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Phospholipases A, are major components of snake venoms (svPLA,s) and are able to induce multiple
local and systemic deleterious effects upon envenomation. Several snake species are provided with
svPLA; inhibitors (sbPLIs) in their circulating blood, which confer a natural resistance against the toxic
components of homologous and heterologous venoms. The sbPLIs belong to any of three structural
classes named a, § and y. In the present study, we identified, characterized and performed structural and
evolutionary analyses of sbaPLIs transcripts and the encoded proteins, in the most common Latin
American pit vipers belonging to Crotalus, Bothrops and Lachesis genera. Mutation data indicated that

llfgt’)‘gv:t:g;pas e A, inhibitor sboPLIs from Latin American snakes might have evolved in an accelerated manner, similarly to that
PLI reported for sbaPLIs from Asian snakes, and possibly co-evoluted with svPLA>s in response to the di-
Phospholipase A, versity of target enzymes. The importance of sbaPLI trimerization for the effective binding and inhibition
PLA, of acidic svPLA;s is discussed and conserved cationic residues located at the central pore of the inhibitor
Viperidae trimer are suggested to be a significant part of the binding site of sbaPLIs to acidic svPLA,s. Our data
Snake contribute to the current body of knowledge on the structural and evolutionary characteristics of sbPLIs,

in general, and may assist in the future development of selective inhibitors for secretory PLA; from
several sources.
© 2016 Elsevier Ltd. All rights reserved.

molecular plasticity to support the diverse physiological actions
of those enzymes (Chuman et al., 2000; Nakashima et al., 1993,

1. Introduction

Secretory phospholipases A; from snake venoms (svPLA3s) are
very potent toxins that display a variety of biological activities
including neurotoxic, myotoxic, haemolytic, edematogenic,
hyperalgesic, pro-inflammatory, hypotensive, platelet-
aggregation inhibitory, bactericidal, anticoagulant and cytotoxic
actions (reviewed by Gutierrez and Lomonte, 2013). Acquisition
of these various effects was achieved by gene duplication and
accelerated exon evolution in the protein-coding region, while
the mutation rates in cDNAs or genes ensured sufficient
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1995; Nobuhisa et al., 1996; Ogawa et al., 1992; Ohno et al.,
1998, 2003).

Several snake species possess circulating PLA; inhibitors
(sbPLIs), which probably co-evolved with venom toxins, aiming at
preventing any possible damage from toxins that might have found
their way into the blood stream (Kochva et al., 1983). In Gloydius
brevicaudus (formerly Agkistrodon b. siniticus), expression of a
particular sbPLI has been shown to be up regulated by venom
components (Kinkawa et al., 2010). Other physiological roles have
been suggested for sbPLIs in the innate immune system and local
regulation of other PLA,s (Lizano et al., 2003; Ohkura et al., 1999;
Okumura et al., 2003). Unique experimental data has been ob-
tained for an sbPLI from G. brevicaudus (Shirai et al., 2009, 2010).
This specific inhibitor binds to Cyt c and neutralizes the autologous
Cyt creleased from the dead cells. Hence, the authors suggested an
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ancestral function for that svPLA; inhibitor as a Cyt c-binding
protein, prior to the svPLA; inhibition.

Due to their inhibition selectivity against svPLA;s and the
sharing of structural similarities with human secretory PLA3s, the
sbPLIs are considered potential molecular models for the devel-
opment of new inhibitors of the latter. However, to this moment,
few studies structural studies were performed with these inhibitors
(Fortes-Dias et al., 2014; Okumura et al., 2005; Santos-Filho et al.,
2011).

