl and its analogues. The red line represents the results of peptides in 10 mM NH4AC solution. The blue line represents the results of 
peptides in 50 % TFE buffer.

Table 2 
Estimated α helix structure content (%) of brevinin-1pl and its analogues.

Peptide α helix (%)

NH4AC TFE

brevinin− 1pl 61.78 95.4
[Lys4]brevinin− 1pl 26.82 95.4
[Lys4, Ala13]brevinin− 1pl 18.26 95.4
[Lys4, Ala16]brevinin− 1pl 44.15 95.4
[Lys4, Ala13, 16]brevinin− 1pl 31.17 95.4
des-Ala16-[Lys4]brevinin− 1pl 31.95 95.28
des-Leu13, Ala16-[Lys4]brevinin− 1pl 34.65 95.28
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To assess the impact of brevinin-1pl and des-Ala16-[Lys4]brevinin- 
1pl on the E. coli membrane, we employed the NPN assay and SYTOX 
green assay. Additionally, the ONPG assay was utilised to further verify 
the membrane-disruptive effects of the peptides. For brevinin-1pl, its 
presence induced outer membrane permeabilisation of the three tested 
E. coli strains in a concentration-dependent manner (Fig. 6). The com-
bined results of ONPG and SYTOX green assays indicated that brevinin- 
1pl greatly increased intracellular membrane permeability. Therefore, 
its anti-E. coli mechanism is more likely membrane-disruptive, similar to 
many reported AMPs. However, for the analogue des-Ala16-[Lys4]bre-
vinin-1pl, the mode of action might be different. Firstly, the treatment of 
des-Ala16-[Lys4]brevinin-1pl did not induce significant changes in the 
outer membrane permeabilisation of the tested E. coli strains. 

Meanwhile, its impact on intracellular membrane permeabilisation was 
not concentration dependent. Although for E. coli 8739, it showed a 
concentration-dependent manner in the SYTOX green assay, it did not 
induce obvious changes in OD values in the ONPG assay, reflecting the 
low release of cytoplasmic beta-galactosidase. Taking these results into 
consideration, given the relatively fewer changes in the permeability of 
the membrane and the markedly different ultra-fast bactericidal effi-
ciency, we suspect that des-Ala16-[Lys4]brevinin-1pl may affect bacte-
rial targets beyond just the membrane, potentially involving some 
intracellular targets. Therefore, its interactions with E. coli DNA were 
studied.

As shown in Fig. 7a, the peptide des-Ala16-[Lys4]brevinin-1pl can 
interact with DNA molecules and retard their movement in electro-
phoresis. Complete retardation was observed at a concentration of 
16 µM. In comparison, the DNA-binding peptide buforin II did not show 
complete retardation even at the highest tested concentration (64 µM). 
CD spectra were utilised to further verify the interaction of des-Ala16- 
[Lys4]brevinin-1pl with plasmid DNA. Both des-Ala16-[Lys4]brevinin- 
1pl and buforin II induced bending in the plasmid DNA (Fig. 7b). With 
gradual increases in the peptide ratio, there was a red shift of the 
maximum from 275 nm to 285 nm, accompanied by a decrease in peak 
ellipticity. This observation suggests that the peptides may interact with 
the base-stacking, thereby leading to changes in the DNA conformation. 
The Δε for buforin II increases at a relatively lower rate beyond the ratio 

Table 3 
Antimicrobial screening results of brevinin-1pl and its analogues. MICs/MBCs (µM) values are listed.

Strains S. aureus 
6538

MRSA 
12,493

E. faecium 
12,697

E. coli 
8739

K. pneumoniae 
43,816

P. aeruginosa 
9027

A. baumannii 
747

C. albicans 
10,231

brevinin− 1pl 2 / 2 2 /2 4 / 4 4 / 4 8/8 8/16 8/16 > 128
[Lys4]brevinin− 1pl 4/ 4 4/ 4 16 / 16 4 / 4 8/8 8/8 16/16 > 128
[Lys4, Ala13]brevinin− 1pl 4/ 4 4/ 4 128/128 4 / 4 8/8 8/8 16/16 32/128
[Lys4, Ala16]brevinin− 1pl 4/ 4 4 /4 32/64 4 / 4 8/8 8/8 8/8 32/64
[Lys4, Ala13,16]brevinin− 1pl 16/16 8/ 8 > 128 8/ 8 16/16 32/32 32/32 32/64
des-Ala16-[Lys4] 

brevinin− 1pl
32/32 > 128 64/> 128 2 /2 4/8 16/16 16/16 16/32

des-Leu13, Ala16-[Lys4] 
brevinin− 1pl

> 128 > 128 > 128 32/32 > 128 > 128 > 128 > 128

Table 4 
HC10, HC50, Geometric Mean (GM), and TI values of brevinin-1pl and its analogues.

