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ABSTRACT In this study, we sought to identify novel antimicrobial peptides (AMPs)
in Python bivittatus through bioinformatic analyses of publicly available genome in-
formation and experimental validation. In our analysis of the python genome, we
identified 29 AMP-related candidate sequences. Of these, we selected five cathelicidin-
like sequences and subjected them to further in silico analyses. The results showed
that these sequences likely have antimicrobial activity. The sequences were named
Pb-CATH1 to Pb-CATH5 according to their sequence similarity to previously reported
snake cathelicidins. We predicted their molecular structure and then chemically syn-
thesized the mature peptide for three putative cathelicidins and subjected them to
biological activity tests. Interestingly, all three peptides showed potent antimicrobial
effects against Gram-negative bacteria but very weak activity against Gram-positive
bacteria. Remarkably, APb-CATH4 showed potent activity against antibiotic-resistant
clinical isolates and also was observed to possess very low hemolytic activity and
cytotoxicity. APb-CATH4 also showed considerable serum stability. Electron mi-
croscopic analysis indicated that APb-CATH4 exerts its effects via toroidal pore
preformation. Structural comparison of the cathelicidins identified in this study
to previously reported ones revealed that these Pb-CATHs are representatives of
a new group of reptilian cathelicidins lacking the acidic connecting domain. Fur-
thermore, Pb-CATH4 possesses a completely different mature peptide sequence
from those of previously described reptilian cathelicidins. These new AMPs may
be candidates for the development of alternatives to or complements of antibi-
otics to control multidrug-resistant pathogens.

KEYWORDS antimicrobial peptides, cathelicidin, genome analysis, Python bivittatus,
reptile

ndogenous antimicrobial peptides (AMPs) are small charged peptides that function

in the innate immune response, the first-line, nonspecific defense against patho-
gens and foreign substances (1). AMPs are found in diverse organisms, including
animals, plants, insects, and microorganisms (2). The first AMP was discovered in the
mucus of frog skin in the 1960s (3). Since then, more than 5,500 antimicrobial peptides
with broad-spectrum antibacterial, antiviral, antifungal, antiparasitic, and anticancer
activities have been reported (4, 5).

Most of the AMPs found in eukaryotic organisms can be classified into several
families according to their structural characteristics. Defensins are found in diverse
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animal species and are characterized by three pairs of cysteine disulfide bonds that
stabilize the peptide structure. Cathelicidins are also found in various vertebrates and
are characterized by a conserved cathelin-like domain (CLD). Mature peptides linked to
the C terminus of the CLD have different lengths, charges, and secondary structures,
which determine their diverse functions.

Determining the molecular structures of AMPs and their association with the lipid
bilayers of cell membranes is thought to be crucial for understanding their mechanisms
of action (6, 7). Interactions between antimicrobial peptides and lipid membranes can
be investigated by nuclear magnetic resonance and circular dichroism spectroscopy (8,
9). There are large differences in the membrane structures of bacteria and mammals,
enabling AMPs to distinguish between these cells and thus providing specificity (10).

The use of high-throughput sequencing technologies, such as next-generation
sequencing (11) and genomewide analyses, combined with AMP databases (12) and
bioinformatic tools allows for the rapid identification of novel AMPs in genome
sequences (13, 14). Genome information from several reptilian species has recently
become available, providing interesting organisms for the investigation of the role of
AMPs in species adapted to microbially challenging environments. Here, we attempted
to analyze the AMP repertoire in the newly published python genome (15).

We first performed a genomewide identification of the AMPs in the Python bivittatus
genome and then further analyzed five putative cathelicidins. We chemically synthe-
sized the mature peptide sequences of three cathelicidins based on their simulated
structural characteristics and evaluated their biological activities. Interestingly, despite
their potent antimicrobial activities against clinically isolated antibiotic resistance
pathogens, these peptides showed low hemolytic activity and cytotoxicity. These newly
reported AMPs are likely to be important for the innate immunity of the host, P.
bivittatus, and might be useful for the development of clinically applicable antibacterial
substances.

RESULTS

Identification of 29 AMP-like proteins in a genomewide in silico analysis of
the python genome. The sequences of 2,488 nonredundant AMPs obtained from
UniProtKB/Swiss-Prot were analyzed using the AMPA and APD3 databases. Ninety of these
sequences were from reptiles, including 2 beta-defensins, 10 cathelicidins, 17 crotamine-
myotoxins, 24 flavin monoamine oxidases (Fig. 1), 6 phospholipase A2s, 30 snake
waprins, and 1 pelovaterin (see Table S1 in the supplemental material). In a BLAST
search of these reptile AMP-like sequences against the genome of Python bivittatus, 29
AMP-like proteins from 5 families, including 12 flavin monoamine oxidases (Fig. 1), 8
phospholipase A2s, 3 snake waprins, 5 cathelicidins, and 1 crotamine-myotoxin, were
identified (E value < 0.001; see Table S2 in the supplemental material). Interestingly, no
classical B-defensins were identified in the python genome.

