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1 |  INTRODUCTION

A Chinese traditional medicine, named ‘Chansu’, made 
from the skin secretions of toads, is a potent medicine 
and is widely used in for its anti-inflammatory, anticancer 
and antiarrhythmic effects (Davison & Sperry,  2015; Li 
et  al.,  2015; Qi, Zulfiker, Li, Good, & Wei,  2018). The 
functional components of the complex molecular skin 

secretions of amphibians, in particular those of frogs, 
have been widely researched by many scientists in recent 
years. Antimicrobial peptides (AMPs) are abundant bio-
active components in the skin secretions of many frogs. 
During the past few decades, drug resistance in patho-
genic bacteria has become a serious threat to human health 
(Maria-Neto, de Almeida, Macedo, & Franco, 2015). It 
is thus a contemporary research imperative to find new 
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Abstract
As drug-resistant bacteria have become a serious health problem and have caused 
thousands of deaths, finding new antibiotics has become an urgent research prior-
ity. A novel antimicrobial peptide, named Brevinin-1H, was identified in the skin 
secretion of Amolops hainanensis through ‘shotgun’ cloning. It has broad-spectrum 
antimicrobial activity against tested micro-organisms and has anticancer cell activity. 
To improve its bioactivity and decrease its cytotoxicity, two structural analogues—
Brevinin-1Ha and Brevinin-1HY—were designed based on the secondary structure 
of the natural peptide. Brevinin-1HY, in which tyrosine substituted Pro11, had similar 
activity to the natural peptide against Gram-negative bacteria and cancer cells, but 
showed a dramatic increase in haemolytic activity and cytotoxicity at its minimum 
inhibitory concentration. Brevinin-1Ha, which transferred the Rana-box from the 
C-terminal to a central position, had significantly decreased haemolytic activity, but 
also in antimicrobial and anticancer activity. The present data suggest that increasing 
the proportion of α-helix structure in an AMP can increase its target micro-organism 
bioactivity to some extent.
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types of antibiotics which do not readily induce resistance. 
Most AMPs show broad-spectrum antimicrobial activity 
(Ciumac, Gong, Hu, & Lu, 2019), and they are also found 
ubiquitously in Nature as defensive agents against patho-
gens (Bera et al., 2015) which makes them a good choice as 
modern alternatives to traditional antibiotics (Maria-Neto 
et al., 2015). After decades of study, it has been established 
that the killing mechanism of most AMPs involves elec-
trostatic interactions between these and the membranes of 
micro-organisms, where they act by proposed models such 
as the carpet model, the barrel-stave model and the toroidal 
model (Andersson, Hughes, & Kubicek-Sutherland, 2016). 
The membrane of pathogens possesses many negatively 
charged molecules, such as phosphatidyl-glycerol (PG), 
which can interact with cationic AMPs (Andersson 
et al., 2016). However, as the target of AMPs lie within the 
cell membrane, they sometimes will also attack host cells 
which is the reason for their observed cytotoxicity and hae-
molytic activity (Ongey, Pflugmacher, & Neubauer, 2018). 
Therefore, it is important to find a balance between the 
desired bioactivity and toxicity of AMPs.

The brevinins are a large family of AMPs, which can 
be divided into the brevinin-1 subfamily and the bre-
vinin-2 subfamily (Savelyeva, Ghavami, Davoodpour, 
Asoodeh, & Łos, 2014). Peptides from the brevinin-1 sub-
family usually share five invariant residues (Pro3, Ala9, 
Cys18, Lys23 and Cys24) (Katzenback et al., 2014), and 
most have a loop structure at the C-terminal consisting of 
a 7-residue motif—(Cys18-(Xaa)4-Lys-Cys24)—called 
a Rana-box (Clark, Durell, Maloy, & Zasloff,  1994). 
Peptides belonging to this subfamily usually are cationic 
and amphipathic, which gives them a broad spectrum of 
antimicrobial activity with some also displaying antican-
cer activity (Kang, Ji, & Lee, 2012; Morikawa, Hagiwara, 
& Nakajima, 1992).