The sbPLIs are grouped into three classes—a, B and y—based
on the presence of characteristic structural domains (Ohkura
et al,, 1997). Members of different classes can be concomitantly
found in a single snake species (Lizano et al., 2000; Nobuhisa et al.,
1998; Ohkura et al., 1997; Shirai et al., 2009; So et al., 2011) and
even non-venomous snakes may possess this type of molecules
(Okumura et al., 1999b, 2002, 2003; Shirai et al.,, 2009; Thwin
et al,, 2002). Presence of different sbPLIs in a single specimen
appears to ensure effective inhibition of different target svPLA,
whereas, in the non-venomous species, their function is yet to be
understood. The typical structural domain of the sbaPLIs is a C-
type lectin-like domain (CTLD) (Inoue et al., 1991), although they
lack the carbohydrate-binding ability (Ohkura et al., 1993;
Okumura et al., 2003, 2005; Santos-Filho et al., 2011). The first
and most studied sbaPLIs were purified from the blood plasma of
the Asian viperid Protobothrops (taxonomically renamed from the
former Trimeresurus) and Gloydius (previously Agkistrodon)
snakes (Inoue et al., 1991, 1997; Kinkawa et al., 2010; Kogaki et al.,
1989; Nishida et al., 2010; Nobuhisa et al., 19973, b; Ohkura et al.,
1993; Okumura et al., 1999a, 2005; So et al., 2011). They are hetero
or homotrimers of 20—25 kDa subunits and bind one PLA;
molecule per trimer (Inoue et al., 1991, 1997; Kogaki et al., 1989;
Ohkura et al., 1993, 1997; Okumura et al., 1999b).

Despite purification of a number of sbaPLIs from Latin American
viperid snakes—Bothrops asper (Lizano et al., 1997), Cerrophidion
godmani (Lizano et al., 2000) and Atropoides mexicanus (Quiros
et al., 2007) from Costa Rica; Bothrops moojeni (Soares et al.,
2003), Bothrops jararacussu (Oliveira et al., 2008) and Bothrops
alternatus (Santos-Filho et al., 2011) from Brazil—few structural and
evolutionary studies are currently available. Those inhibitors are
generally named MIPs, an acronym for myotoxin inhibitor proteins,
because they inhibit Lys*® homologues and Asp*® myotoxic
SVPLA>s.

Aiming at a better comprehension of sbaPLs inhibitors and
motivated by the rich biodiversity of the herpetological fauna in
Latin America, in the present study, we identified sbaPLIs in the
most common Brazilian pit vipers belonging to Bothrops, Crotalus
and Lachesis genera. We performed evolutionary and structural
analyses of isolated liver transcripts and the corresponding
deduced proteins, in order to gain insights into the binding and
inhibition of svPLA;s by this class of inhibitors.

2. Materials and methods
2.1. Snake liver collection

Specimens of Bothrops alternatus, Bothrops erythromelas,
Bothrops jararaca, B. jararacussu, B. moojeni, Bothrops neuwiedi,
Crotalus durissus terrificus and Lachesis muta muta snakes were
obtained alive from the Serpentarium of Fundagao Ezequiel
Dias in Brazil, with the exception of the latter, which died by
natural causes. At the time of sampling, the snakes were eutha-
nized with CO, atmosphere, according to the protocol approved
by the Committee for Ethics in Animal Use (CEUA FUNED 022/

2012). Liver samples were collected in DEPC-treated vials, rapidly
frozen in liquid nitrogen and stored at —80 °C until RNA
extraction.