Genetic and evolutionary characteristics of the putative cathelicidin-related
proteins in python. Of the 29 AMP candidates in the python genome, the amino acid
sequences of the five putative cathelicidins were subjected to further characterization
and experimental validation. Comparison of the amino acid sequences of the five
python cathelicidins to previously reported cathelicidins from three other snake spe-
cies, Bungarus fasciatus, Ophiophagus hannah, and Naja atra, revealed high levels of
conservation in the CLD region (Fig. 1). Additionally, four cysteines were present in the
CLD of the cathelicidins. Because there is no established nomenclature available for
these molecules, we have tentatively named them Pb-CATH1-5 according to their
sequence similarity.

As expected, sequences near the carboxy terminus, corresponding to the mature
peptide of python cathelicidin, were less well conserved than those near the amino
terminus, corresponding to the CLD (Fig. 1). The CLD in Pb-CATH1 had the highest
sequence homology (60%) to the CLDs in cathelicidins from other snake species. In
contrast, Pb-CATH4 CLD had the lowest sequence identity (28%).
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Signal peptide Cathelin like domain
BF-CATH -MEGFFWKTLLVVGALAIAGTSSLPHKPLIYEEAVDLAVSIYNSKSGEDSLYRLLEAVSP 59
OH-CATH - .. .. ... ..., G.vviie i T o e e e e P. 59
NA-CATH = ... ............ T.S. ... F. . T, Vo PA 59
Pb-CATHL M...C..RI...A...SAS.AAA...R..T.....AFG.EL..K.A....R....... PQ 60
Pb-CATH2 M...C..RI...A...SAS.AAPP........K..A.GMEL. .E.A....Q....... PQ 60
Pb-CATH3 -..IHPGRI...LSLVVRGSVWAVEGEI.S.DA.LS...NL..QE..W.VVFQ....KPQ 59
Pb-CATH4 - .T.V-.AL..LL.V----AAAAP.AQVVT.DQ.IAS..NL..QQKTTPFAF..... EPQ 54
Pb-CATHS -.HS.-.VL..FISP----A.TNFLSLS.T.P..LEE..RL..EEE.VKF....VR.EPR 54
% L %
BF-CATH PKWDPLSESNQELNFTMKETVCLVAEERSLEECDFQEDGVVMGCTGYYFFGESPPV--VV 117
OH-CATH .E.............. Lo e e Al oo --L. 117
NA-CATH L...A.......... SV..... QM. . . ... AA. --L. 117
Pb-CATHL .D...T...1...... [ Q...AED....KD..L.KE.S..... D.T...--A. 118
Pb-CATH2 .D...T...T...... [ Q...AKD....KD..L.KE.S..... D.T...--A. 118
Pb-CATH3 .E...S.KAR.K.D..L...T.PTSQNLN..V...K.Q...VE.S.SSLAQPGA.I1--1Q 117
Pb-CATH4 .N...RGKTT.G.K..l..... PS.QSQN.TQ.N.K....DQD.S.T.STQQE..N--LT 112
Pb-CATHS .D...EA.GV.S.K.S...... SAI.GLDFSK...KD..E.KV.SAS.KYQKK.QMNH.D 114
* Acidic_connecting region Mature peptide
BF-CATH LTCKPVGEEGEQKQEEGNEEEKEVEEEEQEEDEKDQPRRVKRFKKFFRKLKKSVKKRAKE 177
OH-CATH . .. ... ... E..iiinnn... K. Koo oot . ...... K...N....... K 177
NA-CATH . ...S..N.E.........uo..... K..K...Q....K.W....... K...N....... K 177
Pb-CATH1 . ..ET..----mmmmm . . ... Teee-- LE.KE.EK..K[E. ... ..... 1..GFR.----] 160
Pb-CATH2 . . .ET..==-mmmmmm ... T-=---- N 135
Pb-CATH3 FS.ETA-----mccmmcmmmmmmm e o T.GNHRMKRN----G.R. .M.R...FFAGGGSS 152
Pb-CATH4 VQ.ENl-==--=--ccmmm e e e o D..ENRI[TRS----_.WRR.1.GAGRFARRYG- -] 145
Pb-CATH5 VL.Ym--mmmm e ee e e e e m e e e ;e e cc;ce e ccccc e ———— = —— - 118

BF-CATH E.FKKPRV-IGVSIPF 191

OH-CATH ....... . 191
NA-CATH . .... K.-...TF.. 191
Pb-CATH1 [I .. . TKIF. .JGT.. 1 175
Pb-CATH2 ------mmmmm oo 135
Pb-CATH3 | ---AHIKLH=--~--- 159
Pb-CATH4 [----W_. IAL.L---- 152
Pb-CATH5 === == == =m === == 118

FIG 1 Multiple-sequence alignment constructed using the amino acid sequences of representative cathelicidins of snakes together with
putative python cathelicidins. The gaps are indicated by dashes (-), and amino acids that are identical to the reference (top) are indicated
by dots (.). The regions corresponding to characteristic regions of snake cathelicidins are indicated by separated lines. The conserved
cysteines are indicated by an asterisk (*). The previously reported repetitive cryptic nonapeptide (31) important for the antimicrobial
activity is underlined with dots. The predicted cleavage sites that yield mature peptides are shaded. The regions corresponding to the
synthesized peptides for Pb-CATH1, -3, and -4 are contained in boxes. Accession numbers for the sequences are as follows: NA-CATH
(EU622892), BF-CATH (EU622893), OH-CATH (EU622894), Pb-CATH1 (XP_007443270.1), Pb-CATH2 (XP_007445262.1), Pb-CATH3
(XP_007442672.1), Pb-CATH4 (XP_007445036.1), and Pb-CATH5 (XP_015746367.1).