In this study, we found a novel AMP, named Brevinin-1H, 
in the skin secretion of the cascade-frog, Amolops hainan-
ensis. The sequence of this natural peptide was determined 
by ‘shotgun’ cloning and Sanger sequencing and confirmed 
by mass spectrometry. Due to its inherently high haemo-
lytic activity and cytotoxicity, two modified analogues were 
synthesized in an attempt to resolve this problem. Brevinin-
1Ha was designed by transposing the Rana-box from the 
C-terminal to a central position to decrease haemolytic ac-
tivity. Brevinin-1HY was modified by substituting the Pro11 
by Tyr which was an attempt to discover whether the pro-
line can disturb the helix structure and play an important 
role in killing Gram-negative bacteria. All three peptides, 
natural and both analogues, were thus subjected to a se-
ries of experiments examining aspects of bioactivity and 
cytotoxicity.

2 |  METHODS AND MATERIALS

2.1 | Acquisition of skin secretions from 
Amolops hainanensis

Adult specimens of Amolops hainanensis were captured in 
Hainan Province, China. Skin secretions were obtained by 
gentle transdermal electrical stimulation and were washed 
from the skin using deionized water, collected in a beaker 
at 4°C, snap-frozen in liquid nitrogen then lyophilized and 
stored at −20°C. The study was performed according to the 
guidelines in the UK Animal (Scientific Procedures) Act 
1986, project licence PPL 2694, issued by the Department of 
Health, Social Services and Public Safety, Northern Ireland. 
Procedures had been vetted by the Institutional Animal Care 
and Use Committee of Queen's University Belfast and ap-
proved on 1 March 2011.

2.2 | ‘Shotgun’ cloning and sequencing of 
Brevinin-1H precursor-encoding cDNA

The polyadenylated mRNA was isolated from a 5 mg sam-
ple of lyophilized skin secretion from Amolops hainanensis 
by the use of dynabeads oligo (dT)25 following manufacturer 
instructions (Dynal). A full-length nucleic acid sequence 
of a novel AMP precursor was obtained through a 3′ rapid 
amplification of cDNA ends (RACE) procedure with a 
SMART-RACE kit (Clontech) again following manufac-
turer instructions. During the 3′ RACE reaction, a nested 
universal primer and a degenerate sense primer (RA-
S; 5′-ATGTTCACCWYRAAGAAATCCMTKYTA-3′ 
R = A/G, W = A/T, Y = C/T, M = A/C, K = G/T), which 
was designed to the conserved signal peptide domain of 
previously characterized AMP precursors from ranid frogs, 
were used. The products of 3′ RACE reactions were gel-pu-
rified and cloned using a pGEM-T vector system (Promega 
Corporation) and sequenced using an ABI 3100 automated 
sequencer (Applied Biosystems).

2.3 | Identification and structural 
analysis of Brevinin-1H

Four milligrams of lyophilized skin secretions was dissolved 
in solution A (0.5% trifluoroacetic acid [TFA] and 99.5% 
water), and then, the sample solution was centrifuged at 
5,000  g for 10  min. The supernatant was injected onto an 
HPLC system fitted with an analytical reverse-phase column 
(Jupiter C-5, 250 mm × 4.6 mm; Phenomenex). Samples were 
eluted with a linear gradient from 100% solution A to 100% 
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solution B (80% acetonitrile, 19.5% water and 0.5 TFA) in 
240 min at a flow rate of 1 ml/min. Absorbance was moni-
tored both at 214 nm and at 280 nm. Subsequently, fractions 
were collected at minute intervals and peptides within these 
were analysed by MALDI-TOF mass spectrometry (Voyager 
DE, PerSeptive Biosystems). The fraction, which contained 
a peptide having the same molecular mass as the predicted 
peptide from ‘shotgun’ cloning, was finally analysed for con-
firmation of sequence by tandem mass spectrometric (MS/
MS) fragmentation sequencing (Thermo Fisher Scientific).