2.2. RNA extraction and cDNA synthesis

Total RNA and cDNA were prepared as previously described
for the sbyPLIs (Estevao-Costa et al., 2008). Briefly, total RNA was
isolated from approximately 120 mg of frozen liver tissue with
Trizol® (Invitrogen, USA). After integrity checking by electro-
phoresis on 1% agarose gel, cDNA was synthesized with
oligo(dT)12—1g primer using the First-Strand Synthesis kit (Invi-
trogen, USA). The cDNAs encoding for sbaPLIs were obtained by
conventional polymerase chain reaction (PCR) in the presence of
specific oligonucleotides designed on the basis of published
nucleotide sequence encoding for sbaPLIs from Old World
snakes—Protobothrops  flavoviridis  (g.i. D87549.1) and
G. brevicaudus (g.i. AB026666.1) (Nobuhisa et al., 1997a; Okumura
et al., 1999b): P1 forward (5’GGAAGGAAAGTACTTTCTCTGGAG3/,
in the 5'UTR region), P2 reverse (5'TCATA
AAATGAAATAAAACTCACACACGAC3/, in the C-terminal) and P3
forward (5'CATGAGACAGATCCTGACGGA3’), in the N-terminal of
the mature protein. Amplification conditions comprised of
5 min at 94 °C; 35 cycles consisting of 3 min at 94 °C, 30 s at
55 °C, and 30 s at 72 °C; and an extension period of 7 min at
72 °C, in a Perkin Elmer 2400 Thermo cycler. The pair of primers
used was P1/P2 and P1/P3, with expected amplification products
of 730 bp and 420 bp, respectively. In the negative controls, DNA
and reverse transcriptase were omitted. Aliquots of the amplifi-
cation reactions were analysed by electrophoresis on 1.0%
agarose gel in TBE buffer, in the presence of ethidium bromide.

2.3. DNA cloning and sequencing, primary structure deduction and
alignments

DNAs encoding sbaPLIs were processed as previously
described (Estevao-Costa et al., 2008). Briefly, fresh PCR products
were cloned in a TApCR 2.1 plasmid according to manufacturer's
instructions (TA Cloning kit, Invitrogen, USA) and the recombi-
nant plasmids were used to transform Escherichia coli strain
INVaF' competent cells. DNA from confirmed positive clones was
purified using a commercial kit (Wizard Plus Miniprep, Promega,
USA) and sequenced by the dideoxy chain termination method
(Sanger et al., 1977) on an automated ABI Prism 3110 Genetic
Analyser (Perkin Elmer Applied Biosystem, USA), with appro-
priate oligonucleotides and reagents. Consensus sequences for
each clone were obtained from a minimum of four complete
reads and all sequences were deposited at the GenBank (www.
ncbi.nlm.nih.gov/genbank/).

We used the conventional algorithm of ClustalW for the align-
ments (Thompson et al., 1994) after similarity search with other
sbaPLIs using the Blastn (www.ncbi.nlm.nih.gov/BLAST/). Inhibitors
with incomplete primary structures, such as BaMIP (g.i. P81077)
from Bothrops asper (Lizano et al., 1997), were not included. We
performed pairwise alignments of the primary sequences to obtain
the percentages of identities and mutations using the BLASTp
(NCBI). The sbaPLI from G. brevicaudus was used as reference in the
sequence alignments. Mutation rates in the nucleotide (nt) se-
quences were evaluated by the dn/ds ratio, where dn and ds
correspond to non-synonymous and synonymous nt mutations,
respectively.
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Fig. 1. Electrophoresis on 1.5% agarose gel of the RT-PCR products after amplification of
liver tissue from Latin American pit vipers with specific primers for sbaPLIs. The
amplification products (730 bp in A and 420 bp in B, depending on the pair of primers
used) are indicated by arrows on the right side of the gel. Snake species: 1. Crotalus
durissus terrificus; 2. Lachesis muta muta; 3. Bothrops alternatus; 4. Bothrops eryth-
romelas; 5. Bothrops jararaca; 6. Bothrops jararacussu; 7. Bothrops moojeni; and 8.
Bothrops neuwiedi. M. 1 Kb DNA ladder.

Table 1

2.4. In silico structural analysis

We employed the same methodology as that previously
described for the sbyPLIs (Estevao-Costa et al., 2008). In brief,
molecular masses and isoelectric points of the deduced primary
structures of the sbaPLIs were calculated by the Vector NTI Suite
10.1 software (Invitrogen, EUA). We used the JNET (http://www.
compbio.dundee.ac.uk/~www-jpred/jnet/), PSIPRED (http://bioinf.
cs.ucl.ac.uk/psipred/) and SSPRO4 (http://scratch.proteomics.ics.
uci.edu/) for secondary structure predictions and the output data
was parsed with Perl scripts in order to generate a single consensus
result.

