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Abstract As of February 2017, approximately 7639
amphibian species have been described in the Amphibi-
aWeb database. However, only 20 cathelicidin-like anti-
microbial peptides have been identified to date from 10
amphibian species. Half of these peptides were identified
from genome sequences and have not yet been function-
ally characterized. In this study, a novel cathelicidin-like
peptide designated cathelicidin-PP was purified from the
skin of tree frog Polypedates puerensis. Cathelicidin-PP is
a 32 residue peptide of sequence ASENGKCNLLCLVKK-
KLRAVGNVIKTVVGKIA. Circular dichroism spectros-
copy indicated that cathelicidin-PP mainly adopts a f-sheet
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structure in membrane-mimetic solutions. Cathelicidin-PP
exhibits potent antimicrobial activity against bacteria and
fungi, especially Gram-negative bacteria. Meanwhile, it
shows low cytotoxicity toward mammalian cells. Scanning
electron microscopy analysis indicated that cathelicidin-
PP kills bacteria through the disruption of the bacterial cell
membrane integrity. Furthermore, cathelicidin-PP exerts
significant anti-inflammatory functions by inhibiting the
lipopolysaccharide (LPS)-mediated generation of nitric
oxide and pro-inflammatory cytokines, tumor necrosis
factor-a, interleukin-18, and interleukin-6. The MAPKs
(ERK, JNK, and p38) and NF-kB signaling pathways are
involved in the anti-inflammatory effect. Cathelicidin-PP
caused partial neutralization of LPS in a dose-dependent
manner. Quantitative PCR indicated that infection of tree
frogs with bacteria causes increased expression of catheli-
cidin-PP in immune-related tissues. Taken together, catheli-
cidin-PP is the first identified cathelicidin-like peptide from
tree frogs. Our findings demonstrate that in addition to
direct bactericidal capacity, cathelicidin-PP also possesses
immunomodulatory properties, including partial neutraliza-
tion of LPS, and inhibiting the production of inflammatory
cytokines.

Keywords Cathelicidin - Anti-inflammation - LPS
neutralization - Tree frog - Polypedates puerensis

Introduction

Antimicrobial peptides (AMPs) are a conserved compo-
nent of the innate immune system which plays an impor-
tant role in defense against invading microorganisms,
as well as in the initiation of inflammation. In animals,
AMPs are predominantly expressed in the skin and wet
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mucosal surfaces, such as the oral cavity, lungs, intestine,
eyes, and the genito-urinary tract (Bals et al. 1998; Malm
et al. 2000; Murakami et al. 2004, 2005), where they
create a powerful chemical shield to maintain the bal-
ance between bacterial pathogenicity and host resistance.
Cathelicidins are one of the best characterized classes of
AMPs in mammals (Burton and Steel 2009). The struc-
ture of the precursor includes an N-terminal signal pep-
tide (29-30 amino acid residues), a highly conserved
cathelin domain (98-114 residues), and a highly vari-
able C-terminal domain (12-100 residues) (Agier et al.
2015). Cathelicidins have multifaceted roles in immune
modulation and inflammation. For example, in addition
to exhibiting protective capabilities against a diverse
range of pathogens, the human cathelicidin (LL-37) and
porcine cathelicidin (PR-39) can induce chemotaxis of
certain cell types including neutrophils, monocytes, mac-
rophages, eosinophils, and mast cells (Huang et al. 1997;
Tjabringa et al. 2006) and promote wound healing and
angiogenesis (Koczulla et al. 2003; Steinstraesser et al.
2008). However, there is relatively limited understanding
of the structure and activity relationship for cathelicidins
in amphibian (Anura, Caudata, and Gymnophiona).

Amphibians are an ancient group of animals. The
AmphibiaWeb database (http://www.amphibiaweb.org/)
currently contains 7639 amphibian species (Feb 27, 2017).
Amphibians are by far the most important natural source
for discovering antimicrobial peptides. Currently, more
than 1900 AMPs from 178 species belonging to 28 gen-
era in amphibian skin have already been reported (Xu and
Lai 2015), accounting for over 63% of the total number of
AMPs (~3000) identified from microorganisms to plants
and animals (Agier et al. 2015; Wang et al. 2015). How-
ever, only 20 AMPs belonging to the cathelicidin fam-
ily (17 sequences retrieved from the NCBI databases and
3 sequences extracted from the literature; Sun et al. 2015;
Yu et al. 2013) have been identified in amphibian. Among
these, ten sequences were identified by genome analysis
from the Tibetan Plateau frog Nanorana parkeri (Anura:
Ranidae), the western clawed frog Xenopus tropicalis and
African clawed frog Xenopus laevis (Anura: Pipidae); six
sequences [cathelicidin-RC1 and -RC2 (Ling et al. 2014),
Lf-CATH1 and -2 (Yu et al. 2013), cathelicidin-AL (Hao
et al. 2012), and cathelicidin-PY (Wei et al. 2013)] were
identified from four species (Rana catesbeiana, Limnon-
ectes fragilis, Amolops loloensis, and Paa yunnanensis) of
ranid frogs; three sequences (cathelicidin-DM, BG-CATH,
and cathelicidin-Bg) were identified from two species
(Duttaphrynus melanostictus and Bufo bufo gargarizans)
of bufonid toads (Gao et al. 2016; Sun et al. 2015); one
sequence (tylotoin) was identified from the salamander 7yl-
ototriton verrucosus (Caudata: Salamandridae) (Mu et al.
2014).
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Cathelicidins have been described in a variety of ver-
tebrate species, ranging from fish, reptiles and birds, to
mammals (Zanetti 2005). Based on the inherent number
of cathelicidin genes, cathelicidins can be used to segre-
gate vertebrate species into two groups: ‘“‘monocatheli-
cidin species”, which contain a sole cathelicidin gene,
and “polycathelicidin species”, which possess different
gene-clusters encoding different cathelicidins (Sang et al.
2007). Ten genome-based cathelicidins in three species of
frogs and previous study on amphibian cathelicidins (Ling
et al. 2014; Yu et al. 2013) indicate that the anuran frogs
are “polycathelicidin species”. According to the data from
AmphibiaWeb, 964 amphibian species belonging to the
family Hylidae have been described so that these frogs
may produce more than 1928 cathelicidins. However, no
cathelicidin-like peptide has been identified and character-
ized from hylid frogs, a group of special amphibian species
which mainly adopt an arboreal way of life.