2.4 | In silico analysis of the secondary 
structure and peptide modification

The secondary structures of peptides were illustrated with an on-
line server I-TASSER (Roy, Kucukural, & Zhang, 2010; Yang 
et al., 2015; Zhang, 2008). The GRAVY value was predicted 
in gravy calculator website (http://www.gravy-calcu lator.
de/). The nature peptide (FALGAVTKVLPKLFCLITRKC) 
was named Brevinin-1H. The first designed analogue was 
named Brevinin-1Ha (FALGAVTCLIRTKCKVLPKLF) 
which was modified by transposing the Rana-box from the 
C-terminal to a central position to decrease haemolytic ac-
tivity. The second analogue was named Brevinin-1HY 
(FALGAVTKVLYKLFCLITRKC) in which Pro11 was sub-
stituted by Tyr to increase anticancer activity and decrease 
haemolytic activity.

2.5 | Peptide synthesis

The natural peptide and its analogues were synthesized 
by solid phase Fmoc chemistry using a Tribute automated 
peptide synthesizer (Protein Technologies). The synthesis 
process was catalysed by HBTU (hexafluorophosphate ben-
zotriazole tetramethyl uronium). After synthesis, the peptides 
were cleaved from resin and other protecting groups by TFA, 
thioanisole, water and 1,2-ethanedithiol. Then, the peptides 
were washed by diethyl ether and dissolved in solution B 
and oxidized by 0.2% hydrogen peroxide. After oxidation, 
peptides were lyophilized and stored at −20°C. The lyophi-
lized crude peptides were then purified by RP-HPLC, and 
their respective molecular masses were confirmed by mass 
spectrometry.

2.6 | Antimicrobial assays

The antimicrobial activities of the peptides were determined 
by minimum inhibitory concentration (MIC) assays and 
minimum bactericidal concentration (MBC) assays. Micro-
organisms (Staphylococcus aureus [S.  aureus] [NCTC 

10788]; methicillin-resistant Staphylococcus aureus [MRSA] 
[NCTC 12493]; Escherichia coli [E.  coli] [NCTC 10418]; 
Pseudomonas aeruginosa [P.  aeruginosa] [ATCC 27853]; 
Klebsiella pneumoniae [K. pneumonia] [ATCC 43816] and 
the yeast Candida albicans [C. albicans] [NCTC 1467]) were 
cultured in Mueller–Hinton broth overnight at 37°C. Then, 
105 colony-forming units (CFU/ml) of each organism culture 
were incubated with peptide solutions in the concentration 
range from 1 to 128 µM in a 96-well plate at 37°C overnight. 
1% DMSO and 2 mg/ml Norfloxacin were the vehicle con-
trol and positive control. The absorbance value was detected 
at a wavelength of 550  nm in a Synergy HT plate reader 
(Biolise BioTek EL808). The MBC value was the minimum 
concentration of peptide where no micro-organisms grew on 
Mueller–Hinton agar plate.

2.7 | MTT assays

Five cell lines—non-small-cell lung cancer H157, prostatic 
cancer cell PC-3, colorectal cancer cell HCT116, human 
glioblastoma astrocytoma U251MG and normal human mi-
crovessel endothelial cell HMEC-1, were employed. Three 
cell lines (H157, PC-3 and HMEC-1) were purchased from 
ATCC, and two cell lines (U251MG and HCT116) were ob-
tained from ECACC. Each cell line was seeded into a 96-
well plate at densities of 5,000 cells/well. After incubation 
overnight, at 37°C with 5% CO2, the cells were placed in 
serum-free medium to starve for 6 hr in the incubator. After 
starvation, the different peptide solutions, from 10–4 to 10–9 M 
in serum-free medium, were added into the 96-well plates, 
the 0.1% Triton-X 100 in serum-free medium was used as 
the positive control, and the serum-free medium was used 
as growth control. After incubation for 24 hr at 37°C with 
5% CO2, 10 µl of MTT (5 mg/ml) was added into each well 
under dark conditions. After 2-hr incubation, the medium 
was replaced by 100 µl of DMSO to dissolve the formazan 
crystals. After 10-min shaking or until the formazan crystals 
were totally dissolved, the plate was read in the Synergy HT 
plate reader set at 550 nm.

