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Abstract 

The skins of frogs of the family Ranidae are particularly rich sources of 

biologically-active peptides, among which antimicrobial peptides constitute the major 

portion. Some of these have attracted the interest of researchers because they possess 

both antimicrobial and anticancer activities. In this study, with “shotgun” cloning and 

MS/MS fragmentation, three antimicrobial peptides, homologues of family brevinin-1 

(brevinin-1HL) and temporin (temporin-HLa and temporin-HLb), were discovered 

from the skin secretion of the broad-folded frog, Hylarana latouchii. They exhibited 

various degrees of antimicrobial and antibiofilm activities against test microorganisms, 

and haemolysis on horse erythrocytes. It was found that they could induce bacteria 

death through disrupting cell membranes and binding to bacterial DNA. In addition, 

they also showed different potencies towards human cancer cell lines. The secondary 

structure and physicochemical properties of each peptide were investigated to 

preliminarily reveal their structure-activity relationships. Circular dichroism 

spectrometry showed that they all adopted a canonical α-helical conformation in 
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membrane-mimetic solvents. Notably, the prepropeptide of brevinin-1HL from H. 

latouchii was highly identical to that of brevinin-1GHd from Hylarana guentheri, 

indicating a close relationship between these two species. Accordingly, this study 

provides candidates for the design of novel anti-infective and antineoplastic agents to 

fight multidrug-resistant bacteria and malignant tumours, and also offers additional 

clues for the taxonomy of ranid frogs. 

 

Keywords: cloning, chromatography, mass spectrometry, structure-activity 

relationships  

 

Introduction 

Amphibians, having a rich evolutionary history and being the first group of organisms 

forming a connective link between aquatic and terrestrial environments, are confined 

to humid and/or moist habitats that are also the homes for a multitude of pathogenic 

microorganisms. Despite this and most surprisingly, they have existed and indeed 

thrived in such environments for several hundred millions of years with as many as 

8343 extant species distributed worldwide (https://amphibiaweb.org/index.html, 

updated on 14 Jun. 2021). The ability to avoid invasion by pathogens has been 

attributed to their highly-evolved chemical immune defence system composed of 

various biological peptides. The specialised granular glands present in their skins play 

a vital role in such innate immunity and these structures synthesise, store and secrete a 

vast range of antimicrobial peptides (AMPs) which are employed on the skin surface 

following injury or stress, protecting them from the microbes they encounter [1]. 

Anuran skin has been found to be an exceedingly rich source of AMPs with diverse 

structures that contain no single conserved structural motif responsible for their 

activities [2]. However, almost without exception, they are characterised by their 

cationicity, hydrophobicity, and amphipathic α-helical configuration in 

membrane-mimetic solvents [3]. As components of the innate immune system, AMPs 

target a wide range of microorganisms, including bacteria, protozoa, fungi and viruses, 

and some recent studies has reported that many of these peptides also possess 

cytotoxicity against tumour cells [4–7].  

Non-small cell lung cancer (NSCLC), the most common type of lung cancer 

(80%–90%), is one of the most fatal malignancies throughout the world with only 

15%-20% of 5-year survival [8,9]. The failure in the treatment results from drug 
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resistance and delayed diagnosis. Recently, AMPs have attracted much attention as 

potential alternatives to antimicrobial or anticancer drugs due to their advantages over 

currently-used antibiotics and antitumour chemotherapeutic agents, including more 

selective cytotoxicity towards target cells, the capability of bypassing common 

multidrug-resistance mechanisms and their synergistic effects in combination therapy 

[10]. Although the exact molecular mechanisms of antimicrobial and anticancer 

actions of AMPs still remain obscure, many AMPs are deemed to share a common 

membranolytic mode of action in which these cationic peptides preferentially bind to 

the anionic components on bacterial/cancer cell membranes via electrostatic 

interaction, inducing membrane disruption that leads to cell death [11–14]. Some 

other mechanisms are also proposed for their anticancer action, such as intracellular 

calcium mechanisms, mitochondrial membrane disruption, induction of apoptosis and 

acting on chromosomes or nucleic acids [15–17].  

H. latouchii is defined as a species under the genus Hylarana belonging to the 

Ranidae family. To date, although thousands of AMPs have been identified from 

amphibians, only 17 AMPs from H. latouchii belonging to families of brevinin-1, 

brevinin-2, esculentin-1, esculentin-2, temporin, nigrocin, palustrin-2, and hylaranin 

are deposited in the Antimicrobial Peptide Database (APD3).  

In the present study, three AMPs were obtained from the skin secretion of H. 

latouchii, through “shotgun” cloning and MS/MS fragmentation of the skin secretion. 

Sequence characterisation indicated that they belong to two different peptide families 

(brevinin-1 and temporin family), they were named accordingly as brevinin-1HL, 

temporin-HLa and temporin-HLb. Antimicrobial, antibiofilm, haemolytic and 

antitumour cell assays were carried out to assess their biological activities towards test 

microorganisms and human cancers using their respective synthetic replicates. The 

mechanisms of their antimicrobial actions were also explored. 

 

Materials and Methods 

Collection of skin secretion from H. latouchii 

Skin secretion was harvested from the specimens of adult H. latouchii captured in 

Fujian Province, China, by stimulating the dorsal skin surface with mild electricity as 

previously described [18]. The skin secretion, rinsed off with deionised water, was 

collected, lyophilised and stored at -20°C prior to use. The study was performed 
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according to the guidelines in the UK Animal (Scientific Procedures) Act 1986, 

project license PPL 2694, issued by the Department of Health, Social Services and 

Public Safety, Northern Ireland. All experimental procedures were vetted by the 

Institutional Animal Care and Use Committee (IACUC) of Queen’s University Belfast 

and approved on 1 March, 2011.  

 

“Shotgun” cloning of peptide precursor-encoding cDNAs 

The full-length peptide precursor-encoding cDNAs were obtained from the H. 

latouchii skin secretion-derived cDNA library as previously described [19]. Briefly, 

cDNA library constructed from polyadenylated mRNA was subject to 3’-RACE 

procedures employing a NUP primer (Clontech, Oxford, UK) and a degenerate sense 

primer (5′-GAWYYAYYHRAGCCYAAADATGTTCA-3′) designed to a 

highly-conserved domain within the 5’-untranslated region of ranid frogs’ AMP 

precursor cDNAs [20].  