To investigate the evolutionary relationships among the Pb-CATHs and other cathe-
licidins from diverse species, we constructed a phylogenetic tree of 21 CLD sequences
from 12 species, including 10 mammals, 6 snakes, and 3 birds (Fig. 2). The results were
consistent with the evolutionary relationships among the species, and the reptile and
avian CLDs were clustered together and separated from the mammalian CLDs. The
relationships among the CLDs in the Pb-CATHs were also consistent with the results
shown in Fig. 1, which used the full-length amino acid sequences.

In silico biochemical characteristics of cathelicidin-related proteins in Python
bivittatus. The antimicrobial domains of the five python cathelicidins were determined
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FIG 2 Phylogenetic relationships of 21 cathelicidins using the cathelin-like domain from 11 vertebrate
species. A total of 102 amino acids were used for the analysis. The species names are indicated within
parentheses. The numbers on the branches represent bootstrap values to support the branch (1,000
replications). Accession numbers of the sequences are as follows: LL-37 (NP_004336.3), PR-39
(NP_999615.1), PMAP-23 (NP_001123448.1), PMAP-36 (NP_001123437.1), BMAP-27 (NP_777257.1),
BMAP-28 (NP_776935.1), Fowlicidin-1 (NP_001001605.1), Fowlicidin-2 (NP_001020001.2), Fowlicidin-3
(NP_001298106.1), rhLL-37 (NP_001028681.1), Bac7 (NP_001009301.1), Bac5 (NP_001009787.1), CRAMP
(NP_034051.2), Na-CATH (EU622892), Bf-CATH (EU622893), Oh-CATH (EU622894), Pb-CATH1
(XP_007443270.1), Pb-CATH2 (XP_007445262.1), Pb-CATH3 (XP_007442672.1), Pb-CATH4 (XP_007445036.1), and
Pb-CATH5 (XP_015746367.1).

by analysis using the AMPA tool (Table 1). The results showed that Pb-CATH1, -3, and
-4 contain putative antimicrobial domains longer than 20 amino acids. Pb-CATH2 and
-5 do not encode mature peptides due to the presence of a stop codon or partial stop
(data not shown). To evaluate their secondary structure, the PSIPRED protein sequence
analysis workbench was used. The results showed that the antimicrobial domains form
an a-helical structure, which is a common characteristic of AMPs (see Fig. S1 in the
supplemental material). The hydrophobicity and net charges of the antimicrobial
activity-containing regions were 36 to 40 and +9 to +15, respectively (Table 2). The
maximum sequence similarities of APb-CATH1, APb-CATH4, and Pb-CATH3 to known
antimicrobial peptides were 48.6%, 37.9%, and 38.5%, respectively. Taken together, our
in silico analyses showed that the regions conferring antimicrobial activity in Pb-CATH1,
-3, and -4 are consistent with the characteristics common to AMPs.

Confirmation of the antimicrobial activity of python cathelicidins. The antimi-
crobial activities of chemically synthesized python cathelicidins were evaluated against
a panel of reference bacteria. Peptides corresponding to the antimicrobial activity-
conferring regions of Pb-CATH1, -3, and -4, (28, 22, and 24 amino acids [aa], respec-
tively) were successfully prepared by chemical synthesis (data not shown). MIC assays
were performed using the synthesized peptides against six bacterial strains, Escherichia
coli, Pseudomonas aeruginosa, Salmonella enterica serovar Typhimurium, Staphylococcus

TABLE 1 Predicted antimicrobial domains of the identified cathelicidins in Python
bivittatus

Position Sequence of the expected Length
Peptide (aa) antimicrobial domain (aa)
Pb-CATH1 142-172 KRVKRFKKFFRKIKKGFRKIFKKTKIFIGGT 31
Pb-CATH3 128-149 HRVKRNGFRKFMRRLKKFFAGG 22
Pb-CATH4 126-150 TRSRWRRFIRGAGRFARRYGWRIAL 25
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TABLE 2 Sequences and characteristics of synthesized peptides derived from the
identified cathelicidins in Python bivittatus

Peptide Sequence Length (aa) H? 2z (+)° Similarity (%)
APb-CATH1 RVKRFKKFFRKIKKGFRKIFKKTKIFIG 28 36 15 48.6

Pb-CATH3 HRVKRNGFRKFMRRLKKFFAGG 22 36 9 38.5
APb-CATH4  TRSRWRRFIRGAGRFARRYGWRIA 24 40 9 379

aH, hydrophobicity.

bz, charge.

cSequence similarity to known AMPs.