The monomer and trimer in silico models of aBaltMIP are
available at the ModelArchive database (DOI: ma-a2iil and DOI:
ma-a4btt, respectively). Accessible solvent area (ASA) was
calculated with AREAIMol software (Saff and Kuijlaars, 1997). As
previously noted (Santos-Filho et al., 2011), monomer and trimer
in silico models of aBaltMIP have good overall quality with Z-

Average number of nucleotide mutations in sbaPLI transcripts from viperid snakes, with the sbaPLI of Gloydius brevicaudus (g.i. AB026666) taken as reference. The
transcripts are identified by the species names followed by the clone number. Other published sequences were included, namely Atropoides mexicanus (previously
A. nummifer) (Quiros et al., 2007), Cerrophidion godmani (Lizano et al., 2000), Protobothrops flavoviridis (Nobuhisa et al., 1997a,b) and Elaphe quadrivirgata (Okumura et al.,

2003).

Snake species and clone number

Number of nucleotide mutations

Non synonymous (dn) Synonymous (ds) Total
A. mexicanus 35 8 43
A. mexicanus 34 7 41
C. godmani 37 10 47
B. alternatus_03 30 19 49
B.alternatus_06 30 20 50
B. alternatus_08 30 19 49
B.alternatus_10 30 19 49
B. alternatus_14 30 19 49
B.erythromelas_02 29 20 49
B. erythromelas_04 30 21 51
B.erythromelas_08 29 21 50
B. erythromelas_10 29 21 50
B.erythromelas_12 29 20 49
B. erythromelas_14 29 20 49
B. jararaca_02 29 20 49
B. jararaca_06 29 21 50
B.jararaca_07 29 22 51
B. jararaca_10 30 21 51
B. jararacussu_01 34 25 59
B. jararacussu_05 32 22 54
B. jararacussu_07 34 25 59
B. jararacussu_11 35 24 59
B. moojeni_03 32 22 54
B. moojeni_04 28 18 46
B. moojeni_05 28 20 48
B. moojeni_08 28 21 49
B. moojeni_10 31 22 53
B. moojeni_12 32 22 54
B. neuwiedi_06 35 24 59
B. neuwiedi_08 32 20 52
B. neuwiedi_11 32 20 52
B. neuwiedi_A1 33 25 58
Cd. terrificus_A4 30 16 46
C.d.terrificus_A5 30 16 46
C.d. terrificus_B1 31 16 47
C.d. terrificus_B4 31 16 47
L.m. muta_02 29 11 40
L.m. muta_03 29 11 40
Lm. muta _06 29 11 40
Lm.muta _07 29 11 40
Lm. muta _09 30 11 41
P. flavoviridis 37 18 55
E. quadrivirgata 48 49 97
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scores of —4.99 and —4.41, respectively. The percentages of res-
idues distributed in the favoured and allowed regions of Ram-
achandran plot are 97.9% for the monomer and 94.5% for the
trimer.

3. Results and discussion
3.1. SbaPLI transcripts and dn/ds analysis

The RNA integrity of our starting material was confirmed by
the unique presence of 18S and 28S bands of ribosomal RNA after
electrophoresis on agarose gel (data not shown). Amplification
products with the expected sizes—about 420 and 730 bp—after
RT-PCR (Fig. 1) confirmed the presence of sbaPLI transcripts in
the liver tissue of Bothrops alternatus, B. erythromelas, B. jararaca,
B. jararacussu, B. moojeni, B. neuwiedi, C. durissus terrificus and L.
muta muta snakes. The transcript sequences were firstly
identified by the species name followed by the clone number,
before being deposited at the GenBank. A Supplementary Table is
included, showing the multiple alignments of the sbaPLI tran-
scripts identified herein—with the clone identification and
the corresponding accession number—and the sbaPLIs reported
in the literature. The sbaPLI from G. brevicaudus (GbaPLI) was
taken as reference. The average number of nt mutations per
clone was calculated and compared (Table 1). The dn/ds ratios
per clone clusterized according to the snake genus or species
(Fig. 2).