2.8 | Anti-biofilm assays

The anti-biofilm activity of these peptides was tested on 
S. aureus, MRSA and P. aeruginosa. The S. aureus was cul-
tured in TSB, P. aeruginosa was cultured in Luria–Bertani 
(LB) broth, and MRSA was cultured in TSB with 0.8% glu-
cose. They were all incubated in a shaking incubator at 37°C, 
200 g for 16–20 hr. For MBIC assays, the peptides in gradi-
ent concentration (from 128 to 1 µM) mixed with those bac-
teria cultures (105 CFU/ml) in a 96-well plate were incubated 
at 37°C for 24 hr. For MBEC assays, only 100 µl of bacteria 

http://www.gravy-calculator.de/
http://www.gravy-calculator.de/
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culture was added in each well in a 96-well plate to incubate 
at 37°C for 24 hr to obtain mature biofilm. After incubation, 
the plate was washed with PBS and different concentrations 
of peptides as in MBIC were added to each well. The MBEC 
plate was incubated at 37°C for 24 hr. After that, all the plates 
were washed with deionized water twice, and then, the bio-
film was fixed with 125 µl of methanol for 10 min. After that, 
125 µl of 0.1% crystal violet was used to stain the biofilm for 
30 min and it was further dissolved by 150 µl of 30% glacial 
acetic acid. The absorbance of each well was recorded by a 
Synergy HT plate reader at 595 nm.

2.9 | Haemolysis assays

The haemolytic activities of the peptides were deter-
mined using 2% (v/v) suspensions of horse blood cells. 
Horse blood cells were washed and resuspended in PBS. 
Peptides in gradient concentration (from 512 to 1  µM) 
and a 2% erythrocyte suspension were incubated at 37°C 
for 2  hr. The PBS and 1% Triton-X 100 were used as 
negative and positive controls. After incubation, these 
suspensions were centrifuged at 1,000 g for 5 min. After 
this, 200 µl of respective supernatants was added to each 
well of the 96-well plate. The absorbance of the wells on 
the plate was determined by use of a Synergy HT plate 
reader set to 550 nm.

3 |  RESULTS

3.1 | Analysis and alignment of a novel AMP 
precursor-encoding cDNA sequence

A full-length cDNA encoding a potential AMP precursor 
was obtained by ‘shotgun’ cloning (Figure 1). The peptide 

precursor containing 67 amino acid residues consisted of 
four parts: a highly conserved putative signal peptide se-
quence of 22 amino acids; an acidic spacer region; a re-
striction enzyme cutting site (-KR-) and the mature peptide 
sequence containing 21 amino acids. The peptide precursor 
was subjected to BLAST analysis within the National Center 
for Biotechnology Information (NCBI) database (Figure 2) 
which indicated that the amino acid sequence of this precur-
sor has high similarity to Hainanenins-1–5. The signal and 
acidic spacer peptide region was highly conserved at over 
90% with these four peptides which belong to the brevinin-1 
family. The Brevinin-1H biosynthetic precursor-encoding 
cDNA has been deposited in the NCBI database (accession 
code: MT303155).

Brevinin-1H was isolated from skin secretion of Amolops 
hainanensis by RP-HPLC Figure  3a). The fractions were 
collected and analysed by MALDI-TOF MS and the one 
which contained a peptide coincident with that predicted 
from cloned cDNA is indicated by an arrow. The amino acid 
sequence was confirmed subsequently by MS/MS analysis 
(Figure 3b).

3.2 | Secondary structure predictions

The secondary structures of Brevinin-1H peptide and its 
analogues were predicted using I-TASSER programme 
(Figure 4). The Brevinin-1H peptide described here was pre-
dicted to have a high helix structure, but the cyclic heptapep-
tide destroyed the helix structure. The Brevinin-1Ha entirely 
lost helix structure due to the cyclic heptapeptide in the cen-
tral position. The Brevinin-1HY peptide increased the length 
of α-helix structure.

These three peptides have the same net charge, but the 
GRAVY of Brevinin-1HY peptide is slightly higher than that 
of the other two peptides (Table 1).