Treatments HC10 (µM) HC50 (µM) GM (µM) TI*

G+ G- G+ G- E. coli 8739

brevinin− 1pl 8.28 37.64 2.52 5.66 3.29 1.46 2.07
[Lys4]brevinin− 1pl 13.68 80.77 6.35 8 2.15 1.71 3.42
[Lys4, Ala13]brevinin− 1pl 4.59 41.34 12.7 8 0.36 0.57 1.15
[Lys4, Ala16]brevinin− 1pl 2.51 84.86 8 5.66 0.31 0.44 0.63
[Lys4, Ala13, 16]brevinin− 1pl 62.21 > 128 32 16 1.94 3.89 7.78
des-Ala16-[Lys4]brevinin− 1pl > 128 > 128 80.63 4.59 3.17 55.77 128
des-Leu13, Ala16-[Lys4]brevinin− 1pl 116.3 > 128 256 128 0.45 0.91 3.63

* TI value was calculated as HC10/GM. When the HC10 value was over 128 μM, 256 μM was utilised to calculate the TI value. TIG+ and TIG- represent the TI values of 
peptides against the tested Gram-positive and Gram-negative bacteria, respectively.

Table 5 
MICs/MBCs (µM) and TI values of tested E. coli strains of brevinin-1pl and des- 
Ala16-[Lys4]brevinin-1pl.

Strain E. coli 8739 E. coli 13846 E. coli 2340 TI

Description (sensitive) (mcr-1 
positive)

(blaKPC 

positive)

brevinin− 1pl 4 / 4 4 / 4 4 / 4 2.07
des-Ala16-[Lys4] 

brevinin− 1pl
2 /2 4 / 4 4 / 4 80.63

Table 6 
MICs and MBCs values of brevinin-1pl and des-Ala16-[Lys4]brevinin-1plin different salt environments.

Strain E. coli 8739 E. coli 13846 E. coli 2340

Peptide brevinin-1pl des-Ala16-[Lys4]brevinin-1pl brevinin-1pl des-Ala16-[Lys4]brevinin-1pl brevinin-1pl des-Ala16-[Lys4]brevinin-1pl

Control 4 /4 2 /2 4 /4 4 /4 4 /4 4 /4
150 mM NaCl 16 /16 4 /4 8 /8 4 /8 4 /4 4 /4
4.5 mM KCl 4 /4 2 /2 8 /8 8 /8 4 /4 2 /2
2 mM CaCl2 8 /8 8 /8 32 /64 64 /64 16 /16 16 /16
1 mM MgCl2 16 /16 32 /32 16 /16 16 /16 8 /8 8 /8
8 µM ZnCl2 4 /4 2 /2 8 /8 8 /8 4 /4 4 /4
6 µM NH4Cl 4 /4 2 /2 8 /8 8 /8 4 /4 4 /4
4 µM FeCl3 4 /4 2 /2 8 /8 8 /8 4 /4 4 /4
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of 0.2, indicating a weaker binding capacity to the plasmid DNA 
compared to des-Ala16-[Lys4]brevinin-1pl (Fig. 7c). The molecular 
docking result reveals that the interaction between the DNA duplex and 
des-Ala16-[Lys4]brevinin-1pl is driven by hydrogen bonds and pi stack-
ing, which are formed between the 1st and 2nd Phe residues of the 
peptide and sites within the DNA minor groove (Fig. 7d).