aureus, Bacillus cereus, and Streptococcus iniae (Table 3). Ampicillin and gentamicin
sulfate were used as controls of antimicrobial activity. MIC is considered the lowest
concentration of antimicrobial substances required to completely prevent the visible
growth of microorganism. All three peptides showed potent antimicrobial activities
against E. coli, P. aeruginosa, and S. Typhimurium, which are Gram-negative strains. Of
the tested peptides, APb-CATH4 showed the strongest antimicrobial activity against the
Gram-negative bacteria, with MICs of 0.5 to 3.0 ug/ml. However, no antimicrobial
effects were observed against the Gram-positive strain S. aureus, even at a concentra-
tion of 128 ug/ml. Consistent with the results for S. aureus, APb-CATH1 and Pb-CATH3
showed very weak or no antimicrobial activity against two other Gram-positive bacte-
ria, B. cereus and S. iniae (Table 3). Because there are no predetermined values to
evaluate the antimicrobial activity of these AMPs to B. cereus and S. iniae, we applied
the general criteria of =32 ug/ml as the activity resistance value according to CLSI
(Clinical and Laboratory Standards Institute) guidelines (16). APb-CATH4 showed anti-
microbial activity against B. cereus at 10 ug/ml, in contrast to two other Gram-positive
strains, S. aureus and S. iniae, against which no activity was shown at 32 ug/ml (see
Table S3 in the supplemental material). These results indicate that Pb-CATHSs in this
study show stronger activity toward Gram-negative bacteria than Gram-positive strains.
To demonstrate that AMPs are able to kill the antibiotic resistance strains, APb-CATH4
was tested against the clinically isolated antibiotic resistance strains E. coli and Klebsiella
pneumoniae, which showed complete resistance particularly toward ampicillin and to a
lesser extent with gentamicin. Remarkably, APb-CATH4 showed very high potency
toward these pathogens at 4.7 and 1.18 ug/ml, respectively.

Evaluation of the serum stability of python cathelicidins. The stability of anti-
microbials in serum is important for clinical utility. Therefore, to test the effect of serum
on the antimicrobial activity of Pb-CATHSs, various concentrations of APb-CATH4 were
incubated with 50% (vol/vol) serum for 0.5 to 1 h, and their antimicrobial activity was
measured. The results showed that the antimicrobial effects of APb-CATH4 were
maintained after 1 h of incubation in serum, although the efficacy decreased over time.

TABLE 3 Antimicrobial activity of Python bivittatus cathelicidin-derived peptides against
bacterial strains

MIC (g/ml)

Strains Pb-CATH1 Pb-CATH3 Pb-CATH4 Ampicillin Gentamicin
Gram-negative bacteria

E. coli ATCC 25922 2 3 1 1 0.5

P. aeruginosa ATCC 27853 3 8 3 >128 0.25

S. typhimurium ATCC 14028 1.5 2 0.5 1 0.375
Gram-positive bacteria

S. aureus ATCC 29213 >128 >128 >128 0.1 0.1

B. cereus ATCC 10876 46 32 10 16 0.25
Clinical isolates

E. coli NDe ND 4.7 >64 >64

K. pneumoniae ND ND 1.18 32 16

aND, not determined.
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FIG 3 Stability of APb-CATH4 in serum. APb-CATH4 was incubated in 50% (vol/vol) fetal bovine serum
(FBS) for 30, 60, and 100 min, and then antimicrobial activity against E. coli was assessed. After incubation
for 30 and 60 min, activity was maintained at concentrations of 2.5 ng/ml and above. FBS with peptide

and FBS without peptide from the 0-min time point were used as the negative and positive controls,
respectively.

At 4 ug/ml, APb-CATH4 completely suppressed the growth of E. coli after 100 min of
incubation (Fig. 3).

Low hemolytic activity of python cathelicidin. The hemolytic activity of (A)Pb-
CATH1, -3, and -4 against chicken erythrocytes was tested as a measure of cytotoxicity
(Table 4). As shown in Table 4, the tested (A)Pb-CATHs showed low hemolytic activity
compared to AMP melittin from honey bee venom as the positive control (17). The
hemolytic rate of APb-CATH4, which showed the strongest antimicrobial activity, was
~10% at 64 ug/ml.

Low cellular toxicity of python cathelicidin. APb-CATH4 showed the highest
antimicrobial activity (geometric mean MIC = 2.0) against Gram-negative bacteria. In
general, the cytotoxic activity of AMPs is positively correlated with antimicrobial activity
(18). However, low cytotoxicity is a critical factor for consideration as a candidate for
pharmaceutical use. The cytotoxicity of APb-CATH4 was measured as the change in the
viability of four different cell lines, porcine kidney fibroblasts, human kidney fibroblasts,
human keratinocytes, and human breast cancer cells after 24 h of incubation with
different concentrations (5 to 64 ug/ml) of peptide (Fig. 4). The results showed almost
undetectable cytotoxicity for all cells at peptide concentrations of <10 ug/ml, which is
about 4 times the MIC of APb-CATH4. However, the cell viability was reduced to ~50%
at concentrations of >30 ug/ml, indicating cytotoxicity at high concentrations. One
tested cancer cell line, MCF-7, did not show any difference in cytotoxicity in the
presence of APb-CATH4 compared to the other tested cell lines, indicating that
APb-CATH4 does not have any preferential effects on cancer cells.