We report herein the purification and characterization of
a novel cathelicidin-like antimicrobial peptide (cathelici-
din-PP) from the skin of tree frog Polypedates puerensis.
We examined the anti-inflammatory effect of cathelicidin-
PP in mouse peritoneal macrophages, and the LPS-induced
inflammatory signaling pathways were also studied. In
addition, we showed the induction of cathelicidin-PP
mRNA in immune- related tissues after tree frogs were
challenged with Escherichia coli.

Materials and methods
Peptide purification

According to our previous peptide purification procedures
of tree frog secretions (Wei et al. 2015), the eluted peak
(arrow in Fig. la) possessing antimicrobial activity was
further purified by RP-HPLC on a Wondasil C,g column
(25 x 0.46 cm). The elution was performed using a linear
gradient of 0—60% acetonitrile containing 0.1% (v/v) trif-
luoroacetic acid over 70 min (Fig. 1b). The eluted fractions
were collected and their antimicrobial activity tested.

Primary structural analysis

N-terminal sequence of the purified peptide was deter-
mined by Edman degradation on an Applied Biosystems
pulsed liquid-phase sequencer (model ABI 491). Matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) was used to identify the
purified peptide. AXIMA CFR mass spectrometer (Kratos
Analytical) was analyzed in linear and positive ion mode
using an acceleration voltage of 20 kV and an accumulat-
ing time of single scanning of 50 s.
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c¢DNA cloning

The experiment was carried out as described in our previ-
ous work (Wei et al. 2015). An In-Fusion SMARTerTM
Directional cDNA Library Construction Kit was used for
cDNA synthesis. According to the sequence determined

by Edman degradation, an antisense degenerate primer
(cathelicidin-PP-R,) was designed and coupled with a
5" PCR primer (the adaptor sequence of 3’ In-Fusion
SMARTer CDS Primer provided in the kit) to screen the 5’
fragment of cDNA encoding cathelicidin-PP. Then, a sense
primer (cathelicidin-PP-F,) was designed according to the
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5" coding region and coupled with 3’ PCR primer from the
library kit to screen the full-length cDNAs. The PCR con-
ditions were as follows: 95 °C for 5 min and 30 cycles of
95 °C (30 s), 56 °C (45 s), 72 °C (90 s), followed by an
extension step at 72 °C for 10 min. Primers used in this
research are listed in the supplementary material Table S1.

Sequence analysis

The theoretical molecular weight of cathelicidin-PP was
analyzed through Bioinformatics Resource Portal (http:/
www.expasy.org/tools/) (Bjellqvist et al. 1993). The assem-
bled sequences were aligned using ClustalW (http://embnet.
vital-it.ch/software/ClustalW.html) (Chenna et al. 2003).
The phylogenetic tree was constructed by the neighbor-join-
ing method in Mega 6 package (Tamura et al. 2013).

Antimicrobial assay

Antimicrobial activity of cathelicidin-PP was assayed
according to our previous methods (Wei et al. 2015).
Microorganisms were obtained from the First Affiliated
Hospital of Kunming Medical University. The growth of
the microbe was determined by monitoring the absorbance
at 600 nm. The minimal concentrations at which no micro-
bial growth occurred were recorded as MIC values.

Scanning electron microscopy (SEM)

Scanning electron microscopy was performed to evaluate
the effect of cathelicidin-PP on the membrane morphol-
ogy of the bacteria E. coli ATCC 25922. The cells were
incubated with cathelicidin-PP (1 x MIC) and diluted in
phosphate-buffered saline (PBS) at 37 °C for 45 min. After
a centrifugation at 1000xg for 10 min, the pellets were
fixed with 2.5% glutaraldehyde solution for 2 h at 4 °C and
then postfixed in 1% osmium tetroxide for 2 h. All speci-
mens were dehydrated through a graded series of alcohols.
After the specimens were mounted onto aluminum stubs
and sputtered with gold, the SEM images were taken on a
Hitachi S-4800 electron microscope.

Circular dichroism (CD) spectroscopy

Circular dichroism spectroscopy was performed to estimate
the secondary structural elements of cathelicidin-PP in mem-
brane-mimetic environments. CD spectra were collected
on a Jasco-810 spectropolarimeter (Jasco, Tokyo, Japan)
with a 1-mm path-length cell at 25 °C and 0.2-nm intervals
from 190 to 260 nm. Cathelicidin-PP was dissolved in H,O,
sodium dodecyl sulfate (SDS)/H,O solutions or LPS/H,0O
solutions to an ultimate concentration of 0.2 mg/ml. The data
from three scans were averaged using the Jasco-810 software
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for each spectrum. CD data were expressed as the mean resi-
due ellipticity (6) in deg cm*/dmol.

Hemolysis and cytotoxicity

Hemolytic assay was performed according to the method
described in our previous work (Wei et al. 2015). Rabbit
erythrocyte suspensions were incubated with cathelicidin-
PP and then the absorbance of supernatant was measured at
540 nm. 1% (v/v) Triton X-100 and PBS were used as posi-
tive and negative controls, respectively.

Cytotoxicity against mouse peritoneal macrophages was
determined by the MTT assay. Peritoneal macrophages
from C57BL/6 mice were prepared as described in our pre-
vious work (Wu et al. 2015). Cathelicidin-PP dissolved in
serum-free RPMI 1640 medium was added to mouse peri-
toneal macrophages in 96-well plates (2 x 10* cells/well),
and the serum-free RPMI 1640 medium without cathelici-
din-PP was used as control. After incubation for 24 h, 20 11
of MTT solution (5 mg/ml) was added to each well, and the
cells were further incubated for 4 h. Finally, cells were dis-
solved in 200 1 of Me,SO, and the absorbance at 570 nm
was measured.

Nitric oxide (NO) detection

Mouse peritoneal macrophages were cultured in 24-well
plates (2.5 x 10° cells/well). The cells were incubated for
24 h either with LPS (100 ng/ml, from E. coli 0111:B4,
Sigma-Aldrich, USA) and cathelicidin-PP (0, 5, 10, and
20 pg/ml) or incubated with cathelicidin-PP (10 pg/ml)
alone. The culture medium was harvested to detect the
nitrite level using Griess reagent (Beyotime, China) accord-
ing to the manufacturer’s instructions.