3.9. In vivo anti-drug resistant E. coli activities of brevinin-1pl-del 16

The in vivo antibacterial activities of des-Ala16-[Lys4]brevinin-1pl 
against drug-resistant E. coli were evaluated using the G. mellonella 
larvae model (Fig. 8). For E. coli 13846, the survival rate of infected 
larvae was only 30 % on the fifth day post-infection. Treatment with des- 
Ala16-[Lys4]brevinin-1pl significantly increased the survival rate to 
approximately 80 % to 90 %. Similarly, for E. coli 2340, the presence of 
des-Ala16-[Lys4]brevinin-1pl remarkably increased the survival rate of 
infected larvae from 50 % to 90 %.

3.10. Effects of brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl on human 
cancer cells and non-cancerous cells

Brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl were evaluated for 
their cytotoxic effects on both human cancerous cells and healthy cells. 
As shown in Fig. 9, both peptides demonstrated significant inhibitory 
effects on the growth of tested cancer cell lines when the concentration 
exceeded 10-5 M. The IC50 values of both peptides against both cancer 

cell lines are closely similar (Table 7). Although both peptides exhibited 
high selectivity between the tested cancer cell lines and healthy cells, the 
IC50 value of the analogue des-Ala16-[Lys4]brevinin-1pl (128.1 µM) is 
relatively higher than that of its template (IC50 = 62.71 µM).

4. Discussion

As a critical component of the host’s innate immunity, AMPs play a 
crucial role in combating a wide range of microorganisms [3,6,16,52, 
53]. With the global emergence of antimicrobial resistance (AMR), 
AMPs have garnered significant attention as alternatives to traditional 
antibiotics [54,55]. The skin of amphibian from the Rana genus is a rich 
source of AMPs, with brevinins exhibiting potent antimicrobial, immu-
nomodulatory, and anticancer properties, positioning them as promising 
therapeutic agents [16,17,56].

In this study, we identified a novel brevinin-1 peptide, brevinin-1pl, 
from the skin secretions of the frog Rana pipiens. Sequence alignments 
revealed that brevinin-1pl shares no more than 77 % similarity with 
reported brevinin-1 peptides and contains a C-terminal ‘Rana Box’ loo-
ped by a disulphide bridge. Although the role of the ‘Rana Box’ in frog- 
derived AMPs is often debated, it plays a crucial role in maintaining the 
helical structure and antimicrobial activity within the brevinin-1 family 
[14,24,57,58]. For instance, deleting the Rana Box from brevinin-1OS 
resulted in its derivative, Osa, completely losing its antimicrobial ac-
tivity at tested concentrations [30]. A similar outcome was observed in 
brevinin-OG9 modifications, where the removal of the ‘Rana Box’ also 

Fig. 4. Time-killing kinetic curves of brevinin-1pl (a) and des-Ala16-[Lys4]brevinin-1pl (b) against E. coli 8739, E. coli 13846, and E. coli 2340. The tested time is 
180 min, and the treated concentrations of peptide range from 1 × MIC to 4 × MIC. Untreated cells are set as the growth control. DMSO (1 %) treated cells are set as 
the vehicle control group.
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led to a loss of antimicrobial activity and a significant reduction in the 
peptide’s helical content [17]. Therefore, when modifying brevinin-1pl, 
we chose not to alter the ‘Rana Box’ structure to preserve its antimi-
crobial activity. Instead, we focused on the N-terminal sequence, 
adjusting the peptide’s hydrophobicity by replacing weakly hydropho-
bic amino acids or deleting strongly hydrophobic ones, thereby con-
trolling the peptide’s potential toxicity to some extent [59]. Like many 
reported brevinin-1 peptides, brevinin-1pl demonstrated potent anti-
bacterial activity against both Gram-positive and Gram-negative bac-
teria [2,22–24,26]. This activity may be attributed to several structural 
characteristics of brevinin-1pl, including its net charge, hydrophobicity, 
and secondary structure. The presence of five net-positive charged res-
idues within the brevinin-1pl sequence may facilitate the initial elec-
trostatic attraction between the cationic peptide and the anionic 
bacterial membrane, enabling brevinin-1pl to effectively target bacteria. 
Furthermore, the hydrophobicity of brevinin-1pl, as indicated by a hy-
drophobicity index of 0.765 and a large hydrophobic face composed of 
nine residues, allows the peptide to interact with hydrophobic regions of 
both bacterial and mammalian cell membranes. CD spectrum analysis of 
brevinin-1pl indicated a predominately α-helical structure in both 
NH4AC and TFE solutions. As one of the fundamental factors affecting 

the interaction between the AMP and the membrane [59], the formation 
of the helical structure in the membrane environment enables the pep-
tide to expose its hydrophobic residues, enhancing contact with sur-
rounding lipid molecules and contributing to its potent antibacterial 
activity, as well as its haemolytic and cytotoxic effects.