Cell wall rupture and pore formation in APb-CATH4-treated E. coli cells. To
address the mechanism underlying the antibacterial action of Pb-CATHs, we observed
bacterial cells after treatment with APb-CATH4 using electron microscopy. Field emis-
sion scanning electron microscopy (FE-SEM) and transmission electron microscopy

TABLE 4 Hemolytic activity of APb-CATH1, -3, and -4 against chicken erythrocytes

Hemolytic rate = SD (%)?

Concn (pg/ml) Pb-CATH1 Pb-CATH3 Pb-CATH4 Melittin
4 0 0 0 13+1.1

8 14*04 0 1.2*03 713 =52
16 5.1%05 1.7 £05 3.2+04 1103 £15
32 73+06 3.1 05 6.5+04 1147 = 1.7
64 122 £0.7 40=*0.2 10.7 £0.2 113.4£0.2

aHemolytic activity was measured in triplicate.
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FIG 4 Effect of APb-CATH4 on the viability of mammalian cell lines. Four different cell lines, PK15 (pig
kidney fibroblasts), HaCaT (human keratinocytes), HEK293T (human kidney fibroblasts), and MCF-7
(human breast cancer cells), were treated with various concentrations of APb-CATH4 (5, 10, 20, 30, and
64 ng/ml) for 24 h, and viability was assessed. PBS and Triton X-100 were used as the negative and
positive controls, respectively. The data shown are the means and standard deviations from triplicate
experiments.

(TEM) analysis of E. coli ATCC 25922 after APb-CATH4 treatment showed morphological
changes in the cell wall, including rupture and pore formation (Fig. 5B, C, E, and F),
whereas untreated control cells showed intact cell membranes with smooth surfaces.
Intracellular morphological observations of E. coli using TEM showed that APb-CATH4-
treated cells undergo the detachment of the outer membrane from the cytoplasmic
zone, and the cytoplasm oozed out due to cell membrane breakage (Fig. 5E and F).
However, control untreated cells showed dense cytoplasmic contents and clearly
attached membranes.

DISCUSSION
In this study, we report the genetic and biological characterization of cathelici-
dins in Python bivittatus. In our genome level analysis, we observed conserved

VA F X

Antimicrobial Agents and Chemotherapy

FIG 5 Electron micrographs showing the effects of APb-CATH4 treatment on E. coli cells. Images were generated using a field
emission scanning electron microscope (A, B, C) or using a transmission electron microscope (D, E, F). E. coli cells were
incubated with APb-CATH4 (at a final concentration of 2X MIC) for 2 h, and their cell morphology was observed by electron
microscopy. (B and C) Ruptured cell walls and pores in the bacterial cell walls. (E and F) Outer membrane detachment
(arrowheads) from the cytoplasmic zone and leakage of cytoplasm (arrows) induced by APb-CATH4. (A and D) Untreated

negative controls.
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signatures of AMPs in python. Expression of beta defensins and cathelicidins has
been reported in reptiles (19, 20). In addition, other AMP-related proteins, including
hepcidin (21), leap-2 (22), crotamine (23), leucocin (24), and omwaprin (25, 26), have
been reported in diverse reptilian species. However, current evidence related to
AMP expression in reptiles indicates that AMP families within the reptile class are
diverse and their expression varies among reptilian species (27), which is probably
due to the extreme biological diversity within the class.

Our results show that the AMP repertoire of python is quite limited compared to
that of other reptilian species, as genes encoding cathelicidins were the only classical
AMPs that we detected in the python genome. Interestingly, we were unable to identify
any beta defensin family genes in the python genome even after analyzing the genome
sequence (with 20X genome coverage) using all currently reported AMPs as queries in
homology searches. However, other AMP-like protein families such as crotamines (23),
flavin monoamine oxidases (28), phospholipase A2 (29), and snake waprins (26) were
identified. The close relationship between beta defensins and crotamines has previ-
ously been described (30). The lack of classical defensins in the python could be due to
the extreme sequence divergence of defensin-like genes.

Pb-CATH1 contains the previously reported amphipathic nonapeptide, KRFKKFFKK,
which is nearly identical in all snake venom cathelin-related antimicrobial peptides
(svCRAMPs), including crotalicidin, lachesicidin, batroxicidin, lutzicidin, BF-CRAMP, OH-
CRAMP, NA-CRAMP, Pt-CRAMP1, and Pt-CRAMP2 (19, 31, 32) (see Fig. S2 in the
supplemental material), suggesting that Pb-CATH1 is a member of a cathelicidin family
common to snakes. However, the predicted mature peptide sequences of Pb-CATH3
and -4 were quite different from previously reported cathelicidin sequences. Interest-
ingly, we identified a Pb-CATH3-like gene from the predicted cathelicidin-like sequence
(XP_015669791.1), tentatively named CATH-like Pm 3 peptide, in the recently available
genome of Protobothrops mucrosquamatus (Fig. S2), suggesting that Pb-CATH3 is a
cathelicidin that is orthologous to peptides in other snakes.