Quantitative PCR (qPCR)

Mouse peritoneal macrophages were cultured in 6-well plates
(2 x 10° cells/well) with RPMI 1640 (2% FBS). The cells
were incubated either with LPS (100 ng/ml) and cathelicidin-
PP (0, 5, 10, and 20 pg/ml) or incubated with cathelicidin-PP
(10 pg/ml) alone. After treatment for 6 h, the cells were col-
lected and total RNA was isolated. qPCR was performed on
a Realplex Mastercycler real-time PCR system (Eppendorf,
Germany). The cycle counts of the target genes were normal-
ized to the B-actin gene, and accordingly the fold changes of
the target genes were calculated. The primers used for gPCR
are listed in the supplementary material Table S1.

Pro-inflammatory cytokine determination

Mouse peritoneal macrophages were cultured in 24-well
plates (2.5 x 10° cells/well).
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The cells were incubated for 6 h either with LPS
(100 ng/ml) and cathelicidin-PP (0, 5, 10, and 20 pg/ml) or
incubated with cathelicidin-PP (10 pg/ml) alone. The cell
culture supernatants were collected and assessed for tumor
necrosis factor-a (TNF-a), interleukin-1g (IL-1p8), and
interleukin-6 (IL-6) by using ELISA kits (Dakewei, China).

Western blot analysis

Mouse peritoneal macrophages were cultured in 6-well
plates (2 x 10° cells/well). The cells were incubated for
30 min either with LPS (100 ng/ml) and cathelicidin-PP
(0, 5, 10, and 20 jg/ml) or incubated with cathelicidin-PP
(10 pg/ml) alone. The cells were washed twice with ice-
cold PBS and lysed with RIPA lysis buffer (Beyotime,
China). Then the cytoplasmic or nuclear proteins were
extracted for Western blot analysis according to our previ-
ously described method (Wu et al. 2010). Primary antibod-
ies of phospho- ERK/ERK, phospho-JNK/JNK, phospho-
p38/p38, NF-kBp65 (1:2000, Cell Signaling Technology,
USA), and B-actin (1:5000, Santa Cruz Biotechnology,
USA) were used in Western blot analysis.

LPS neutralization assay

The ability of cathelicidin-PP to neutralize LPS was
assayed by the Limulus amebocyte lysate (LAL) test
according to the manufacturer’s instruction (GenScript,
Nanjing, China). Briefly, cathelicidin-PP (0, 5, 10, 20,
40 pg/ml) dissolved in PBS were incubated with LPS.
After incubation for 30 min, 100 1 of LAL solution was
added to LPS-cathelicidin-PP solutions (100 pl) in a pyro-
genfree tube and followed by addition of pre-warmed
substrate. After incubation for 6 min, the absorbance was
measured at 545 nm. The percentage of LPS neutraliza-
tion was calculated as (Ayjyp — Agample)Apiank % 100, where
Ay ok TEpresents the absorbance of blank control (50 .l of
LAL water + 50 w1 of LPS solution).

Bacterial challenge

This experiment was carried out as previously described
(Wei et al. 2015). In brief, both sexes of tree frogs P. puer-
ensis (22-28 g, n = 5 in each group) captured in Yunnan
Province of China (24.786°N 101.362°E) were injected
intraperitoneally (50 pl/tree frog) with E. coli ATCC 25922
(1 x 10° CFU/ml PBS) or PBS. The immune-related tis-
sues (skin, spleen, gut, and lung) were collected at 6, 12,
24, and 48 h after bacterial challenge. qPCR was performed
to analyze the expression of cathelicidin-PP mRNA as
described above, with the housekeeping gene B-actin as
an endogenous control. The study was approved by the

Animal Care and Use Ethics Committee of Kunming Medi-
cal University.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
5.0 (GraphPad Software Inc., San Diego, CA, USA) and
Stata 10.0 software (Stata Corporation, College Station,
TX, USA). Data were presented as mean = SEM and
compared using two-tailed equal variance Student’s ¢ test.
*p < 0.05 and **p < 0.01 were considered statistically
significant.

Results
Characterization of cathelicidin-PP

The fraction with antimicrobial activity was further purified
by C,3 RP-HPLC (Fig. 1a) and cathelicidin-pp was purified
from this step (Fig. 1b). After Edman degradation, the ini-
tial 20 N-terminal amino acid residues of cathelicidin-PP
were identified with the following sequence: ASENGKC-
NLLCLVKKKLRAV. MALDI-TOF MS analysis (Fig. 1c)
indicated that cathelicidin-PP had a measured molecular
mass of 3366.08 Da, matching well with the calculated
molecular mass 3366.15 Da. The cDNA clone encoding
the precursor of cathelicidin-PP was screened from the skin
cDNA library of P. puerensis (GenBank accession num-
ber: KY610282). The cathelicidin-PP precursor is com-
posed of 147 amino acid residues, including a predicted
21 amino acid signal peptide and a conserved 94 amino
acid cathelin domain, followed by a 32 amino acid mature
peptide (Fig. 2). The sequence similarity search with the
Basic Local Alignment Search Tool (BLAST) indicated
that the precursor is a member of the cathelicidin family
AMPs, sharing the highest identity of 59% (87/147) with
the cathelicidin-PY from the frog P. yunnanensis. Multi-
sequence alignment of cathelicidin-PP precursor with other
amphibian cathelicidin (Fig. 3) indicated that cathelicidin-
PP precursor exhibits a high degree of similarity with the
other cathelicidins in the cathelin regions, but they are
highly variable in the C-terminal mature region. Addition-
ally, a characteristic feature of all these mature peptides is
the presence of one intramolecular disulfide bond.