F I G U R E  1  Nucleotide sequence and 
translated amino acid sequence of cDNA 
encoding peptide precursor of Brevinin-1H. 
The double underline shows the putative 
signal peptide; the single underline indicates 
the mature peptide, and the asterisk means 
the stop codon [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.3 | Antimicrobial activity

The antimicrobial activities of natural Brevinin-1H peptide 
and its two analogues were examined using Gram-positive 
bacteria, Gram-negative bacteria and a yeast (Table 2). The 
parent peptide had an antibacterial effect on all six organ-
isms. Brevinin-1Ha only had an effect against E.  coli, but 
with significantly decreased activity. The Brevinin-1HY pep-
tide was less effective against C. albicans, whereas it was not 
active against E. coli, P. aeruginosa and K. pneumoniae.

3.4 | Anti-proliferation activity

Brevinin-1H peptide and its analogues showed various an-
ticancer activities as evidenced by their ability to inhibit 
the proliferation of four diverse human cancer cell lines 
(Figure 5). The Brevinin-1H peptide demonstrated broad-
spectrum anticancer activity against H157, PC-3, MB435S 
and HCT116 human cancer cell lines, with IC50 values 
from 3.37 to 5.87  µM (Table  3). The Brevinin-1Ha only 

showed inhibition on those cancer cell lines at 10−4  M. 
The Brevinin-1HY peptide increased the anti-proliferation 
activity against MB435S and H157 cancer cell lines com-
pared to the Brevinin-1H peptide. Apart from Brevinin-
1HY, other peptides were found to be less potent on the 
cancer cells.

3.5 | Anti-biofilm activity

The anti-biofilm activities of Brevinin-1H peptide and its 
analogues were identified against S. aureus (Figure 6). The 
results showed that the natural peptide could inhibit the 
initial formation of biofilm of S. aureus at a concentration 
of 4  µM and could also partially eradicate the biofilm at 
a concentration of 32 µM. The Brevinin-1HY had similar 
activity inhibiting the formation of biofilm at the same con-
centration as the parent peptide and displayed the similar 
eradication effect at 32  µM. It required a higher concen-
tration of Brevinin-1Ha (128 µM) to achieve anti-biofilm 
activity.

F I G U R E  2  Multiple alignments of peptide precursors of Brevinin-1H peptide and Hainanenins-1–5. 1: putative signal peptide sequence; 2: 
acidic spacer peptide domain; 3: restriction enzyme cutting site; 4: mature peptide domain. The asterisks indicate identical amino acids

F I G U R E  3  Identification of Brevinin-
1H in the skin secretion of Amolops 
hainanensis. (a) The retention time of 
Brevinin-1H monitored by RP-HPLC at 
214 nm. The arrow indicates the retention 
time of Brevinin-1H. (b) Predicted MS/MS 
fragment ion series of Brevinin-1H and the 
observed b- and y-ions in collected HPLC 
fraction in (a) are indicated in red and blue 
typeface [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com


278 |   PEI Et al.

3.6 | Haemolytic activity

The haemolysis activity of Brevinin-1H and its analogues 
were tested by the use of a 2% (v/v) horse red blood cell sus-
pension (Figure 7). The Brevinin-1H peptide showed strong 
haemolysis (defined as 20% of haemolysis or more) with an 
HC50 53.12 µM; at a concentration of 32 µM, its haemolysis 

was over 20%. The Brevinin-1Ha peptide decreased the hae-
molysis, since the haemolysis of this peptide was only over 
20% at a concentration of 128 µM. Despite some improve-
ments of antimicrobial and anticancer activities, Brevinin-
1HY displayed increased haemolysis compared to the 
natural peptide. The haemolysis at the MIC of Brevinin-1HY 
(28.48%) was more than threefold at the MIC for the parent 
peptide.

4 |  DISCUSSION

Natural AMPs, as an important part of Nature against patho-
gen attack (Bera et al., 2015), have been considered as a ra-
tional substitute for traditional antibiotics (Maria-Neto et al., 
2015) due to their high potency and low bacterial resistance 
(La Manna, Di Natale, Florio, & Marasco, 2018). However, 
they have many limitations like their cytotoxicity, poor sta-
bility and fast elimination (Ying et  al.,  2019). Therefore, 
rational peptide modifications can balance the advantages 
and restrictions of peptides to make them a better choice for 
medical applications.