 

Identification and structure characterisation of antimicrobial peptides 

H. latouchii skin secretion was isolated by reverse phase HPLC equipped with a 

Jupiter C-5 semi preparative column (25 cm × 1 cm; Phenomenex, Torrance, USA), 

and the primary structures of putative cDNA-encoded peptides present in the HPLC 

fractions were analysed by the MS/MS fragmentation sequencing using an LCQ Fleet 

ESI ion-trap mass spectrometer (Thermo Fisher Scientific, Waltham, USA) as 

previously described [19]. 

 

Peptide synthesis 

Following the establishment of peptide primary structures on the basis of cloned 

cDNAs and MS/MS analyses, each peptide was chemically synthesised using a PS3 

automated solid-phase synthesiser (Protein Technologies, Inc., Tucson, USA). 

Reverse phase HPLC was used to purify the synthesised peptides whose purity and 

authenticity were then confirmed by matrix-assisted laser desorption/ionisation 

time-of-flight mass spectrometry (MALDI-TOF MS) and MS/MS fragmentation 

sequencing. 

 

Secondary structure analyses and prediction of physicochemical properties of 
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antimicrobial peptides 

The peptide secondary structures were analysed using a Bio-Logic MOS-450 circular 

dichroism (CD) spectrometer (Bio-Logic, Seyssinet-Pariset, France) as previously 

described [5,21] with some modifications. Each peptide was dissolved in ultrapure 

water and a 50% trifluoroethanol (TFE) solution, respectively, at a concentration of 40 

μM, in a 2-mm high precision quartz cell. CD spectra were obtained at room 

temperature from 185 nm to 250 nm with acquisition duration of 0.5 s. Data are 

expressed as the mean residue ellipticity ([θ], deg cm2 dmol-1) calculated from the 

equation: [θ] = (θobs × 1000) / (c × l × n), where θobs is the observed ellipticity (mdeg), 

c is the peptide concentration (μM), l is the path length (mm), and n is the number of 

amino acids [22].  

The α-helical wheel plots, hydrophobicity, and hydrophobic moments of peptides 

were obtained via Heliquest [23]. The net charge of peptides at neutral pH was 

determined using the Innovagen peptide property calculator 

(https://www.pepcalc.com/ppc.php). The prediction of 3D models of peptides was 

performed on a I-TASSER online server 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) [24]. 

 

Antimicrobial assay 

The antimicrobial activity of peptides was measured against the Gram-negative 

bacteria, Escherichia coli (E. coli) (NCTC10418), Pseudomonas aeruginosa (P. 

aeruginosa) (ATCC27853) and Chromobacterium violaceum (C. violaceum) 

(ATCC12472); the Gram-positive bacteria, Staphylococcus aureus (S. aureus) (NCTC 

10788), methicillin-resistant S. aureus (MRSA) (ATCC 43300) and Enterococcus 

faecalis (E. faecalis) (NCTC 12697); and the yeast, Candida albicans (C. albicans) 

(NCPF1467), as previously described [25]. Briefly, cultures of model microorganisms 

were diluted to 1 × 106 colony-forming units (cfu)/ml and incubated with peptide 

solutions in the range of 1-512 mg/l overnight. The lowest concentration at which no 

growth of microorganism was detectable at 550 nm was considered as minimum 

inhibitory concentration (MIC). Then, minimum bactericidal concentration (MBC) 

was determined by inoculating 10 l of medium from clear wells onto the Mueller 

Hinton agar (MHA) plates, which showed no growth of colony after 24 h of 

incubation. 
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Antibiofilm assay 

The antibiofilm activity of peptides was evaluated by the minimum biofilm inhibitory 

concentration (MBIC) and the minimum biofilm eradication concentration (MBEC) 

assays against S. aureus and P. aeruginosa as previously described [26,27] with some 

modifications. For the MBIC assay, 1 × 106 cfu/ml bacterial culture in Muellar-Hinton 

Broth (MHB) was mixed with antimicrobial peptides (1-512 mg/l) in a 96-well plate, 

followed by incubation for 24 h at 37C at 120 rpm. For the MBEC assay, the same 

density of bacterial culture was grown in a 96-well plate for 24 h at 37C at 120 rpm, 

to form the biofilms. The plate was then washed with sterile PBS to remove 

planktonic bacteria, and peptides (1-512 mg/l) were added, followed by 24 h of 

incubation at 37C and 120 rpm. After being washed with PBS to remove planktonic 

and dead bacteria, the plate was incubated again for 24 h at 37C at 120 rpm, in the 

presence of MHB (200 l), to enhance the formation of the existing biofilms. Before 

measuring the absorbance at 595 nm in an Infinite F50 plate reader (Tecan, 

Männedorf, Switzerland), the formed biofilms at the bottom of both the MBIC and 

MBEC plates were washed twice with PBS, fixed with 200 l of methanol for 10 min, 

stained with 200 l of crystal violet (1%; w/v) for 10 min, and dissolved in 200 l of 

acetic acid (33%; v/v) for 60 min.  

 

Haemolysis assay 

The haemolytic activity of peptides was examined in horse erythrocytes using a series 

of peptide concentrations from 1 to 512 mg/l as described previously [25], where 

erythrocytes treated with 1% (v/v) Triton X-100 and sterile PBS were used as positive 

control (100% haemolysis) and negative control (0% haemolysis), respectively. The 

peptide concentration for 50% haemolysis (HC50) was calculated using the best-fitted 

curve. 

 

SYTOX Green uptake assay 

The permeabilisation effects of peptides on the Gram-positive bacterial membrane 

were evaluated by SYTOX Green uptake assay as described previously [28] with 

minor modifications. S. aureus grown to the logarithmic phase was suspended in 

HEPES buffer (Solarbio, Shanghai, China) to obtain the concentration of 1 × 108 
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cfu/ml, followed by incubation with peptides (1 × MICs, 2 × MICs and 4 × MICs) and 

1 M SYTOX™ Green Nucleic Acid Stain (Invitrogen, Carlsbad, USA). Triton 

X-100 (1%; v/v) and sterile HEPES were regarded as positive control and negative 

control, respectively. Melittin (1 × MICs, 2 × MICs and 4 × MICs; MedMol, 

Shanghai, China) was also tested for comparison. The fluorescence intensity was 

monitored every minute at 37C in a VarioskanTM LUX microplate reader (Thermo 

Scientific) with the excitation and emission wavelengths of 485 nm and 528 nm over 

60 min. 