Phylogenetic analysis of cathelicidin-PP
The phylogenetic tree was generated from 21 amphib-
ian cathelicidin precursors, which were identified from 11

amphibian species (Fig. 4). The cathelicidin sequences clearly
form two distinct clusters: one cluster comprising 5 sequences
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atgaaggtctggcagtgtgtgatctttctageggetectaacattgecacctggetcacttt 60
MK VvwaqQ CVIZFILAALTTULHTLAUHTF 20
cagtcaggacggatcagagcagcgetggatgectacaaccagaaggatgatggagagtge 120
Q S G R IRAALUDAYNO QI KDUDGEC 40
tactttaagttcgtgtcggatctececggggtecctecctgecaggaggaggaagagteteca 180
Y F K FVSDLU®PSGST LTLIQEZETETE S P 60
tcagtcaactttttaatcaaggagacggagtgeccgcaagtccgaagacgttgacttggag 240
S V.NF LI KETET CIRI KT SETDUV DL E 80
cgatgcgagtacaagaaggacggggaggtgaaggegtgegetetgtacctggagaaagag 300
R CEY K KDGEV KA CALYTLE KE 100
gaggtggaatgegtcagtcttteccgagaattcgegecccaagegagecagtgagaatgga 360
EveEcvsLsENSRPEKRINEEE >
aagtgcaacttattgtgcttagtgaagaagaagctgegagetgteggecaacgttatcaag 420
K C N L L CLVKKKLRAVGNV I K
accgtcgtcggtaaaatagcatagecgaatattateccgtattttgecgegecttcaatgea 480

T Vv G KT AGgY

147

accttcctttaccgectaatatcecectecgagettttgcaaggatggtgtttgtgecacaga 540
gcgecgacatcecgecccaaacccgaataaatttgeattcccataaagaaaaaaaaaaaaaa 600

daaaaaaaaaaaaaa

Fig.2 The cDNA sequence of cathelicidin-PP precursor. Deduced
amino acid sequence is shown below the cDNA sequence. The cathel-
icidin-PP precursor contains the signal peptide (gray), followed by a
cathelin domain ending with a pair of basic residues (in bold), and

identified from the clawed frogs (X. tropicalis and X. laevis)
belonging to the Pipidae family, and the second cluster com-
prising 16 sequences identified from 5 different amphibian
families (Pipidae, Ranidae, Bufonidae, Hylidae and Salaman-
dridae). The latter cluster is again divided into two distinct
subclusters, in which cathelicidin-PP is grouped together with
the eight cathelicidins from four species of ranid frogs (P. yun-
nanensis, N. parkeri, R. catesbeiana, and L. fragilis).

Antimicrobial properties of cathelicidin-PP

The antimicrobial potency of cathelicidin-PP against
pathogens was determined. As listed in Table 1, cathelici-
din-PP exhibited broad-spectrum antimicrobial activities
against Gram-positive, Gram-negative bacteria and fungi.
In addition, cathelicidin-PP showed much higher antimi-
crobial activities against Gram-negative bacteria (MICs
ranging from 0.69 to 2.78 wM) compared to Gram-posi-
tive bacteria (MICs = 5.57 wM). Among the nine strains
of the microorganisms tested, the standard strain of E.
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the mature peptide (black). The stop codon is indicated by an aster-
isk. Amino acid numbers or nucleotide numbers are shown after the
sequences

coli displayed the most sensitivity toward cathelicidin-
PP, with an MIC value of 0.69 uM.

Cathelicidin-PP alters the morphology of E. coli

Scanning electron microscopy was performed to study
the effects of cathelicidin-PP on Gram-negative bacteria
E. coli ATCC25922, which was most sensitive to cathel-
icidin-PP (Table 1). The control E. coli cells exhibited a
normal shape and smooth surface (Fig. 5a, b). However,
the cells treated with cathelicidin-PP (1 x MIC) showed
distinct morphological alterations (Fig. 5c, d). Cathelici-
din-PP seemed to disturb the membrane integrity of cells,
and cell shrinkage was evident.

Cathelicidin-PP shows low cytotoxicity and hemolytic
activity

Cathelicidin-PP exhibited very low cytotoxicity toward
mouse peritoneal macrophages. Cathelicidin-PP induced
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Tree frog: Cathelicidin-PP
Frog: Cathelicidin-PY

Bull frog: Cathelicidin-RC2
Bull frog: Cathelicidin-RC1
Frog: Lf-CATH2

Frog: Lf-CATH1

Toad: BG-CATH

Toad: Cathelicidin-DM

Frog: Cath-2-like-isoform X1
Frog: Cath-2-like isoform X2
Frog: Na_CRAMP-like peptide

MKVWQCVIFLA-ALTLHLAHFQS———G———RIRAALDAYNQKDDGECYFKFVSDLPGSLLQEEEESPSVNFLIKETECRKSEDVDLERCEYKK
MKVWQCVLWIS—ALTLQMARSQSPDQDG———WIREALDLYNQREDGEFFFKFLSDLPDVLLEEEGDSPAIGFLIKETDCPKSEDCDLEKCDYRK
MKIWQCVVWLC-AITLEVAHSQSPDREG——WITEALDLYNQREDGEFLFKLLSELPAPLLEEEGDSPAIGFLIKETDCPKSEENDLEGCDYSK
MKIWQCVVWLC-AITLEVAHSQSPDREG———WIREALDLYNQREDGEFLFKLLSELPGPLLEEEGDSPAIGFLIKETDCPKSEEIDLERCDYSK
MKVWQCALWIS—ALTLQAARSQSPDREE———WIKEALDLYNQREDGEFFFKFLSDLPAALLQEEGDSPAVGFLIKETECRKSEAGDPEQCDYRQ
MKIWQCVLWLS—AVTL——ARSQFLDQDG——WIREALDLYNQREDGEYFFKVLSDVPADLLQEGEDSPEVAFLIKETECLKSEDNELARCDYKN
MRSWWLSLLLVSAVTLHGCLSDTAEPEVQDGRSIGDVIDLYNQREGVTYLYKSLDQLPPVPMEEDENPNRRGFIIKETVCLKSENPDLTQCDFKP
MRSWRLSLLLVSAVTLHGCLSDPAEPEVQDGRSIEDVIDLYNQREGVTYLYKSLDQLPPVPMEEDENPNRRGFIMKETVCLKSENPDLTQCDFKP
MKVWQCALWIS—ALTLQAARSQSPDREE——WIREALDLYNQREDGEFFFKFLSDLPAAPLEEEGDSPAIGFLIKETDCPKSEDCDLEKRDYRK
MKVWQCALWIS—-ALTLQAARSQSPDREE———WIKEALDLYNQREDGEFFFKFLSDLPAAPLEEEGDSPAIGFLIKETDCPKSEDCDLEKRDYRK
MKVWQCALWIS—ALTLQAARSQSPDREE———WIKEALDLYNQREDGEFFFKFLSDLPAAPLEEE-NNPTIAFLIKETECLKSEDINLEECDYKK