CD results also revealed that several of the modified peptides exhibit 
a high degree of helicity, around 95 %, in their secondary structures in 
the TFE environment, similar to their parent peptide. This high helicity 
is crucial for the membrane-disrupting effect of AMPs [60]. After con-
ducting antibacterial activity screening, it was found that the activity of 
the modified peptide against Gram-positive bacteria was decreased. 
However, the activity of des-Ala16-[Lys4]brevinin-1pl against 
Gram-negative bacteria remained basically unchanged or even 
improved. The reduced antibacterial activity of brevinin-1pl analogues 
highlights the critical role of hydrophobicity in targeting Gram-positive 
bacteria, consistent with previous findings that emphasize the impor-
tance of hydrophobic residues in anti-Gram-positive peptides [49]. For 
Gram-negative bacteria, charged residues appear to be more critical in 
AMPs [61]. Since the modifications slightly increase the net charge of 
des-Ala16-[Lys4]brevinin-1pl, this may explain why their 
anti-Gram-negative activity remained largely unchanged or even 

Fig. 5. (a) Binding affinity of brevinin-1pl, des-Ala16-[Lys4]brevinin-1pl and melittin with LPS. (b) CD spectrum of brevinin-1pl (left) and des-Ala16-[Lys4]brevinin- 
1pl (right) with or without LPS.
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Fig. 6. Effects of brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl on the membrane of three E. coli strains. (a) Changes in OM permeability in the presence or absence 
of peptides. The positive control is E. coli cells treated with melittin. (b) Changes in cytoplasmic membrane permeability in the presence or absence of peptides. 
Melittin is served as the positive control. (c) ONPG assay results of breinin-1pl and des-Ala16-[Lys4]brevinin-1pl against three E. coli strains. The negative group is 
untreated E. coli cells. The positive control is E. coli cells treated with Melittin. The addition group include only the solvent.
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Fig. 7. Interaction of brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl with plasmid DNA of E. coli. (a) Effects of des-Ala16-[Lys4]brevinin-1pl and buforin II on the 
migration of plasmid DNA (pBR322). (b) CD spectra result of des-Ala16-[Lys4]brevinin-1pl (left) and buforin II (right) binding with plasmid DNA. (c) The normalised 
changes of des-Ala16-[Lys4]brevinin-1pl and buforin II to the plasmid DNA in CD signal at 275 nm. (d) Molecular docking model of des-Ala16-[Lys4]brevinin-1pl with 
the DNA (PDB ID: 1BNA). The grey dash bond represents the hydrophobic interaction between the peptide and DNA. The blue bond represents formed hydrogen 
bonds. The green dash bond represents the π-stacking.
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improved. From the haemolytic activity screening, [Lys4, Ala13]brevi-
nin-1pl and [Lys4, Ala16]brevinin-1pl exhibited reduced activity 
compared to the parent peptide, brevinin-1pl, which may be attributed 
to the addition of an extra positive charge. It has been demonstrated that 
additional positive charges can increase the haemolytic activity of AMPs 
[62]. The HC50 of [Lys4, Ala13, 16]brevinin-1pl was greater than 128 µM, 
indicating that the decrease in hydrophobicity could reduce the hae-
molytic activity. des-Ala16-[Lys4]brevinin-1pl and des-Leu13, Ala16-[-
Lys4]brevinin-1pl both exhibited very low haemolytic activity, 
indicating that the reduction in hydrophobicity due to the deletion of the 
amino acid at the 16th position decreased the haemolytic activity of the 
peptides. The results of des-Ala16-[Lys4]brevinin-1pl further supported 
that reducing hydrophobicity could decrease the haemolytic activity of 
the peptide. Meanwhile, the experimental results of [Lys4, Ala13, 16] 
brevinin-1pl demonstrated that decreasing hydrophobicity and 
increasing amphiphilicity significantly reduced haemolytic activity. The 
therapeutic index calculated from the MIC concentration and HC10 of 
haemolytic activity in the results of the antimicrobial assay generally 
shows the degree of safety of the drug. The results of the TI values show 
that the modified peptide became less effective against Gram-positive 
bacteria, probably related to its reduced hydrophobicity. However, 
des-Ala16-[Lys4]brevinin-1pl achieved a TI index of 55.77 against 
Gram-negative bacteria, which is a very safe level compared to melit-
tin’s TI and that of polymyxin B (Colistin) [63,64]. In the in vivo anti-
bacterial tests, des-Ala16-[Lys4]brevinin-1pl also exhibited potent 
antibacterial activities against two drug-resistant E. coli strains, and the 
survival rate of the infected group greatly improved. Modification of 
brevinin-1pl demonstrated that managing the hydrophobicity might be 
an effective strategy for controlling the toxicity of brevinin-1 peptides. 
Given the potential critical role of the ‘Rana Box’ in the bioactivity of 
brevinin-1 peptides, adjustments in hydrophobicity should preferably 
focus on the residues outside the loop. This hypothesis needs to be 
validated through further modifications in future studies on brevinin-1 
peptides.