 

Inner membrane and outer membrane permeability assays 

The effects of peptides on the bacterial inner membrane (IM) permeability were 

assessed on E. coli on the basis of the conversion from colourless 

o-nitrophenyl-β-D-galactopyranoside (ONPG) to yellow o-nitrophenol by 

β-galactosidase released from membrane-destroyed bacteria [21]. Peptides at the 

concentrations of 1 × MICs, 2 × MICs and 4 × MICs were incubated with 30 mM 

ONPG (Beyotime, Shanghai, China) and 1 × 108 cfu/ml bacterial culture at 

logarithmic phase. Triton X-100 (1%; v/v) and sterile PBS were regarded as positive 

control and negative control, respectively. Melittin (1 × MICs, 2 × MICs and 4 × 

MICs) was also tested for comparison. The absorbance was monitored every 5 min at 

420 nm and 37C in a MultiskanTM FC microplate reader (Thermo Scientific) over 

150 min.  

The effects of peptides on the bacterial outer membrane (OM) permeability were 

assessed on E. coli by the N-phenyl-1-napthylamine (NPN) uptake assay as 

previously described [21,29]. Peptides at the concentrations as above were incubated 

with 10 M NPN (Solarbio) and 1 × 108 cfu/ml bacterial culture at logarithmic phase. 

Polymyxin B (32 mg/l; Solarbio) and sterile PBS were regarded as positive control 

and negative control, respectively. Melittin (1 × MICs, 2 × MICs and 4 × MICs) was 

also tested for comparison. The fluorescence intensity was monitored every 10 min at 

37C in a VarioskanTM LUX microplate reader (Thermo Scientific) with the excitation 

and emission wavelengths of 350 nm and 420 nm over 60 min. The membrane 

permeability rate is expressed as  NPN uptake (%)= (F-F0) / (Fmax-F0) × 100%, 

where F is the fluorescence intensity of bacterial culture treated with peptides, F0 and 

Fmax are that treated with PBS and polymyxin B, respectively. 
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Scanning electron microscopy (SEM) 

The effects of peptides on the morphology and membrane integrity of E. coli and S. 

aureus were examined directly with SEM as previously described [30]. Logarithmic 

phase bacteria resuspended in PBS at the concentration of 1 × 108 cfu/ml were treated 

with peptides (0.5 × MICs and 0.25 × MICs) or vehicle alone (negative control) for 18 

h at 37C. The bacterial cells were then subject to fixation, dehydration and coating 

with gold-palladium prior to the observation with a JSM-6380LV scanning electron 

microscope (JEOL, Tokyo, Japan).  

 

DNA binding assay 

The capability of peptides to bind to the bacterial genomic DNA was assessed by gel 

retardation assay as previously described [31]. Genomic DNA of E. coli, P. 

aeruginosa, S. aureus, MRSA and E. faecalis was extracted using a Bacterial 

Genomic DNA Extraction kit (TIANGEN, Beijing, China), followed by incubation 

with peptide solutions (2-512 mg/l) for 5 h at 37C. Samples were analyzed by 

agarose gel electrophoresis (5% agarose gel), and were then visualised using a 

JS-6800 UV trans-illuminator (Peiqing Science and Technology, Shanghai, China). 

 

Cell culture and anticancer proliferative assays 

The inhibitory activity of peptides on the proliferation of representative human cancer 

cell lines was evaluated by MTT assay. Prostate cancer cells, DU145 (ATCC, 

Rockefeller, USA; HTB-81), PC3 (ATCC; CRL-1435) and LNCaP (ATCC; 

CRL-1740); lung cancer cells, NCI-H838 (ATCC; CRL-5844), NCI-H23 (ATCC; 

CRL-5800), NCI-H157 (ATCC; CRL-5802) and NCI-H460 (ATCC; HTB-177); 

breast cancer cells, MDA-MB-231 (ATCC; HTB-26), MDA-MB-435s (ATCC; 

HTB-129) and MCF-7 (ATCC; HTB-22); and neurospongioma cells, U251-MG 

(ECACC, Uppsala, Sweden; 09063001), were cultured in Gibco® RPMI-1640 

medium (Invitrogen) or Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) 

with 10% foetal bovine serum (FBS; Sigma, St Louis, USA) and 1% 

penicillin-streptomycin solution (Sigma) in an incubator containing 5% CO2 at 37C. 

In brief, cells (5 × 103 cells/well, 100 l) were grown in 96-well plates for 24 h prior 

to the 12-h starvation and treatment with peptide solutions (10-12 to 10-4 M) for 24, 48 
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and 72 h. Cells treated with serum-free medium and melittin (10-5 M) served as 

negative control and positive control, respectively. Then, 10 l of MTT solution (5 

mg/ml; Sigma) was added to each well for a further 4-h incubation, after which the 

formed formazan crystals were dissolved in 100 l of DMSO and the absorbance was 

measured at 550 nm in a Synergy HT plate reader (Bio Tek, Winooski, USA). Cell 

viability is expressed as the absorbance of cells treated with peptides relative to those 

treated with medium. The peptide concentration for 50% inhibition of cell growth 

(IC50) was calculated using the best-fitted curve. 

 

Statistical analysis 

All the biological evaluation assays were repeated at least three times with seven 

replicates in each independent test. The statistical analysis was performed with 

GraphPad Prism 5.0 software (San Diego, USA), in which one-way ANOVA analysis 

was used and P<0.05 was considered to be statistically significant. Data were 

presented as the mean ± SEM.  