CHE *: B koLnix Lk *okkk ok okkk H
Tree frog: Cathelicidin-PP DGEVKACALYLEK————EEVECVSLSENSRPKRASENGKCNLLCLVKKKLRAVGNVIKTVVGKIA——————-147 aa [Polypedates puerensis]
Frog: Cathelicidin-PY DGEVKVCTLYREE————EDVKCVSLSKNSRTRRAGTKRKCNFLCKLKEKLRTVITSHIDKVLRPQG—————-152 aa [Paa yunnanensis]
Bull frog: Cathelicidin-RC2 DGEVKVCALHRED-———EDVKCVSLTAENSRSKRSSNKKCGFFCKLKNKLKSTGSRSNIAAGTHGGTFRV—-156 aa [Rana catesbeianal]
Bull frog: Cathelicidin-RC1 DGEVKVCALHQEE———QDVKCVSLTENSRSKRSSKKKKCKFFCKVKKKIKSIGFQIPIVSIPFK—————-151aa [Rana catesbeianal

Frog: Lf-CATH2

Frog: Lf-CATH1

Toad: BG-CATH

Toad: Cathelicidin-DM

Frog: Cath-2-like-isoform X1
Frog: Cath-2-like isoform X2

DGEVKVCALYREE-———EEVKCVSLTENSRIRRANKKGKCNVLCQLKQKLRSIGSGSHIGSVVLPRG—————151aa [Limnonectes fragilis]
DGEVKACGLYLEEGEASGTLKCVSLTKNPRMKPANRRPPCRGIFCRRVGSSSAIARPGKTLSTFITV————155aa [Limnonectes fragilis]
DGDVKICSLDLGD-EDPEDIMCTSLNKEVRVKRSNRRRPCRGRSCSPWLRGAYTLIGRPAKNQNRPKYMWV—165 aa [Bufo gargarizans]
DGDVKICSLDLGD-EDPEDIMCFSLNKEVRMKRSSRRKPCKGWLCKLKLRGGYTLIGSATNLNRPTYVRA-—164 aa [Duttaphrynus melactus]
DGEVKVCALYREE-———EDVKCVSLSKDSRTRRSGTKRNCNFLCKVKQRLRSASSTSHIGMAIPRPRG———~154 aa [Nanorana parkeri]
DGEVKVCALYREE———EDVKCVSLSKDSRTRRSGTKRNCNFLCKVKQRLRSASSTSHIGMAIPRPRG———154 aa [Nanorana parkeri]

Frog: Na_CRAMP-like peptide DGEVKVCGLYPAEGETMKTLKCVGLTKANGKAESAVKIVKNVCKKAQSDGKDQWKAILQWRNTPTVGMDSSC161 aa [Nanorana parkeri]

*kdok Kk Dok Lk

Fig. 3 Multi-sequence alignment of cathelicidin-PP precursor with
other amphibian cathelicidins. The symbols under the alignment indi-
cate the following: asterisk identical sites; colon conserved sites; dot
less conserved sites. Dashes are inserted to optimize the alignment.

cell death percentages as low as 7.06% at concentrations up
to 200 pwg/ml (59.42 uM), which is almost 86-fold higher
than the MIC value of cathelicidin-PP against E. coli ATCC
25922. Additionally, cathelicidin-PP also showed low hemo-
lytic activity against erythrocytes, and it yielded a hemolysis
of 5.65% at the same concentration of 200 jLg/ml.

Secondary structure of cathelicidin-PP

Each category of secondary structure shows a unique
spectrum. The spectral characteristics of a-helices is
a positive peak at ~195 nm and two almost equivalent
negative peaks at 208 and 222 nm. A small negative peak
at ~212 nm and the positive strong peak at 192 nm are
the characteristic peaks of f-sheet structure. For random
coil structure, there is a negative strong peak at ~198 nm.
a-Helical structures from CD spectra are much more
well-defined than the PB-sheet structures, because the
characteristic peaks from a-helices are much larger than
the B-sheet contributions (Wallace 2000). The CD spectra
of cathelicidin-PP dissolved in H,O showed a strong neg-
ative peak at 199 nm and a small negative peak at 211 nm
(Fig. 6), indicating that it mainly adopted P-sheet and
random-coil conformations. In the membrane-mimetic
environments of SDS/H,O solutions (Fig. 6a), the CD

The two conserved cysteine residues involved in disulfide bridges are
gray shaded. GenBank accession numbers for the analyzed sequences
are shown in Fig. 4

spectra showed that in addition to a small negative peak
at 211 nm, there were two inequivalent negative peaks at
208 and 222 nm, indicating that cathelicidin-PP mainly
adopted a B-sheet structure with a small a-helix. In addi-
tion, with increasing concentration of LPS (Fig. 6b),
there were characteristic peaks from helices, which indi-
cated the degree of a-helix content increased as the LPS
concentration increased.

As listed in Table 2, the molecular conformation of
cathelicidin-PP showed little change in different concentra-
tions of SDS solutions (5, 10, 20, and 40 mM), containing
38.7-40% B-sheet, 25.2-26.5% a-helix, and 34.7-35.6%
random coil. However, in various proportions of LPS
solutions (50, 100, 200, and 400 ng/ml), cathelicidin-PP
displayed a concomitant structural rearrangement which
caused a decrease in B-sheet and unordered structures (per-
cent decrease from 53.4 to 47.4, and from 40.9 to 34.2,
respectively) but an increase in a-helix (percent increase
from 3.8 to 18.4).