All the deduced primary structures of the sbaPLIs from the
present study contain highly similar signal sequences of 19 amino
acids, followed by 147 amino acids in the mature proteins
(Table 2), in accordance with similar inhibitors in the literature.
The average molecular mass of the mature sbaPLIs described
herein is 18,495 + 20 Da and the isoelectric points vary between
5.26 and 6.65 (data not shown). Important structural segments in
the sbaPLIs—signal peptide, CTLD, C-terminal segment, and exon
3—are marked in the aligned primary structures (Table 2).
Twenty-six amino acid residues were most frequently mutated in
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Fig. 2. Nucleotide mutations in sbaPLIs from viperid snakes (present study and liter-
ature sources) expressed by the ratio between non-synonymous (dn) and synonymous
(ds) mutations. The nucleotide sequences clusterized as indicated: a. Bothrops genus; b.
Elaphe quadrivirgata; c. Crotalus durissus terrificus; d. Trimeresurus flavoviridis; e.
Lachesis muta muta; f. Cerrophidion godmani; and g. Atropoides mexicanus. Each point
represents a clone sequence isolated in the present study (a, c, e) or a nucleotide
sequence published by other authors (b, d, f, g). The sbaPLI from Asian Gloydius bre-
vicaudus was taken as reference.

the deduced amino acid sequences (Table 3), among which nine
are concentrated in the exon 3, also called a-helical coiled-coil
neck, at the N-terminal of the proteins. It is important to note
that the C-terminal segment is highly conserved in the sbaPLIs
(Table 2). The predicted secondary structure pattern is greatly
conserved as well, with 15% of B-sheets and 33% of a-helices ar-
ranged in three well-defined segments (Table 4). The a-helices
predicted for the exon 3 are highly conserved, in spite of nine
amino acid mutations. The secondary structure predicted is
experimentally supported by circular dichroism spectra of the
sbaPLIs from Bothrops jararacussu (o.BjussuMIP) and Bothrops
alternatus (a.BaltMIP) (Santos-Filho et al., 2011; Oliveira et al.,
2008). SbaPLIs transcripts were identified in the liver of all the
species tested herein, hence confirming the wide distribution of
this class of PLA; inhibitors in Latin American pit vipers. SbaPLIs
transcripts were also isolated from the venom glands of these
species and exhibited high homology to the liver transcripts (data
not shown).

Evolutionary studies based on the dn/ds ratio have been
applied to animal toxin cDNAs and/or genes and have led to the
proposal of accelerated evolution of svPLA;, based on higher
substitution rates in exons compared to introns of the corre-
sponding genes (Ohno et al., 1998). With respect to the sbaPLIs,
only the genes encoding for the subunits A and B of the
P. flavoviridis inhibitor (PfaPLI) have been isolated. Both genes
comprised four exons and three introns, with very high identity
values, with the exception of the third exon. This exon, which
encodes for most of the N-terminal portion, is particularly
abundant in non-synonymous mutations with the dn/ds ratio
close to four (Nobuhisa et al., 1997a; So et al., 2011). The resulting
amino acid substitutions in exon 3 were correlated with the
various PLA; specificities of sbaPLIs (Nobuhisa et al., 1997a;
Okumura et al., 2005). Our cDNA data for Latin American pit
vipers are in agreement with the accelerated gene evolution
concept, since most of the dn/ds ratios in the deduced primary
sequences of the sbaPLIs exceeded 1.0 (Fig. 2). Nobuhisa et al.
(1997a) also reported that non-synonymous substitutions were
almost four times as frequent as synonymous substitutions in the
exon 3 of sbaPLIs from Asian snakes. Hence, the svPLA; and sbPLI
co-evolution proposed for Asian viperid snakes (Nobuhisa et al.,
1997a; Shimada et al., 2008; So et al., 2011) may be extended
to sbaPLIs (present study) and sbyPLIs (Estevao-Costa et al.,
2008) of Latin American pit vipers.