 

Results 

“Shotgun” cloning of putative antimicrobial peptide precursor-encoding cDNAs 

Using the “shotgun” cloning strategy, three full-length cDNAs encoding three 

different peptide precursors were obtained from the H. latouchii skin 

secretion-derived cDNA library 
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(  

Figure 1). The open-reading frames of the precursors consisted of 71, 65 and 62 

amino acid residues, respectively, each containing a single copy of respective 24-mer, 

17-mer and 13-mer mature peptides. Domain topology of these biosynthetic 

precursors revealed that they were made up of highly-conserved putative signal 

peptides, acidic amino acid residue-rich spacer peptides that terminate in a classical 

propeptide convertase cleavage site (-KR-), and different C-terminal mature peptides 
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(Figure 2A). Bioinformatic investigations of the deduced mature peptides were 

performed using the NCBI BLASTp programme, which indicated that one belonged 

to brevinin-1 family and the other two belonged to temporin family; hence, they were 

named brevinin-1HL, temporin-HLa and temporin-HLb (HL = Hylarana latouchii) 

accordingly. Specifically, brevinin-1HL was typified by a canonical 

disulphide-bridged loop, the so-called “Rana box”, at the C-terminus, and through 

BLAST search, it was the most homologous to Hylarana guentheri brevinin-1GHd 

(100%) and brevinin-1GHa (83%), as well as Rana rugosa gaegurin 5 (71%; Figure 

2B). Interestingly, the prepropeptide sequences of brevinin-1HL and brevinin-1GHd 

showed only one amino acid substitution within the signal peptide domain (Figure 

2C). Temporin-HLa and temporin-HLb were flanked C-terminally by a Gly residue 

and a basic amino acid (Lys), which implied that Lys would be removed by 

carboxypeptidase during processing to expose the extra-Gly residue serving as an 

amide donor for the C-terminal amidated residue of respective mature peptides [32]. 

According to the BLAST analyses, temporin-HLa showed 76% structural similarity to 

temporins from Hylarana frogs, including temporin-RNs from Hylarana nigrovittata, 

and temporin-LTa from Hylarana latouchii (Figure 2D). Temporin-HLb presented the 

highest structural identity with temporin-GHc (92%), -GHd (92%) and -GHa (85%) 

from Hylarana guentheri (Figure 2E). The cDNA sequences of brevinin-1HL, 

temporin-HLa and temporin-HLb have been deposited in the EMBL Nucleotide 

Sequence Database with the accession codes of LT891928, LT891929 and LT891930, 

respectively. 

 

Isolation and structural characterisation of deduced peptides from the skin 

secretion of H. latouchii 

Based on the predicted molecular masses from the cloned precursors and the 

compensation for post-translational modification (C-terminal single disulphide bridge 

formation and α-amidation resulted in deduction of 2 Da and 1 Da, respectively), each 

mature peptide was identified in different HPLC fractions of skin secretion by 

MALDI-TOF MS (Figure 3 and Error! Reference source not found.). The primary 

structures of respective peptides were confirmed by MS/MS fragmentation 

sequencing (Figure 4). 
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Chemical synthesis, secondary structure analyses and physicochemical 

properties of peptides 

Brevinin-1HL, temporin-HLa and temporin-HLb were successfully synthesised, and 

were purified using reverse phase HPLC. Their purity and sequence were confirmed 

by MALDI-TOF MS and MS/MS fragmentation analysis. 

CD spectrometric analyses revealed that brevinin-1HL, temporin-HLa and 

temporin-HLb presented a random coil structure in the aqueous solution with a 

negative band at 200 nm (Figure 5A), while they adopted a typical α-helical structure 

in the membrane-mimicking 50% TFE solution with a positive band at 192 nm and 

negative bands at 208 and 222 nm (Figure 5B), which is the canonical spectrum of 

α-helix.  

Prediction of the secondary structures and 3D models of the peptides by an online 

server indicated that each peptide had a potential propensity for α-helix formation 

(Figure 6), which is consistent with the CD spectrometric analyses (Figure 5). The 

helical wheel projection revealed an amphipathic nature with hydrophobic residues 

positioning on one side of the helical axis, while hydrophilic residues were positioned 

on the opposite side (Figure 6). The primary structures, secondary structure 

predictions and physicochemical properties, including predicted net charge, 

hydrophobicity, and relative hydrophobic moments of each peptide and their 

analogues discovered in previous studies [33–37] are summarised in Error! Reference 

source not found., which shows that all peptides share a cationic and amphipathic 

property with a certain degree of α-helix. 

 

Antimicrobial and haemolytic activities of peptides 

The MIC and MBC values and the haemolytic effects of peptides towards the test 

microorganisms as well as horse erythrocytes are shown in Error! Reference source 

not found. and Figure 7. Brevinin-1HL exhibited broad-spectrum antimicrobial 

activity against the model microorganisms except C. violaceum with MIC values of 

3.2-102.6 μM and also exhibited bactericidal activity against some microorganisms (E. 

coli, S. aureus and C. albicans) with MBC values of 12.8-51.3 μM, but at the same 

time, it had considerable cytotoxicity on horse erythrocytes, causing 86.8% of 

haemolysis at 102.6 μM. Temporin-HLa was only potent against the Gram-positive 

bacteria, S. aureus and E. faecalis, and the yeast, C. albicans, with MICs/MBCs 
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between 8.5 and 68.3 μM. It showed moderate haemolytic activity with an HC50 value 

of 31.4 ± 0.7 μM. In contrast, temporin-HLb was virtually ineffective against almost 

all test microorganisms but specifically inhibited the growth of S. aureus with an MIC 

of 10.7 μM. It could not kill this bacterium even at a concentration up to 343 μM. 

However, it had extremely weak haemolytic activity (1%) at the MIC value. The 

antimicrobial results of the three peptides and haemolytic result of melittin are shown 

in Supplementary Figs. S1,2. 

 

Antibiofilm activity of peptides 

As shown in Error! Reference source not found., brevinin-1HL could inhibit the 

formation of P. aeruginosa and S. aureus biofilms with MBIC values of 25.7-102.6 

μM, while it only had the ability to eliminate the mature biofilm of S. aureus. 

Temporin-HLa and temporin-HLb could also suppress the biofilm formation in S. 

aureus with MBICs of 17.1 μM and 21.4 μM, but they did not eradicate the 

previously formed biofilms. The antibiofilm results of peptides, including melittin, are 

shown in Supplementary Figs. S3,4. 