F I G U R E  4  3D structure prediction of Brevinin-1H peptide and its analogues using the I-TASSER programme. (a) Brevinin-1H peptide, (b) 
Brevinin-1Ha, (c) Brevinin-1HY. The Conf. Score means the confidence of the predicted result. The higher score means the higher the confident 
prediction of secondary structure [Colour figure can be viewed at wileyonlinelibrary.com]

Name Sequence GRAVY
Net 
charge

Helix 
(%)

Brevinin-1H FALGAVTKVLPKLFCLITRKC 1.08 4 52

Brevinin-1Ha FALGAVTCLIRTKCKVLPKLF 1.08 4 0

Brevinin-1HY FALGAVTKVLYKLFCLITRKC 1.1 4 67

Note: GRAVY means the grand average of hydropathy. The proportion of helix structure was calculated by the 
I-TASSER programme

T A B L E  1  Physicochemical properties 
of Brevinin-1H peptide and its analogues

T A B L E  2  Antibacterial activity of Brevinin peptides, Brevinin-
1Ha, Brevinin-HE and Brevinin-1HY

Strains

MIC/MBC (µM)

Brevinin-1H
Brevinin-
1Ha

Brevinin-
1HY

S. aureus 4/8 >128/>128 4/8

E. coli 16/32 64/64 >128/>128

C. albicans 16/16 >128/>128 64/64

P. aeruginosa 64/128 >128/>128 >128/>128

MRSA 8/16 >128/>128 8/8

K. pneumoniae 64/64 >128/>128 >128/>128

www.wileyonlinelibrary.com
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We found a novel AMP, named Brevinin-1H, in the 
skin secretion of Amolops hainanensis, which showed a 
broad-spectrum antimicrobial activity and anticancer activ-
ity. Unfortunately, the Brevinin-1H peptide had a high hae-
molytic activity (HC50 = 53.12 µM) thus how to balance the 
high potency and high haemolytic activity of this peptide be-
came our main aim.

As a previous study showed, the proline in the 11th po-
sition of this Brevinin-1H peptide was predicted to induce a 
stable kink structure which is essential for combining with 
the lipopolysaccharide (LPS) distributed on the plasma 
membrane of Gram-negative bacteria (Sang et  al.,  2018; 
Suh et al., 1996; Thomas, Vineeth Kumar, Reshmy, Kumar, 
& George,  2012). Another report showed that the A- and 
B-LPS on the membranes of P. aeruginosa can alter the hy-
drophobicity and negative charge of the membrane, which 

can decrease the electrostatic interaction between AMPs and 
bacteria (Makin & Beveridge,  1996). Bera and coworkers 
also found proline in IR13 peptide was essential to bind with 
LPS (Bera et  al.,  2015). These reports proved that proline 
might play an essential role in killing Gram-negative bacte-
ria. Lee and coworkers substituted Glu9 with Pro producing 
a helix-kink-helix structure in Anal 3-Pro peptide, which 
apparently increased antibacterial activity of parent pep-
tide with no haemolysis (Lee et al., 2013). However, previ-
ous research also indicated that the position of proline has a 
profound impact on the bioactivity of peptides. A designed 
analogue, [P14]BR2GK(1–25)a, for example, was modified 
by substituting leucine with proline at position 14, resulting 
in a decrease in antimicrobial activity due to the proline did 
not form a kink structure (Chen et al., 2020). To test whether 
the proline is essential in antimicrobial activity against Gram-
negative bacteria, and whether the existing of proline may 
disturb the α-helix structure, Brevinin-1HY was designed. 
This peptide showed similar antimicrobial activity to the 
natural peptide against Gram-positive bacteria. However, 
it has no effect on Gram-negative bacteria until 128  µM, 
which substantiates the important role of proline in killing 
Gram-negative bacteria. On the other hand, the haemolysis 
produced by Brevinin-1HY is dramatically improved in com-
parison with the natural peptide. Several studies have shown 
that the hydrophobicity of a peptide has a higher influence 
on the ability to permeabilize the zwitterionic phospholipid 
membranes of the red blood cells than the membrane of 
micro-organisms (Wieprecht et  al.,  1997). The GRAVY of 