Cathelicidin-PP reduces LPS-induced iNOS
transcription and NO production

To evaluate the effect of cathelicidin-PP on the LPS-
induced NO production in mouse peritoneal macrophages,
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g9 Frog: Cath-2-like isoform X1 [Nanorana parkeri] (XP_018430777.1)
83| !Frog: Cath-2-like isoform X2 [Nanorana parkeri] (XP_018430778.1)
35 Frog: Cathelicidin-PY [Paa yunnanensis] (AFX61592.1)

100 _EBullfrog: Cathelicidin-RC2 [Rana catesbeiana] (AHW58221.1 )

93 L— Bull frog: Cathelicidin-RC1 [Rana catesbeiana] (AHW58220.1)

3

Frog: Na CRAMP-like [Nanorana parkeri] (XP_018430776.1)

Bl A Tree frog: Cathelicidin-PP [Polypedates puerensis] (KY610282)

49 —— Frog: L-CATH1 [Limnonectes fragilis]
T S— Frog: LFCATH2 [Limnonectes fragilis]

African clawed frog: Oh-Cath-like [Xenopus laevis] (XP_018122280.1)
Salamander: Tylotoin [Tylototriton verrucosus] (KF031133.1)

Frog: Cathelicidin-AL [Amolops loloensis]  (JF923766)
7

Western clawed frog: Oh-Cath-like [Xenopus tropicalis] (XP_004915576.1)
Toad: Cathelicidin Bg [Bufo bufo gargarizans] (KU556732.1)

100 LI:Toad; Cathelicidin-DM [Duttaphrynus melanostictus] (KJ820824.1)

g5 Toad:BG-CATH [Bufo gargarizans]

Western clawed frog: Lutzicidin-like [Xenopus tropicalis] (XP_017950243.1)

African clawed frog: Cathelicidin [Xenopus laevis] (XP_018122516.1)

African clawed frog: Cathelicidin-7-like [Xenopus laevis] (XP_018124905.1)

47 — African clawed frog: Pt CRAMP2-like [Xenopus laevis] (XP_018122443.1)

100 L Western clawed frog: Cathelicidin [Xenopus tropicalis] XP_004915567.1

a0

E7

il

Fig. 4 Phylogenetic analysis of known amphibian cathelicidins. The numbers on the branches represent the percent bootstrap support.
tree was constructed using the neighbor-joining method based on 21 Cathelicidin-PP is indicated by a triangle
amphibian cathelicidin precursors, including cathelicidin-PP. The

the levels of iNOS mRNA were determined by qPCR.
Incubation with cathelicidin-PP for 6 h significantly
Microorganisms MIC (uM)*  reduced the iNOS mRNA levels induced by 100 ng/ml LPS
in a dose-dependent fashion (Fig. 7a). At a concentration
of 20 pg/ml, cathelicidin-PP inhibited 97.5% of the iNOS

Table 1 Antimicrobial activity of cathelicidin-PP

Gram-negative bacteria

Escherichia coli ATCC 25922 0.69 i ot Furth det ined the NO d
ranscription. rmor rmin r -
Salmonella paratyphi A ATCC 9150 1.39 .a SCrIphio . u © O.C’.We ete e. e progue
) tion by examining the nitrite concentration in the culture
Pseudomonas aeruginosa ATCC 27853 1.39 . .
Acinetobacter iunii ATCC 17908 578 supernatants of mouse peritoneal macrophages. The addi-
cine . . T . . .
o / . tion of cathelicidin-PP significantly reduced LPS-induced
Gram-positive bacteria .. . . .
St Jormidis ATCC 19208 557 nitrite production (Fig. 7b). At the concentration of 20 pg/
ApRYTOCOCCUS epraermars ml, cathelicidin-PP inhibited 90.2% of nitrite production.
Staphylococcus haemolyticus ATCC 29970 5.57
Enserococcus faecalis ATCC 29212 >3 Cathelicidin-PP inhibits LPS-induced
Fungi . . .
pro-inflammatory cytokine production
Candida glabrata ATCC 66032 1.39
Candida albicans ATCC 14053 >-57 To evaluate the effect of cathelicidin-PP on LPS-induced
MIC minimal inhibitory concentration pro-inflammatory cytokine production in mouse peri-
4 MICs represent mean values of three independent experiments per- ~ toneal macrophages, we first used gPCR to deter-
formed in duplicates mine proinflammatory cytokine gene expression.
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dissolved in PBS. White arrow indicates damage to the plasma mem-

Fig.5 Scanning electron microscopy of bacteria treated with or
branes of bacteria or the intracellular inclusions efflux

without cathelicidin-PP. a, b Control, E. coli cells treated with PBS.
¢, d E. coli cells treated with cathelicidin-PP (1 x MIC, 0.69 wM)

a 40 b 40
I — H0
—H0
——  5mMSDS 20 —— 50 ng/mL LPS
20 % ~—— 10 mM SDS \ —— 100 ng/mL LPS
' —— 20 mM SDS \ —— 200 ng/mL LPS
w0 —— 40 mM SDS @ \ —— 400 ng/mL LPS
o )
T o
£ £
a fa)
© O
30 1 L 1 L 1 " -40 | L | ' 1 L
190 200 220 240 260 190 200 220 240 260

Wavelength [nm] Wavelength [nm]

Fig. 6 The CD spectra of cathelicidin-PP in different solutions. a SDS/H,0 solution (5, 10, 20, 40 mM). b LPS/H,O solution (50, 100, 200,
400 ng/ml). Cathelicidin-PP was dissolved in different solutions to an ultimate concentration of 0.2 mg/ml
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Table 2 Secondary structural components of cathelicidin-PP in dif-
ferent solutions

Solution Helix (%)* Beta (%)* Turn(%)* Random (%)*
H,0 0.0 48.6 5.6 45.8
SDS (mM)
5 25.4 39.8 0.0 34.8
10 25.2 40.0 0.0 34.8
20 25.7 38.7 0.0 35.6
40 26.5 38.8 0.0 34.7
LPS (ng/ml)
50 3.8 534 1.9 40.9
100 7.0 53.5 0.0 39.5
200 14.0 50.3 0.0 357
400 184 474 0.0 34.2

# Jasco-810 software was used to deconvolute CD spectra into frac-
tional contents and these data are the average value of three scans

a iNOS

1500+

10004
2001

1004

Relative mRNA level

*k *k

0-
LPS (100 ng/ml)- + + +
Peptide (pg/ml) - - 5 10 20 10

b Nitrite

Nitrite (uM)

Kk *%

LPS (100 ng/ml) - + + + + -
Peptide (pg/ml) - 10

1
[6)]
-
o
N
o

Fig. 7 Effects of cathelicidin-PP on iNOS transcription and NO
production induced by LPS. a iNOS mRNA. b Nitrite production.
Data are mean £+ SEM. Values from three independent experiments.
*p < 0.05, **p < 0.01, significantly different compared with the con-
trol that was treated with serum-free RPMI 1640 and 100 ng/ml LPS

Cathelicidin-PP significantly blocked LPS-induced expres-
sion of TNF-a, IL-1B, and IL-6 in a dose-dependent man-
ner. 20 pg/ml cathelicidin-PP inhibited the expression of
all three of the pro-inflammatory cytokine genes by 59.5,

@ Springer

45.9, and 63.5%, respectively (Fig. 8a—c). Furthermore,
we used ELISA to confirm the effect of cathelicidin-PP on
pro-inflammatory cytokine production induced by LPS in
mouse peritoneal macrophages. Cathelicidin-PP showed
activities similar to those obtained in the qPCR experi-
ments. 20 pg/ml cathelicidin-PP inhibited LPS-induced
TNF-a, IL-1B, and IL-6 production by 52.5, 42.7, and
55.6%, respectively (Fig. 8d—f).