 

Membrane permeabilisation capability of peptides on Gram-positive bacteria 

The permeabilisation effects of peptides on the membrane of S. aureus were evaluated 

by SYTOX Green uptake assay ( 
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Figure 8). The time course of membrane permeability indicated that, compared with 

1% Triton X-100, brevinin-1HL, temporin-HLa and -HLb disrupted the cell 

membrane promptly in 5 min at 1-, 2- and 4-fold MICs. They showed a 

dose-dependent membrane permeabilisation ability with the order of brevinin-1HL > 

temporin-HLa > temporin-HLb. However, even at the highest concentrations (4 × 

MICs), their disruptive potencies were weaker than that of melittin which destroyed 
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the cell membrane completely in 10 min at 1 × MIC. 

 

Membrane permeabilisation capability of peptides on Gram-negative bacteria 

As brevinin-1HL displayed antimicrobial activity towards Gram-negative bacteria, its 

ability to disrupt the outer and plasma membranes were assessed on E. coli. Figure 

9A showed that brevinin-1HL disrupted the integrity of inner membrane in dose- and 

time-dependent manners, with a stronger potency than 1% Triton X-100. Although 

melittin (2 × MIC and 4 × MIC) showed a slightly higher disruptive capability in 60 

min, the efficacy of brevinin-1HL (4 × MIC) surpassed it after that. 

Similar to the effects on the inner membrane, brevinin-1HL dose- and 

time-dependently destroyed the outer membrane of E. coli. Notably, the disruptive 

efficacies of the tested concentrations of brevinin-1HL (1 × MIC, 2 × MIC and 4 × 

MIC) were much stronger than those of melittin (Figure 9B).  

 

Effects of peptides on the morphology of bacteria 

The membrane integrity and morphology of E. coli and S. aureus treated with 

peptides were observed directly by SEM. Obviously, control cells presented a plump 

shape with a smooth and integral surface (Figure 10A,B). On the other hand, both 

strains of bacteria displayed distinctly rough, shrunk, irregular and even corrupted 

surfaces and shapes after treatment with each peptide (Figure 10C-J). The destructive 

efficacies were in a dose-dependent manner. Among the three AMPs, brevinin-1HL 

was the most harmful, as revealed by inclusive leakage which indicated severe cell 

lysis (Figure 10C-F).  

 

DNA binding ability of peptides 

The DNA binding ability of each peptide to the corresponding sensitive microbes was 

evaluated. As shown in Figure 11A-E, brevinin-1HL could only bind to the DNA of S. 

aureus, MRSA and E. faecalis at the highest tested concentration (205.2 μM). 

Temporin-HLa possessed a distinct DNA binding ability to S. aureus at the 

concentrations higher than 68.3 μM (Figure 11F). On the contrary, temporin-HLb had 

no such ability (Figure 11H).  

 

Anti-proliferative effects of peptides on human cancer cell lines 
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The anti-proliferative effects of brevinin-1HL, temporin-HLa and temporin-HLb on a 

series of human cancer cell lines were examined. Brevinin-1HL demonstrated 

preferential cytotoxicity towards H23 cells with an IC50 around 8 M. The results of 

the treatment of H23 cells with brevinin-1HL for 24, 48 and 72 h are graphically 

presented in Figure 12A. Temporin-HLa was active in some lung cancer cell lines 

tested with IC50 values of 1-15 M. The results of the treatment of H23, H157 and 

H460 cells with temporin-HLa for 24, 48 and 72 h are graphically presented in Figure 

12B-D. Both brevinin-1HL and temporin-HLa induced corresponding cell death in a 

dose-dependent manner and regardless of the duration of treatment, no distinct 

difference in toxicity was observed, which meant that these two peptides could exert 

their greatest anticancer effects in the first 24 h. The IC50 values of peptides towards 

relevant cells are listed in Error! Reference source not found.. Data for the ineffective 

results are not shown. 

 

Discussion 

In the past several decades, as important components of the innate immune system, 

thousands of AMPs have been discovered in plants, insects, vertebrates including 

humans, as well as in many microorganisms [38,39]. The skins of amphibians, 

especially those of ranid frogs [40], have been found to contain abundant and unique 

glands that secrete a vast number of biologically-active compounds which form an 

excellent protective barrier against coexisting predators and pathogenic 

microorganisms in their habitats. Among these various molecular categories present in 

the secretions, peptides represent the predominant category with numerous 

bioactivities falling into pharmacological and antimicrobial types [41]. Some of the 

AMPs have broad-spectrum antimicrobial activity without observable cytolytic 

activity against normal mammalian cells [42,43]. Although the precise antimicrobial 

mechanism is not completely understood, the most widely-accepted mechanism is 

through rapid membrane-disruption that can only cause resistance with great difficulty. 

This is quite different from conventional antibiotics that kill microbes through 

interaction with specific and discrete molecular targets [44,45]. These features make 

AMPs of potential value as therapeutic agents for the treatment of infections caused 

by multidrug-resistant pathogens. 

In the present study, three AMPs (brevinin-1HL, temporin-HLa and temporin-HLb) 
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were identified in the skin secretion of the broad-folded frog, H. latouchii. With 

regard to their antimicrobial activities, brevinin-1HL possessed a relatively 

broad-spectrum activity, while temporin-HLa and -HLb were only specifically 

effective against some Gram-positive bacteria or fungi. The MICs of brevinin-1HL 

against Gram-negative bacteria were generally higher than those against 

Gram-positive strains (Error! Reference source not found.). This phenomenon was 

also found in other AMPs that Gram-negative bacteria tended to be more difficult to 

be damaged due to the extra outer membrane that could trap AMPs, extend folding 

and facilitate helical oligomeric formation [46]. In particular, the aromatic sidechain 

of Phe at the N-terminus and the hydrophobic residues in the middle of temporin-HLa 

and -HLb might induce the formation of oligomeric structures on the outer membrane, 

preventing their entry to the inner membrane, resulting in ineffectiveness against 

Gram-negative bacteria [5,46]. 