However, we were not able to identify any Pb-CATH4-like sequences in searches
against all available reptilian genome sequences. Previous reports have demonstrated
the presence of an additional acidic-connecting peptide in other cathelicidins in snakes
(31). Consistent with previous reports, Pb-CATH1 possesses an acidic connecting pep-
tide. Interestingly, like mammalian cathelicidins (33, 34), Pb-CATH3 and -4 do not have
this acidic domain.

APb-CATH4 exhibited the most potent bactericidal activity among the Pb-CATH
peptides tested in this study (Table 3). The arginine content of this peptide was 37.5%
(Fig. 1), and it contains two tryptophan residues (8.3%), which have been shown to be
important for strong antimicrobial activity (35). The importance of Trp and Arg has been
extensively studied in indolicidin and tritrpticin. It was found that Trp preferentially
interacts with the interfacial region of lipid bilayers in conjunction with Arg, which
confers the cationic charges and hydrogen-bonding properties necessary for interac-
tion with anionic lipopolysaccharide (LPS) (36, 37). These two amino acids in Pb-CATH4
participate in cation-7r interactions with Trp to facilitate the entry of Arg into the
hydrophobic lipid bilayer, thereby enhancing peptide-membrane interactions (38).
Hence, Pb-CATH4 belongs to the Arg- and Trp-rich family of cathelicidins.

Interestingly, Pb-CATH showed activity with very high potency against S. Typhimu-
rium, which causes typhoid and gastroenteritis in humans and animals. Pb-CATH4 also
showed activity against B. cereus, which is a food pathogen causing foodborne illness.
In addition, Pb-CATH4 showed a high level of activity against antibiotic-resistant clinical
isolates of pathogens like E. coli and K. pneumoniae. Although our results are lacking in
the number of isolates as well as in vivo and pharmacodynamics studies, Pb-CATH4
showed very promising data and could be exploited as a candidate for the develop-
ment of alternatives to antibiotics.

A porcine cathelicidin, PG1, showed strong antibacterial activity against both Gram-
positive and Gram-negative bacteria (39). However, while all three Pb-CATH peptides
characterized in this study showed potent activity toward Gram-negative strains, only
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APb-CATH4 showed mild antimicrobial activity against some Gram-positive bacteria
(Table 2). The structure of the outer cell wall differs between Gram-positive and
Gram-negative bacteria; the cell wall of Gram-negative microorganisms is largely
composed of lipopolysaccharides (40), whereas the outer cell wall of Gram-positive
bacteria is composed of peptidoglycan layers (41), suggesting that the Pb-CATH
peptides might bind specifically to the LPS, although further studies are required to
confirm this hypothesis. It has been reported that highly cationic peptides generally
have a strong binding affinity for polyanionic LPS, which coincidentally inhibits the
production of tumor necrosis factor alpha (TNF-«) and interleukin-6 (IL-6) by macro-
phages stimulated with LPS (42, 43), suggesting interactions between cationic peptides
and LPS. The Pb-CATH peptides in our study had charges of +9 to +15 (Table 2); in
comparison, other cathelicidins such as PG1, PMAP36, and LL37 have charges of +6
to +13 (44-46).

Numerous antimicrobial peptides have been shown to act by poration of the lipid
membrane (47). SEM of E. coli after treatment with APb-CATH4 (Fig. 5) showed cell wall
disruption as well as clear holes in the cell membrane, indicating that the mechanism
underlying the bactericidal activity of the peptide is toroidal pore formation. This is
consistent with the results of previous studies and may contribute to the broad-
spectrum activity of APb-CATHA4.

To our surprise, the Pb-CATH peptides showed lower cytotoxicity in a hemolytic
assay than most reported cathelicidins (30). Most a-helical AMPs tend to be cytotoxic
because of their high hydrophobicity (48). The ratio of hydrophobic to charged residues
(H/C) for AMPs varies from 1:1 to 2:1 (41, 49), and a higher ratio is associated with lower
hemolytic activity (41, 48). Pb-CATH3 exhibited just 4% hemolysis at 64 ug/ml (Table 4),
and it has a H/C ratio of 1.1:1; thus, it belongs to the group with lower hydrophobic
content. In general, greater hydrophobicity imparts broad-spectrum membranolytic
activity (50). In BMAP-28, reducing hydrophobicity by replacing hydrophobic resi-
dues with hydrophilic analogues reduced cytotoxicity and decreased activity
against Gram-positive bacteria but improved activity against Gram-negative bacte-
ria compared to the parent peptide (51). Similarly, all the tested Pb-CATH peptides
showed low cytotoxicity (Table 4), and their H/C ratios were between 1.1:1 and
1.5:1. This lower hydrophobicity may play a role in their membranolytic selectivity
toward Gram-negative bacteria.

Conclusion. We reported a genomewide analysis of the AMPs in the nonvenomous
snake Python bivittatus and an evaluation of their biological activities, which led to the
discovery of new reptilian cathelicidins with different structural characteristics than
those of previously reported peptides. Their strong antimicrobial activity against Gram-
negative bacteria, mild hemolytic activity and cytotoxicity, and considerable serum
stability indicate that the Pb-CATHs characterized in this study could be promising
candidates for further exploitation toward pharmaceutical applications.