As the modified peptides were more effective against Gram-negative 
bacteria, des-Ala16-[Lys4]brevinin-1pl was chosen to screen for antimi-
crobial activity against E. coli NCTC 13846, which is colistin-resistant 
due to the mcr-1 gene, and E. coli BAA 2340, which contains the 
blaKPC gene, conferring resistance to imipenem and ertapenem. The 
parent peptide, brevinine-1pl, was also employed as a comparison. Des- 
Ala16-[Lys4]brevinin-1pl exhibited potent antibacterial activities and 
higher selectivity against both drug-resistant bacteria, suggesting it may 
hold promise for further development as anti-infectious agents. Time- 
killing experiments were conducted next. The results of brevinin-1pl 
and des-Ala16-[Lys4]brevinin-1pl against three types of E. coli showed 
that all the peptides could completely clear the bacteria within 1 h at 

their MICs. This confirms other reports which have shown that AMPs 
have a fast bactericidal action [2]. To further investigate the antimi-
crobial mechanism, an LPS binding experiment was conducted to 
determine if the peptides interact with endotoxins. The results showed 
that brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl had the similar 
ability to bind to LPS as melittin at similar concentrations. CD results 
demonstrated that the presence of LPS can induce conformational 
changes in brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl, improving 
their helicity, which may facilitate their interaction with the E. coli 
membrane.

Next, a series of experiments were carried out to verify whether the 
peptides influenced the permeability of the E. coli cell membrane. First, 
an NPN experiment was conducted. When the outer membrane is dis-
rupted by AMPs, NPN can enter the hydrophobic environment of the 
membrane and emit fluorescence. Therefore, an increase in fluorescence 
signal indicates that the AMP has damaged the outer membrane. The 
results showed that brevinin-1pl achieved a 100 % outer membrane 
breakage rate at four-fold MIC, while des-Ala16-[Lys4]brevinin-1pl had 
less ability to affect the permeability of the outer membrane. A SYTOX 
green experiment was subsequently carried out to verify the effect of the 
AMPs on the permeability of the cytoplasmic membrane. Generally, the 
permeability rate increases with increasing concentration of AMPs. 
However, peptides may have other mechanisms that result in membrane 
permeability that does not increase with concentration. To further verify 
the ability of AMPs to cause inner membrane damage, the ONPG 
experiment was performed. The results indicated that for disrupting the 
cell membrane, brevinin-1pl exceeded melittin at four-fold MIC. The 
results showed that brevinin-1pl has a strong ability to disrupt inner 
membrane permeability, which is stronger than melittin at four-fold 
MIC, indicating that brevinin-1pl may kill E. coli through a membrane- 
disruptive mechanism, similar to many reported frog AMPs.