As biofilms have been a tremendous problem for the treatment of many human 

infections owing to the insusceptibility to antimicrobial agents and severe 

pathogenesis [47], the antibiofilm activities of peptides were assessed on P. 

aeruginosa and S. aureus. Basically, sessile communities of microbes are more 

self-protected and more resistant to antibacterial agents than the planktonic state 

because biofilms are formed by the accumulation of microorganisms and production 

of extracellular polysaccharides [48]. Hence, as expected, compared with MBCs, 

MBECs of peptides were higher, or even beyond the tested concentrations (Error! 

Reference source not found.,4). 

To preliminarily investigate the mechanisms of antimicrobial actions of these three 

peptides, their membrane permeabilisation and DNA binding capabilities were studied. 

As shown in the dynamic-course figures ( 
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Figure 8,9), all the three peptides were able to permeabilise the bacterial 

membranes at 1× MICs in a very short time (5-30 min), and permeabilisation took 

place more rapidly and remarkably with the increase of concentrations. It was 
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deduced that under higher concentrations, the threshold could be achieved more 

quickly, forming a positive curvature on the membrane and inducing a severe cell 

damage with the carpet-like mechanism [49]. Direct observation of the impacts of 

peptides on the bacterial morphology with SEM confirmed the permeability and 

bacteriolysis of peptides on the test microorganisms (Figure 10). Additionally, it was 

found that it took more time for brevinin-1HL and melittin to induce an obvious 

penetrative procedure on Gram-negative bacterium (E. coli) and full destruction of the 

inner membrane was not accomplished within 150 min (Figure 9A), which could be 

explained by the theory that Gram-negative bacteria possess an extra outer membrane 

which makes it more difficult to be destroyed [50]. In the DNA binding assay, 

brevinin-1HL and temporin-HLa were found to be able to bind to the genomic DNAs 

of some sensitive microbes at high concentrations (Figure 11), indicating that they 

might also cause bacteria death by changing the DNA structures, interfering with gene 

expression and further affecting biological processes [51]. Thus, brevinin-1HL and 

temporin-HLa could kill bacteria by destroying the cell membranes, leading to cell 

lysis, and by binding to intracellular DNA, disturbing biological functions, while 

temporin-HLb inhibited the growth of bacteria mainly through the membrane 

permeabilisation ability. 

Because the cytotoxic effects of AMPs on target cells are commonly related to their 

secondary structures and physicochemical properties, these characteristics of the 

peptides were examined by CD spectrometry and bioinformatics tools. Some studies 

revealed that a cationic charge and an amphipathic conformation are vital factors 

required by a broad range of AMPs for their activity [52]. Relevant results in this 

study (Figure 5,6 and Error! Reference source not found.) suggested that the three 

peptides fit with the elementary requirements for the antimicrobial effects. Based on 

the calculated hydrophobicity shown in Error! Reference source not found., the higher 

hydrophobicity of temporin-HLa and -HLb might explain the decrease of 

antimicrobial activity, since increase in hydrophobicity might lead to the enhancement 

of peptide self-association to some extent, reducing the ability to penetrate cell 

membranes and cell walls [53].  

The structures and physicochemical properties of the peptides most similar to 

brevinin-1HL, temporin-HLa and -HLb are also presented in Error! Reference source 

not found., to preliminarily reveal their structure-activity relationships. For 
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brevinin-1HL, the “Rana-box” seems to serve as a C-terminal cap to stabilise the 

helical structure, and additionally the formative disulphide bond can provide a 

resistance to proteases such as carboxypeptidase Y. The two positively-charged 

lysines within the “Rana-box” would favour its electrostatic interaction with the 

negatively-charged bacterial surface. According to its predicted 3D model and 

secondary structure (Figure 6A and Error! Reference source not found.), Pro14 located 

in the middle of the sequence could act as a helical kink, facilitating a diagonal 

binding of the peptides within membranes that forced the N-terminal helix to insert 

deeply into the core of the membrane to promote transmembrane pore formation, and 

the C-terminal helix helped the attachment to the lipid surface [54]. As shown in Error! 

Reference source not found., brevinin-1GHa and gaegurin 5 have about one more net 

positive charge (+4.9 and +5) than brevinin-1HL (+4), which may explain their 

distinct increase in antimicrobial activity as the increase in cationicity is generally 

correlated with the enhancement in antimicrobial activity [4,11,36,37,53].  

For temporin-HLa and its similar peptides, the order of hydrophobicity and 

amphipathicity is temporin-HLa > temporin-LTa > temporin-RN1 > temporin-RN3 

(Error! Reference source not found.), yet the antimicrobial potency and spectrum do 

not follow this order [34,35], indicating that the high value of some structural 

parameters is not enough for the best antimicrobial activity; instead, optimal balance 

in structural parameters is required for this.  

For temporin-HLb, unlike the majority of AMPs which are usually 

positively-charged through the presence of basic Lys or Arg residues, only the free 

N-terminal amino group, C-terminal amide and two histidines at position 4 and 11 

provide a total net charge of +1.2 to it (Error! Reference source not found.). The CD 

spectrum revealed that it adopted a classical amphipathic α-helical conformation 

(Figure 5B). Surprisingly, despite the extremely low positive net charge of 

temporin-HLb and its analogues (Error! Reference source not found.), they exhibited 

selective and even broad-spectrum antimicrobial activity [33]. Such results proved the 

crucial role of amphipathic α-helical conformation in AMPs activity towards target 

cells; a positive net charge of +1.2 without any basic amino acid residue is enough for 

AMPs to inhibit microorganisms. 