MATERIALS AND METHODS

In silico identification of AMPs in the python genome. The sequences of 2,488 nonredundant
AMPs were downloaded from UniProtKB/Swiss-Prot using the query “antimicrobial peptide AND re-
viewed:yes.” Subsequently, 90 sequences (Table S1) belonging to Reptilia species were manually selected
for further analyses. Then, the reptilian AMPs were compared against the genome and nonredundant
protein sequence data sets for Python bivittatus (taxid 176946) using NCBI tblastn and blastp (http://
blast.ncbi.nlm.nih.gov), respectively. Highly matched sequences (P < 0.001) were selected. Finally, the
mature peptide regions in the predicted cathelicidin sequences of Python bivittatus were determined and
named Pb-CATH peptides 1 to 5, where “Pb” represents Python bivittatus and “CATH” represents
cathelicidin.

Phylogenetic analysis. Multiple-sequence alignment of the conserved CLDs of 21 selected cathe-
licidins was carried out using MUSCLE (52). Annotations of the CLDs for the cathelicidins were obtained
from the UniProt database (http://www.uniprot.org/). A phylogenetic tree was constructed using the
maximum likelihood method in MEGA (version 7.0; www.megasoftware.net).

In silico analyses of putative AMP sequences. The predicted Pb-CATH sequences in the python
genome were used to identify the antimicrobial domains according to bactericidal propensity values (PV)
using AMPA, an automated web server for the prediction of protein antimicrobial regions (http://tcoffee
.crg.cat/apps/ampa/do). Analyses of hydrophobicity, net charge, and sequence similarities to existing
AMPs were carried out using the APD3 antimicrobial peptide database (5). Subsequently, the secondary
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structures of Pb-CATH sequences were analyzed using the PSIPRED protein sequence analysis workbench
(http://bioinf.cs.ucl.ac.uk/psipred/). Signal peptide predictions for Pb-CATH sequences were performed
using SignalP4.1 (53).

Synthesis of predicted AMPs. Truncated mature regions of the candidate AMPs APb-CATH1
(N-RVKRFKKFFRKIKKGFRKIFKKTKIFIG-C), APb-CATH4 (N-TRSRWRRFIRGAGRFARRYGWRIA-C), and Pb-CATH3 (N-
HRVKRNGFRKFMRRLKKFFAGG-C) were generated via solid-phase peptide synthesis and purified via
high-performance liquid chromatography (HPLC) using a commercial service (GeneScript, Piscataway
Township, NJ, USA). Based on the secondary structure prediction, a few amino acids at the N and C
termini were excluded from the predicted mature peptide sequences of Pb-CATH1 and Pb-CATH4.

Antimicrobial activity test. Antimicrobial activity against ATCC reference strains of Escherichia coli
(ATCC 25922), Staphylococcus aureus (ATCC 29213), Pseudomonas aeruginosa (ATCC 27853), Salmonella
Typhimurium (ATCC 14028), and Bacillus cereus (ATCC 10876; all from ATCC, Manassas, VA, USA), and E.
coli and Klebsiella pneumoniae antibiotic resistance strains clinically isolated from Chonbuk National
University Hospital, Jeonju, South Korea, was measured using the broth microdilution method. Ampicillin
(Sigma-Aldrich, St. Louis, MO, USA) and gentamicin sulfate (Sigma-Aldrich) were used as the control. The
MIC was determined using a colorimetric method with the Microbial Viability Assay kit-WST (Dojindo,
Japan) according to the manufacturer’s protocol. Briefly, a single colony of each bacterium was inocu-
lated into 5 ml of Luria-Bertani (LB) medium and cultured overnight at 37°C. The overnight culture was
diluted to 1 X 10° CFU/well in Mueller-Hinton (MH) broth and inoculated at 180 wl/well using fresh MH
broth in a 96-well plate. Various concentrations (1 to 12 ug/ml) of the synthesized AMPs were generated
by dilution with 10 ul of MH broth, added to each well, and incubated at 37°C for 6 h. Then, 10 ul of
coloring reagent was added to each well, and the plate was incubated for 2 h. The plates were read at
450 nm using a microplate reader (xMark Microplate Absorbance Spectrophotometer; Bio-Rad, San
Francisco, CA, USA). The MIC for Streptococcus iniae Korean Collection for Type Cultures (KCTC) 3657 was
estimated by disk diffusion assay following CLSI guidelines because of its slow growth in liquid culture.
Briefly, a single-colony-derived overnight culture of S. iniae (KCTC 3657) grown in brain heart infusion
broth (BD Diagnostic Systems, Franklin Lakes, NJ, USA) was suspended in MH broth to a 1.0 McFarland
standard (1.0 X 108 CFU/ml). The suspension was spread on cation-adjusted MH agar plates containing
5% horse blood (Hanil Komed, Seongnam, South Korea). Various concentrations (1 to 12 ug/ml) of the
AMPs were applied to 6-mm paper disks (GE health care, USA). Similarly, ampicillin and gentamicin
sulfate were prepared with various concentrations (0.25 to 4 ug/ml). Subsequently, the dried disks were
placed on an agar plate and incubated at 37°C overnight. The diameter of the zone of inhibition was
measured using Vernier calipers, and interpretation was carried out using the CLSI breakpoint guidelines.