3.2. The role of central pore in the inhibition of acidic PLAs

Efforts to elucidate PLAy-recognition and binding by the sba
PLIs have led to the suggestion of a number of putative candidate
regions in the inhibitors. In the first attempt performed with
truncated forms of PfaPLI, the CLTD domain, the 37 amino ter-
minal residues and the C-terminal region—particularly the last
12 hydrophobic residues (N'>7 to L'68)—were found to be critical
for the binding of both acidic and basic PLAys (Nobuhisa et al.,
1998). Examination of the amino acid sequences of the sbaPLIs
(Table 2) shows a highly conserved C-terminal portion, suggest-
ing a possible relevance in PLA; binding. The importance of the
CTLD domain and the C-terminal segment—in particular the
hydrophobic core—was subsequently questioned, following the
purification of a functionally inactive aPLI-like protein (PLIa-LPs)
from non-venomous Elaphe snakes (Okumura et al., 2003, 2005;
Shirai et al., 2009). PLIa-LPs did not show any inhibition property
against several PLA,s tested, in spite of the conservation of both
the hydrophobic core at the C-terminal segment and the CLTD
domain. The C-terminal segment of PLIx-LPs has only two
mutations—N'’D and Y'®4S—that may be critical for their



Table 2

Deduced primary sequences of sbaPLI transcripts from snake liver, identified by the species name followed by the clone number (present study) or by the accession number in
the GenBank. The sbaPLI of Cerrophidion godmani was published by Lizano et al. (2000). Structural elements: Signal peptide (shadowed in grey); exon 3 (boxed); conserved
motif, according to the MEME software (shadowed in black); C-type lectin-like domain (CTLD) (double line) below the sequences. Most mutated residues are shown in bold
font.
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B.erythromelas_04 ..A. * [169]
B.erythromelas_08 ..A. .* [169]
B.erythromelas_10 «.A. .* [169]
B.erythromelas_ 12 SoAE .* [169]
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B.neuwiedi_08 .E.N..A.A * [169]
B.neuwiedi 11 B JALA * [169]
B.jararaca 02 ... .E.N..A.A * [169]
B.jararaca_ 06 ... .E.N..A.A * [169]
B.jararaca 07 JEoNG ALVA * [169]
B.jararaca_10 .E.N..A.A .* [169]
B.jararacussu 01 B JALA .* [169]
B.jararacussu_05 B JALA L* [169]
B.jararacussu_07 .E. LALA . .* [169]
B.jararacussu 11 ..., BN oALA A, .* [169]
B.moojeni_03 .E.N..A. - .* [169]
B.moojeni_ 04 BN AL .* [169]
B.moojeni_05 Bl WAL * [169]
B.moojeni_ 08 .E.N..A. AL * [169]
B.moojeni 10 BN By o A * [169]
B.moojeni_12 .E.N..A. AL * [169]
L.m.muta 02 A. * [169]
L.m.muta_03 WA, * [169]
L.m.muta_06 .* [169]
L.m.muta_07 e * [169]
L.m.muta_09 * [169]
C.d.terrificus A4 * [169]
C.d.terrificus_A5 L* [169]
C.d.terrificus_Bl * [169]
C.d.terrificus B4 [169]
C. godmani [169]
A.mexicanus|DQ657241.1 * [169]
A.mexicanus|DQ657242.1 = Di...a.. * [169]
P.flavoviridis|D87548.1 S....... * [169]
E.quadrivirgata|ABO30247 = S....... [169]




40 M.I. Estevao-Costa et al. / Toxicon 112 (2016) 35—44

failure to inhibit PLA; and could, consequently, play a role in the
enzyme binding (Okumura et al., 2003).