F I G U R E  5  Viability of four cancer 
cells after treatment with Brevinin-1H 
peptide and its analogues. (a) H157, non-
small-cell lung cancer; (b) PC-3, prostatic 
cancer cells; (c) MB435S, melanocyte 
cancer; (d) HCT116, colorectal cancer. 
The error bar indicated the SEM of five 
replications [Colour figure can be viewed at 
wileyonlinelibrary.com]
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T A B L E  3  IC50s of Brevinin-1H peptide and its analogues against 
cancer cells

Peptide name

IC50 (µM)

PC-3 MB435S H157 HCT116

Brevinin-1H 5.87 3.47 3.37 2.599

Brevinin-1Ha 186.9 214.7 278.9 342.8

Brevinin-1HY 5.425 2.243 2.811 3.583

Note: IC50 indicates the half maximal inhibitory concentration of these peptides 
against the human cell lines. The IC50 was calculated by the normalized curve 
in Figure 5.
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Brevinin-1HY is 1.1, a little higher than Brevinin-1H (1.08), 
which may explain why the haemolysis of Brevinin-1HY was 
increased more than the natural peptide. Brevinin-1HY also 
showed an increased anti-proliferation effect on cancer cells. 
This may due to the phenolic hydroxyl moieties of tyrosine, 
which can increase the combination to some target proteins, 
like phosphatidylserines, glycoproteins and gangliosides 
(Han et al., 2013).

The Rana-box is an invariant structure in peptides from 
the Brevinin family, and it shows a high relationship to anti-
microbial activity because it may improve the interaction be-
tween peptide and membranes of bacteria (Liu et al., 2017). 
Some research has shown that the position of the Rana-box 
is not essential to antimicrobial activity and can decrease 

the haemolytic activity when it is transferred to the cen-
tral position of the peptide (Chen et  al.,  2018; Kumari & 
Nagaraj,  2001). To test this theory, Brevinin-1Ha was de-
signed. The haemolysis of Brevinin-1Ha peptide was signifi-
cantly decreased (HC50  =  437.2  µM), but the antibacterial 
activity and anticancer activity were virtually eliminated with 
only a trace of antimicrobial activity against E. coli at 64 µM 
and anticancer activity at 10–4 M. The loss of antimicrobial 
activity might be attributable to the loss of α-helix structure.

In conclusion, a novel AMP, Brevinin-1H, with 
broad-spectrum antimicrobial activity against Gram-positive 
bacteria, Gram-negative bacteria and yeast, was first isolated 
here from the skin secretion of Amolops hainanensis. It also 
exhibits anti-proliferation activity against PC-3 (human pros-
tate carcinoma cancer cells), MB435S (colorectal cancer 
cells), H157 (non-small-cell lung cancer cells) and HCT116 
(colorectal cancer cells), but also has observable haemolytic 
activity at its MIC. The high bioactivity makes Brevinin-1H a 
good potential antimicrobial drug lead, but it also needs more 
modifications to decrease its haemolytic activity.

ACKNOWLEDGMENTS
X.P. was in receipt of a scholarship from the China 
Scholarship Council.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ORCID
Xiaoling Chen   https://orcid.org/0000-0002-6783-4160 
Xinping Xi   https://orcid.org/0000-0002-5317-8887 

F I G U R E  6  Anti-biofilm activities of the Brevinin-1H and its 
analogues against S. aureus. (a) The MBIC of the peptides against 
S. aureus; (b) the MBEC of the peptides against S. aureus. The 
biofilm mass was calculated with the 1% Norfloxacin positive control, 
and the error bar represents SEM [Colour figure can be viewed at 
wileyonlinelibrary.com]
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F I G U R E  7  Haemolytic activities of Brevinin-1H and its 
analogues against horse red blood cells. The haemolysis calculated 
with the 1% Triton-X 100-positive control. The error bar indicates the 
SEM of five replications. The arrow represents the haemolysis at the 
MIC of these peptides for S. aureus [Colour figure can be viewed at 
wileyonlinelibrary.com]
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