In vitro serum stability assay. Peptides were dissolved in 50% (vol/vol) fetal bovine serum (FBS;
HyClone, Logan, UT) and incubated at 37°C. Aliquots were taken in duplicate after 30, 60, 100, and 120
min of incubation. Antimicrobial activity against E. coli (ATCC 25922) was assessed using the incubated
samples as described above.

Hemolytic activity assay. Freshly drawn chicken blood was collected in an EDTA tube, and plasma
was removed by centrifugation. Erythrocytes were rinsed three times with phosphate-buffered saline
(PBS; 35 mM phosphate, 150 mM NaCl, pH 7.4) and resuspended in PBS at a concentration of 2%. Then,
100 wl of the erythrocyte suspension was added to each well of a 96-well microtiter plate containing an
equal volume of the synthesized python AMPs in PBS at a final concentration of 64 wg/ml. Triton X-100
(1%; Sigma-Aldrich) was used as a positive control for 100% hemolysis, and PBS was used as a negative
control. Additionally, melittin (Sigma-Aldrich) from honey bee venom was used as a positive control.
Plates were incubated at 37°C for 1 h. The release of hemoglobin into the supernatant was monitored
as the change in absorbance at 550 nm using a microplate reader (Victor X4; Perkin-Elmer, MA, USA).
Results from three independent experiments were pooled. Hemolysis was calculated as follows: hemo-
lytic percentage (%) = 100 X (OD — 0D, )/(OD, — 0D, ), where OD is the optical
density.

In vitro cytotoxicity assay. Various cell lines, including HaCaT (human keratinocytes), HEK293T
(human embryonic kidney cells), MCF-7 (human mammary gland, breast cancer cells), and PK15 (pig
kidney cells), were cultured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone) containing 10%
FBS (HyClone) and 1% penicillin-streptomycin (HyClone) in 5% CO, at 37°C until 80% confluence. Cells
were detached by adding Accutase (Innovative Cell Technologies, San Diego, CA, USA), and 1 X 10* to
4 X 10* cells were seeded into each well of a 96-well plate (Sigma-Aldrich). Cells were treated with
serially diluted APb-CATH4 (final concentrations, 5, 10, 20, 30, 40, and 64 ug/ml), and the plates were
incubated for 24 h in 5% CO, at 37°C. Triton X-100 (Sigma-Aldrich) was used as a positive control for
100% cell lysis, and untreated wells were used as a negative control. After incubation, the medium was
removed from the well and 10 ul of coloring solution (Cell proliferation reagent wst-1; Sigma-Aldrich)
and 100 ul of DMEM were added to the wells according to the manufacturer’s protocol. Finally, the
absorbances at 450 nm and 650 nm of each well were recorded with a microplate reader (xMark
spectrophotometer; Bio-Rad). Cell viability was calculated as follows: cell viability (%) = (A, — A))/(A. —
Ao) X 100, where A, is the absorbance (at 450 nm) of the target sample, A, is the background absorbance
(at 650 nm), and A_ is the absorbance of the negative control. All experiments were carried out in
triplicate.

Electron microscopy. Cells at an OD,, of 0.2 were incubated with 2X MIC (2 ug/ml) of APb-CATH4
for 2 h at 37°C. Then, the cells were collected by centrifugation at 3,500 rpm, and the pellets were washed
twice with 1X PBS. Cells were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde (Sigma-Aldrich)
in 1X PBS overnight at 4°C. The cells were then washed three times with 1 PBS and postfixed with 1%
osmium tetroxide (Sigma-Aldrich) in 1X PBS for 1.5 h at 4°C. For field emission scanning electron

peptide negative: positive negative
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microscopy (FE-SEM), samples were washed with water and dehydrated with graded acetone (50%, 70%,
90%, and 100%) for 10 min each and dried with hexamethyldisilazane (Daejung Chemicals and Metals Co.
Ltd., Siheung, South Korea) for 15 min. For observation, the prepared samples were sputter-coated with
platinum using a Cressington sputter coater 108 auto (Cressington, Warford, UK) prior to imaging with
a JEOL JSM-7500F FE-SEM (Welwyn Garden City, UK). For transmission electron microscopy (TEM), cells
were washed twice with water and stained with 0.5% uranyl acetate (SPI Supplies, West Chester, PA, USA)
for 30 min at 4°C. Samples were dehydrated and rinsed in propylene oxide (Sigma-Aldrich) three times
for 10 min each. Cells were embedded in Spur resin (SPI supplies) according to the manufacturer’s
instructions. Then, 70-nm ultrathin sections were obtained using a microtome and stained with 2%
uranyl acetate for 7 min. Stained sections were observed using a Hitachi H7650 TEM (Tokyo, Japan).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00530-17.

SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.4 MB.
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