It has been reported that some AMPs possess additional anticancer abilities due to 

some similar mechanisms of action towards bacterial and cancer cells [11–14]. In 
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terms of the anti-cancer activity of the three AMPs, temporin-HLa inhibited the 

proliferation of H23, H157 and H460 cancer cells (Figure 12B-D). H23 cells seemed 

to be more vulnerable to brevinin-1HL-induced cytotoxicity than other test cells 

(Figure 12A), yet temporin-HLb was devoid of toxicity on the cell lines tested (data 

not shown). The variable sensitivities of different cancer cell lines towards a given 

peptide may be attributed to the difference in cell membrane components such as the 

presence of anionic phosphatidylserine and O-glycosylated mucins which are believed 

to play key roles in promoting electrostatic interaction between AMPs and cancer cell 

surfaces, or because of the differences in cell membrane fluidity or surface area 

[14,55]. The low positive net charge of temporin-HLb and the resulting weak 

electrostatic interaction with cancer cells may explain its lack of anticancer activity. In 

addition, temporin-HLa only presented selective inhibitory activity towards 

Gram-positive bacteria and fungi but it possessed relatively broader anticancer 

spectrum than brevinin-1HL (Error! Reference source not found.-5). The different 

potencies of an AMP towards microorganisms and cancer cells may be due to some 

potentially different mechanisms. Although it is unclear why some AMPs have 

additional antitumour effects while others do not and it is also unknown if the 

molecular mechanisms behind the antimicrobial and anticancer activities of AMPs are 

the same or different [55], more extensive studies on the mechanisms of AMPs action 

would facilitate a better understanding in this respect. More significantly, a host of 

discovered AMPs may hold the answers to these questions and may prove to be 

promising candidates for novel natural source antimicrobial and anticancer agents 

which may overcome the shortcomings of conventional chemotherapy due to their 

high degree of selective cytotoxicity towards bacterial and neoplastic cells and an 

avoidance of multidrug resistance. 

In conclusion, this study reports the identification, characterisation and biological 

investigations of three AMPs, namely brevinin-1HL, temporin-HLa and 

temporin-HLb, from the skin secretion of H. latouchii. They presented an α-helical 

structure, and possessed different inhibitory potencies towards test microorganisms 

and human cancer cell lines, causing varying cytotoxicity on horse red blood cells. 

They could cause prompt bacteria death by destroying the cell membranes, and 

brevinin-1HL and temporin-HLa could also penetrate the bacterial cell membranes to 

bind with the genomic DNA. The preliminary structure-activity studies may facilitate 
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rational design of each peptide for the development of novel antibacterial and 

antitumour drugs in the future to overcome the multidrug resistance and side-effects 

of chemotherapeutic agents. The sequence homology of brevinin-1 biosynthetic 

precursors from H. latouchii and H. guentheri continues to provide an insight into the 

elucidation of the evolutionary relationship and taxonomy of these two species. 
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Table 1. The observed and calculated molecular masses of three peptides 

(brevinin-1HL, temporin-HLa, and temporin-HLb), and reverse phase HPLC fractions 
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of H. latouchii skin secretion in which they were located. 

Peptide Original fraction Mass observed (Da) Mass calculated (Da) 

Brevinin-1HL 125 2495.45 2495.14 

Temporin-HLa 153 1876.64 1875.38 

Temporin-HLb 131 1496.46 1494.81 
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Table 2. Structures and some physicochemical properties of the peptides. 

Peptides Secondary structures Net charge 
Hydrophobicity 

<H> 

Hydrophobic 

moment <μH> 

Brevinin-1HL FLGALFKVASKLVPAAICSISKKC 

cchhhhhhhhhhcchhhhhhcccc 

+4 0.653 0.364 

Brevinin-1GHa [37] FLGAVLKVAGKLVPAAICKISKKC 

cchhhhhhhhccchhhhhhhcccc 

+4.9 0.592 0.358 

Gaegurin 5 [36] FLGALFKVASKVLPSVKCAITKKC 

cchhhhhhhhhhccccsssssccc 

+5 0.588 0.376 

Temporin-HLa  FFPLIFGALSSILPKIL 

cchhhhhhhhhhhhhcc 

+2 1.074 0.496 

Temporin-RN1 [35] FLPLVLGALSGILPKIL 

ccchhhhhhhccccccc 

+2 1.031 0.461 

Temporin-RN3 [35] FFPLLFGALSSHLPKLF 

cchhhhhhhhhhccccc 

+2.1 0.969 0.453 

Temporin-LTa [34] FFPLVLGALGSILPKIF 

ccchhhhhhhhhccccc 

+2 1.042 0.470 

Temporin-HLb FLQHIIGALSHIF 

chhhhhhhhhhcc 

+1.2 0.976 0.632 

Temporin-GHc [33] FLQHIIGALTHIF 

chhhhhhhhhhcc 

+1.2 0.999 0.623 

Temporin-GHd [33] FLQHIIGALSHFF 

chhhhhhhhhhhc 

+1.2 0.975 0.631 

Temporin-GHa [33] FLQHIIGALGHLF 

chhhhhhhhhccc 

+1.2 0.972 0.625 
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Table 3. MICs and MBCs of peptides against model test microorganisms. 

Peptide Activities E. coli P. aeruginosa C. violaceum S. aureus MRSA E. faecalis C. albicans 

Brevinin-1HL MIC 128 mg/L (51.3 μM) 256 mg/L (102.6 μM) >512 mg/L (205.2 μM) 8 mg/L (3.2 μM) 128 mg/L (51.3 μM) 32 mg/L (12.8 μM) 16 mg/L (6.4 μM) 

 MBC 128 mg/L (51.3 μM) >512 mg/L (205.2 μM) >512 mg/L (205.2 μM) 32 mg/L (12.8 μM) >512 mg/L (205.2 μM) >512 mg/L (205.2 μM) 32 mg/L (12.8 μM) 

 
Haemolysis 

at MIC 
82.4% 86.8% - 19.7% 82.4% 53.0% 34.0% 

 HC50 28.7 ± 0.6 mg/L (11.5 ± 0.2 μM) 

Temporin-HLa MIC >512 mg/L (273.1 μM) >512 mg/L (273.1 μM) >512 mg/L (273.1 μM) 16 mg/L (8.5 μM) >512 mg/L (273.1 μM) 16 mg/L (8.5 μM) 32 mg/L (17.1 μM) 

 MBC >512 mg/L (273.1 μM) >512 mg/L (273.1 μM) >512 mg/L (273.1 μM) 64 mg/L (34.1 μM) >512 mg/L (273.1 μM) >512 mg/L (273.1 μM) 128 mg/L (68.3μM) 

 
Haemolysis 

at MIC 
- - - 15.3% - 15.3% 24.8% 

 HC50 58.9 ± 1.3 mg/L (31.4 ± 0.7 μM) 

Temporin-HLb MIC >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) 16 mg/L (10.7 μM) >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) 

 MBC >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) >512 mg/L (342.7 μM) 

 
Haemolysis 

at MIC 
- - - 1.0% - - - 

 HC50 27.8 ± 14.9 g/L (18.6 ± 10.0 mM) 