Cathelicidin-PP inhibits LPS-induced inflammatory
response pathways

The above-mentioned data indicate that cathelicidin-PP
significantly inhibited the transcription and production
of NO and pro-inflammatory cytokines induced by LPS
in macrophages. The mitogen-activated protein kinases
(MAPKs) and NF-kB signal pathways play important
roles in inflammatory responses. Therefore, we studied the
effect of cathelicidin-PP on LPS-induced inflammatory
signaling pathways. 100 ng/ml LPS significantly induced
the phosphorylation of MAPKs (ERK, JNK, and p38) and
NF-kB p65. In contrast, the incubation of cathelicidin-PP
(5, 10, 20 pg/ml) inhibited the LPS-induced phosphoryla-
tion of ERK, JNK, p38, and NF-kB p65, especially JNK
(Fig. 9a). At the concentration of 20 pwg/ml, cathelicidin-PP
inhibited 66.9% P-ERK1, 50.3% P-ERK2, 100% P-JNKI1,
100% P-JINK2, 47.8% P-p38, and 31.8% P-p65 expression
induced by LPS, respectively (Fig. 9b).

Cathelicidin-PP partially neutralizes LPS

The chromogenic LAL assay was used to determine
whether cathelicidin-PP has a capacity to neutralize endo-
toxin. Cathelicidin-PP caused partial neutralization of LPS
in a dose-dependent manner (Fig. 10). At the concentra-
tions of 5, 10, 20, and 40 pg/ml, cathelicidin-PP inhibited
12.5,25.7, 35.9, and 53.1% of LPS, respectively.

Transcript levels of cathelicidin-PP increase
after immune challenge

After infection with E. coli, the expression of cathelici-
din-PP mRNA was examined at different time courses
in the immune-related tissues including skin, gut, lung,
and spleen. At 6, 12, 24, and 48 h after E. coli injec-
tion, the mRNA level of cathelicidin-PP was increased
in skin (7.2-, 11.8-, 17.4-, and 14.7-fold, respectively),
in spleen (15.9-, 27.9-, 32.9-, and 23.4-fold, respec-
tively), in gut (15.3-, 29.1-, 26.1- and 22.7-fold, respec-
tively) and in lung (21.3-, 44.1-, 59.4- and 53.3-fold,
respectively) (Fig. 11). The expression of cathelicidin-
PP peaked at 24 h post-injection and relatively decreased
with time in these tissues, except for the gut in which
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Fig. 8 Effects of cathelicidin-PP on pro-inflammatory cytokine tran-
scription and secretion induced by LPS. a TNF-a mRNA. b TNF-«a
secretion. ¢ IL-1p mRNA. d IL-1p secretion. e IL-6 mRNA. f IL-6
secretion. Data are mean = SEM. Values from three separate experi-

cathelicidin-PP mRNA reached maximum levels by 12 h
after stimulation.

Discussion

Amphibians have developed an effective strategy for survival
in different habitats (aquatic, semiaquatic, terrestrial, arbo-
real, torrential, and rocky). The skin secretions of different
species contain a large number of biologically active peptides
that contribute to the reduction in risk of biotic and abiotic
damage (Wu et al. 2011; Yang et al. 2009). Among these

F % Kok
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*
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€ 16001
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800 1 *
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*% K%k
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- + + + + -
- - 5 10 20 10

ments. *p < 0.05, **p < 0.01, significantly different compared with
the control that was incubated with serum-free RPMI 1640 and
100 ng/ml LPS

peptides, AMPs are a class of well-characterized immune
defense molecules. To date, some distinct families of AMPs
have been characterized from different species of tree frogs,
e.g., dermaseptin (Charpentier et al. 1998), dermatoxin
(Amiche et al. 2000), plasticin (Vanhoye et al. 2004), and
aurein (Boland and Separovic 2006). These peptides com-
prise an active defensive barrier in the tree frog skin, but no
tree frog cathelicidin antimicrobial peptide has been reported.

The current work identified a novel defensive peptide
(cathelicidin-PP) from the skin of the tree frog P. puer-
ensis. The structural organization of cathelicidin-PP pre-
cursor (Fig. 2) is similar to other vertebrate cathelicidin
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Fig. 9 Effects of cathelicidin- a Peptide (pg /m|) - - 5 10 20
PP on LPS-induced inflam-

matory response pathways. a LPS (ng/ml) = + + +
Western blot of phosphorylation

of ERK, JNK, p38, and NF-kB P-ERK

p65 in peritoneal macrophages.

The cells were incubated with

LPS (100 ng/ml) and different ERK
concentrations of cathelicidin-

PP (0, 5, 10, and 20 pg/ml).

After incubation for 30 min, P-JNK
the cells were collected, and the

cytoplasmic or nuclear proteins

were extracted for Western blot

analysis. b Ratio of P-ERK1 JNK
(44 kDa), P-ERK2 (42 kDa),

P-JINK1 (54 kDa), P-JNK2

(46 kDa), P-p38, and P-p65 to P-p38
B-actin. Band densities were

analyzed using Quantity One

software (Bio-Rad, Richmond, p38
CA, USA). Data were presented

as mean + SEM. *p < 0.05,

**p < 0.01, ratios of peptide- P-p65
treated groups are significantly

different from that induced by

100 ng/ml LPS alone
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Fig. 10 LPS-neutralizing activity of cathelicidin-PP. A chromog-
enic LAL assay was used to evaluate neutralizing activity. Data are
mean £ SEM. Values from three separate experiments. *p < 0.05,
**p < 0.01, significantly different compared with the control (PBS)

precursors, comprising a putative signal peptide, a cathelin
domain, and the mature peptide. Although elastase, which
has a clear preference for valine and alanine, is the enzyme
primarily responsible for the processing of the cathelici-
din precursor to generate the mature peptide in fish, bird
and mammals (Shinnar et al. 2003), cathelicidin-PP shares
a characteristic dipeptide cleavage site (-K;,R;;s—) for
trypsin-like proteases between the cathelin domain and
mature peptide. The enzymatic processing sites are con-
sistent with the skin secretion AMPs identified from hylid
and ranid frogs (Vanhoye et al. 2003). Cathelicidin-PP con-
tains two cysteines that form an intramolecular disulfide
bridge. The same structure feature exists in the known