However, the results for des-Ala16-[Lys4]brevinin-1pl suggest that 
while increased membrane permeabilisation may allow the SYTOX 
green dye to access the DNA, the release of beta-galactosidase still 
cannot pass through the membrane. This suggests that the impact of des- 
Ala16-[Lys4]brevinin-1pl on the E. coli membrane may be only one part 
of its mode of action, and other intracellular targets might exist. 
Therefore, we conducted several experiments to study the interaction of 
des-Ala16-[Lys4]brevinin-1pl with E. coli plasmid DNA. Exploration of 
the interaction of des-Ala16-[Lys4]brevinin-1pl with DNA showed that it 
could bind with DNA and retard its movement in gel electrophoresis. 
Additionally, CD results verify the presence of binding and also 
demonstrate that des-Ala16-[Lys4]brevinin-1pl exhibits a more potent 
DNA binding capacity than buforin II and can bend E. coli plasmid DNA. 
Mechanism studies on des-Ala16-[Lys4]brevinin-1pl suggest that it may 
exert its anti-E. coli functions via a combined mode of action, involving 

Fig. 8. The Kaplan-Meier-curves of des-Ala16-[Lys4]brevinin-1plin wax moth larvae infected with E. coli 13846 (a) and E. coli 2340 (b). The group of infected larvae 
treated with Rifampin (20 mg/kg) was set as the positive control.
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both membrane disruption and DNA/RNA binding. This combined mode 
of action may also reduce the likelihood of the peptide inducing drug 
resistance compared to peptides or antibiotics that target a single 
mechanism. In the in vivo antibacterial tests, des-Ala16-[Lys4]brevinin- 
1pl exhibited potent antibacterial activity against two drug-resistant 
E. coli strains, remarkably improving the survival rate of the infected 
group, further demonstrating its great potential to be developed into a 
novel antimicrobial drug.

MTT assays were conducted to test the peptide cytotoxicity. Both 
electrostatic contact and hydrophobic effects contribute to the selec-
tivity of the AMPs against bacteria and cancer cells [65]. The 

experimental results showed that both brevinine-1pl and des-Ala16-[-
Lys4]brevinin-1pl exhibited significant inhibitory effects on both H838 
and MCF-7 cancer cell lines, while the selectivity of des-Ala16-[Lys4] 
brevinin-1pl was higher than that of the parent peptide brevinine-1pl. 
Considering the anti-E. coli activities and haemolysis together, the 
analogue des-Ala16-[Lys4]brevinin-1pl may effectively exert its anti-
bacterial functions without inducing significant toxicity to the body and 
holds great promise for further development.

5. Conclusion

In this study, we identified a novel brevinin-1 peptide, brevinin-1pl, 
from the skin secretion of the frog, Rana pipiens, and employed a set of 
bioinformatics tools to design several analogues aimed at improving the 
therapeutic potential of brevinin-1 peptides. The optimal analogue, des- 
Ala16-[Lys4]brevinin-1pl, with high therapeutic efficacy, was success-
fully developed. It displayed potent antibacterial activity against drug- 
resistant E. coli in both in vitro and in vivo tests, and it kills bacteria via 
a combined mode of action, including membrane disruption and DNA/ 

Fig. 9. Effects of brevinin-1pl (a) and des-Ala16-[Lys4]brevinin-1pl (b) on the growth of tested cancerous cells H838 and MCF-7 and human healthy cells HaCaT. The 
concentrations of tested peptides range from 10-9 to 10-4 M. Cells without treatment employed as the growth control (shown as growth in the graph). DMSO (0.5 %) 
was set as the vehicle control, and Triton x-100 was employed as the positive control. Growth medium was employed as the blank control. The data represented show 
the S.E.M. calculated from nine replicates conducted in three independent experiments. No significance (ns), * (p < 0.05), and * ** * (p < 0.0001) compared to the 
vehicle control group, determined by One-Way ANOVA.

Table 7 
IC50 (µM) values of brevinin-1pl and des-Ala16-[Lys4]brevinin-1pl.

Peptide H838 MCF-7 HaCaT

brevinin− 1pl 6.88 7.60 62.71
des-Ala16-[Lys4]brevinin− 1pl 4.536 7.194 128.1
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RNA targeting. In summary, the modifications on brevinin-1pl provide 
valuable insights for improving brevinin-1 peptides in future research, 
and the analogue des-Ala16-[Lys4]brevinin-1pl may be a promising 
candidate for further development as an antibacterial agent.
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