Melittin MIC 16 mg/L (5.6 μM) 128 mg/L (45.0 μM) >512 mg/L (179.9 μM) 8 mg/L (2.8 μM) 8 mg/L (2.8 μM) 8 mg/L (2.8 μM) 8 mg/L (2.8 μM) 

 MBC 32 mg/L (11.2 μM) 128 mg/L (45.0 μM) >512 mg/L (179.9 μM) 16 mg/L (5.6 μM) 16 mg/L (5.6 μM) 16 mg/L (5.6 μM) 16 mg/L (5.6 μM) 

 
Haemolysis 

at MIC 
76.2% 97.0% - 75.0% 75.0% 75.0% 75.0% 

 HC50 0.37 ± 0.02 mg/L (0.130 ± 0.007 μM) 
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Table 4. MBICs and MBECs of peptides against P. aeruginosa and S. aureus. 

Peptide Activities P. aeruginosa S. aureus 

Brevinin-1HL MBIC 256 mg/L (102.6 μM) 64 mg/L (25.7 μM) 

 MBEC >512 mg/L (205.2 μM) 128 mg/L (51.3 μM)  

Temporin-HLa MBIC - 32 mg/L (17.1 μM) 

 MBEC - >512 mg/L (273.1 μM) 

Temporin-HLb MBIC - 32 mg/L (21.4 μM) 

 MBEC - >512 mg/L (342.7 μM) 

Melittin MBIC 128 mg/L (45.0 μM) 8 mg/L (2.8 μM) 

 MBEC 256 mg/L (90.0 μM) 32 mg/L (11.2 μM) 
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Table 5. IC50 values of brevinin-1HL and temporin-HLa on H23, H157, and H460 

cells after 24, 48, and 72 h of incubation. 

 

  

  

IC50 (μM) 

24 h 48 h 72 h 

Brevinin-1HL    

H23 8.52 ± 1.02 8.55 ± 1.79 8.62 ± 0.63 

    

Temporin-HLa    

H23 4.96 ± 0.94 5.67 ± 0.20 6.74 ± 1.08 

H157 15.18 ± 2.98 15.52 ± 2.19 13.56 ± 3.49 

H460 1.64 ± 0.41 3.56 ± 0.53 3.27 ± 0.18 
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Figure legends 

 

Figure 1. Nucleotides and translated amino acid sequences of the cDNAs 

encoding the prepropeptides of three peptides  The putative signal peptides are 

double-underlined, the mature peptide sequences are single-underlined, and the stop 

codons are indicated by asterisks. (A) brevinin-1HL, (B) temporin-HLa, (C) 

temporin-HLb.   
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Figure 2. Alignments of three peptides and highly homologous peptides    (A) 

Alignments of the full open-reading frame amino acid sequences of brevinin-1HL, 

temporin-HLa and temporin-HLb precursors. Gaps have been included to maximise 

alignments. Identical residues are shaded in black and domain topologies are 

numbered. (1) Putative signal peptide; (2) acidic amino acid residue-rich spacer 

peptide; (3) classical propeptide convertase processing site (-KR-); (4) variable 

mature peptides including an amide donor (-GK-) for the C-terminal amidated residue 

of temporin-HLa and -HLb. Alignments of the mature (B) brevinin-1HL, (D) 

temporin-HLa, (E) temporin-HLb, and the (C) brevinin-1HL precursor with the 

peptides showing the highest sequence similarity through NCBI BLASTp search 

[33–37]. Identical residues are shaded in black and similar residues are shaded in 

pink. 
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Figure 3. HPLC chromatogram of H. latouchii skin secretion indicating the 

elution time of brevinin-1HL, temporin-HLa and temporin-HLb 
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Figure 4. MS/MS fragmentation sequencing spectra of three peptide identified in 

the reverse phase HPLC fractions  (A) brevinin-1HL, (B) temporin-HLa, (C) 

temporin-HLb. 
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Figure 5. CD spectra of peptides in water and 50% TFE solution   (A) water, (B) 

50% TFE solution  
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Figure 6. Secondary structure and 3D model predictions of three peptides   3D 

models are displayed on the left panels, and helical wheel plots are displayed on the 

right panels in which the positively charged, hydrophobic, hydrophilic, amide and 

small residues are indicated in blue, yellow, purple, pink and grey, respectively. 

Arrows indicate the hydrophobic face. (A) brevinin-1HL, (B) temporin-HLa, (C) 

temporin-HLb. 
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Figure 7. Haemolytic activities of three antimicrobial peptides on horse 

erythrocytes    PC, positive control that horse erythrocytes incubated with 0.1% 

TritonX-100. NC, negative control that were incubated with PBS. 
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Figure 8. Changes in the membrane permeability of S. aureus treated with the 

peptides  (A) 1 × MICs, (B) 2 × MICs and (C) 3 × MICs. 
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Figure 9. Changes in the membrane permeability of E. coli treated with 

brevinin-1HL (A) inner membrane, (B) outer membrane. 
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Figure 10. SEM micrographs of E. coli and S. aureus treated with peptides for 18 

h   Untreated (A) E. coli and (B) S. aureus. (C,D) E. coli treated with brevenin-1HL 

at 0.25 × and 0.5 × MICs. S. aureus treated with (E,F) brevenin-1HL, (G,H) 

temporin-HLa and (I,J) -HLb at 0.25 × and 0.5 × MICs. 
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Figure 11. DNA binding ability of peptides to the sensitive microbes   (A-E) 

Electrophoresis of brevinin-1HL binding to the genomic DNA of E. coli, P. 

aeruginosa, S. aureus, MRSA and E. faecalis. (F,G) DNA binding of temporin-HLa 

to S. aureus and E. faecalis. (H) DNA binding of temporin-HLb to S. aureus. 
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Figure 12. Anti-proliferative effects of brevinin-1HL and temporin-HLa on 

human cancer cell lines  (A) Anticancer effects of brevinin-1HL on H23 cells. (B-D) 

Anticancer effects of temporin-HLa on H23, H157 and H460 cells, respectively. 

*P<0.05, ** P <0.01, *** P <0.001, indicate statistical significance of differences 

versus control. 