Fig. 11 Fold increase of Skin
cathelicidin-PP in immune-
related tissues at different time
courses after immune challenge
with E. coli. a Fold increase of
cathelicidin-PP in skin. b Fold
increase of cathelicidin-PP

in spleen. ¢ Fold increase of
cathelicidin-PP in gut. d Fold
increase of cathelicidin-PP

in lung. Expression levels in
different tissues were calcu-
lated relative to the level of
cathelicidin-PP in correspond-
ing uninfected tissue, which was
arbitrarily defined as 1. Values 40-
for infection treatment are sig-
nificantly different from control
values. *p < 0.05, **p < 0.01,
significantly different compared
to the control (n = 5)
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amphibian cathelicidins, except for cathelicidin-AL and
two predicted cathelicidins (GenBank Accession Numbers:
XP_018122516.1 and XP_018124905.1) from African
clawed frog X. laevis. These three linear cathelicidins are
devoid of cysteine, but rich in glycine.

The amino acid sequences of cathelicidins produced by
different amphibian species are highly variable and species-
specific, which suggests that they may be valuable in taxo-
nomic classification and molecular phylogenetic analysis.
The phylogenetic tree of 21 amphibian cathelicidin precur-
sors (Fig. 4) showed that cathelicidin-PP is closely related
to the eight cathelicidins from four species of ranid frogs
(P. yunnanensis, N. parkeri, R. catesbeiana and L. fragilis).
The result could be taken as support for the speculation that
the skin secretion AMPs from hylid and ranid frogs arose
from a 150-million-year-old ancestral precursor (Vanhoye
et al. 2003). In addition, since current data for cathelicidins
in amphibians are less well-established, this evolution-
ary tree does not agree with the traditional classification
of amphibians. More efforts should be made to identify
and characterize cathelicidin antimicrobial peptides from
amphibians.

Cathelicidin-PP is a highly basic peptide with a net
charge of +6, which could contribute to the adhesion of the
negatively charged bacterial surface by electrostatic attrac-
tive force. The antibacterial analysis (Table 1) indicated
that cathelicidin-PP possesses potent antibacterial activity
against bacteria and fungi, especially Gram-negative bac-
teria (MICs ranging from 0.69 to 2.78 wM). SEM analysis
(Fig. 5) indicated that the lysis of bacterial membranes is
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at least partially responsible for this activity. Some mem-
brane-lytic peptides are linear, mostly helical, and others
possess one or more disulfide bonds forming p-sheet or
both B-sheet and a-helix structures (Boland and Separovic
2006). CD spectroscopy indicated that cathelicidin-PP
mainly forms a B-sheet conformation with few a-helix in
membrane-mimetic solutions (Fig. 6). These results con-
firm that cathelicidin-PP is a membrane-targeting antimi-
crobial peptide that acts by increasing the permeability of
the microbial membrane.

It is becoming increasingly clear that apart from their
direct antimicrobial activity, AMPs have an important role
in modulating host immune and inflammatory responses
(Bowdish et al. 2005). In this study, cathelicidin-PP sig-
nificantly inhibited the transcription and production of
pro-inflammatory factors induced by LPS in mouse perito-
neal macrophages, including NO, TNF-a, IL-18, and IL-6
(Figs. 7, 8). Furthermore, western blot analysis showed that
cathelicidin-PP blocks the activation of MAPKs (ERK,
JNK, and p38) and NF-kB signal pathways (Fig. 9). The
above results indicate that cathelicidin-PP is not only
involved in inhibiting microorganism growth but also
that it attenuates inflammatory responses induced by
LPS. Furthermore, cathelicidin-PP exerts an anti-inflam-
matory effect in LPS-stimulated murine macrophages by
blocking the activation of MAPKs and NF-kB signal-
ing pathways which have been documented to regulate
the transcriptions of cytokine genes (Wei et al. 2013;
Wu et al. 2010). Further analysis of interaction between
cathelicidin-PP and LPS indicated that cathelicidin-PP
can partially neutralize LPS in a dose-dependent fash-
ion (Fig. 10). Taken together, these results suggest that
cathelicidin-PP may block the binding of LPS to LPS-
binding protein, and hence suppresses the release of
cytokines and other inflammatory mediators induced
by LPS. Interfering with the ability of LPS to func-
tion in immune responses is likely to be an effective
mechanism for preventing bacterial infections caused
by Gram-negative bacteria and/or their endotoxins
(LPS), such as Gram-negative sepsis which is a life-
threatening systemic inflammatory response syndrome
(Schulte et al. 2013). Although our data indicate that
cathelicidin-PP can partially neutralize LPS and inhibit
the production of pro-inflammatory cytokines in vitro,
further in vivo investigations are required to determine
whether cathelicidin-PP has potential in the treatment
of endotoxin shock and sepsis associated with bacte-
rial infections. The transcript levels of cathelicidin-PP
in immune-related tissues of tree frogs increased after
infection with Gram-negative bacteria E. coli, reaching
maximum at 12 h (in gut) or 24 h post-injection (in skin,
spleen and lung) and then slowly decreased from that
time point (Fig. 11). Together, these data suggest that

@ Springer

cathelicidin-PP is involved in the innate response of tree
frog P. puerensis and it favors resolution of infection and
potentially harmful inflammation in vivo.

Conclusions

In conclusion, cathelicidin-PP is the first cathelicidin-
like peptide identified from tree frogs. Cathelicidin-PP is
a membrane-targeting peptide with a Lys-rich sequence,
exhibiting strong antimicrobial activity against bacteria
and fungi. Meanwhile, it shows low cytotoxicity toward
mammalian cells. Furthermore, it can partially neutralize
LPS and suppress the MAPK- and NF-kB-mediated pro-
duction of pro-inflammatory cytokines. The combination
of these properties makes cathelicidin-PP an attractive
candidate for both anti-infective and anti-inflammatory
therapeutics.
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