A polypeptide fragment close to the N-terminal, which cor-
responds to the exon 3 in the sbaPLI genes from Asian snakes
(Nobuhisa et al., 1997a), was also shown to be critical for both
binding and inhibition of acidic PLA,. It has been later demon-
strated that, despite not being a direct binding site for svPLA,,
exon 3 is crucial for the formation of the central pore in
sbaPLIs trimers. In fact, the central pore constitutes the actual
svPLA,binding site (Okumura et al., 2005). Dynamic light scat-
tering experiments and molecular modelling confirmed the
central pore as the svPLA,-binding site in aBaltMIP (Santos-Filho
et al., 2011). Both trimerization and central pore formation
depend on the availability of identical helical neck regions in the
forming subunits (Nishida et al., 2010). Amino acid mutations in
the helical neck, such as those present in the PLIa-LPs from
Elaphe snakes, cause the formation of atypical pores with
impaired functionality (Okumura et al.,, 2003, 2005; Shimada
et al., 2008; Shirai et al.,, 2009). Based on site-directed muta-
genesis and molecular modelling, Okumura et al. (2005) pro-
posed that mutations in the N-terminal portion of exon 3 in the
PLIa-LPs—especially N*°K, K*’E and D*®N—could be detrimental
to trimerization and could potentially explain their lack of PLA;
inhibition.

Multiple alignments of deduced amino acid sequences (pre-
sent study) and deposited sequences from other snake species on
the NCBI protein data bank (Table 2) showed that these three
residues (N*°, K* and D*®) are not strictly conserved in the sbo.
PLIs. Concerning the 47th amino acid position, in particular, it is
occupied by basic Lysine or Arginine in almost all sequences of
functional sbaPLIs (Table 2). On the other hand, the 3°LQ(R/K)

Table 3

Most mutated amino acid residues in the deduced primary structures of mature
sbaPLIs. The sbaPLI from Gloydius brevicaudus was taken as reference. Mutations
that occurred in 100% of the sequences (n = 43) are shown in bold font. Only the
mutations that occurred in a minimum of eight sequences were considered. The
amino acids are numbered according to the sequences presented in Table 2, which
include the signal peptides (residues 1 to 19).

Amino acid residue Clones mutated/total

Position Reference Mutation No. %

22 T K/Q/V/E/A 35/43 814
27 H K/Q/E 43/43 100.0
33 M 1LV 43/43 100.0
34 L E/D/Y 39/43 90.7
35 I A[T/S|G 43/43 100.0
36 \% L 33/43 76.7
38 R I/H/D/K/F 42/43 97.7
44 S A/T/D 43/43 100.0
47 K R/FJE 25/43 58.1
48 D H/Y/G/N 42/43 97.7
49 G AlS 43/43 100.0
73 \% I 40/43 93.0
74 G S/K 37/43 86.0
78 G A/P 41/43 95.3
80 G E/R/K 42/43 97.7
81 E Q/D/V/N 35/43 81.4
84 R S/E/K/V/D 43/43 100.0
89 R H/Q 43/43 100.0
96 K E/L 43/43 100.0
119 N D 42/43 97.7
128 E AV 43/43 100.0
130 Q E 24/43 55.8
132 K N 43/43 100.0
135 D A 29/43 67.4
148 F S/A 39/43 90.7
152 T A 28/43 65.1

EF*3 peptide located on the alpha-helical neck is conserved in all
functional sbaPLIs, with drastic mutations in the PLIa-LPs.
Hence, this cluster may be essential in trimer stabilization of the
sbaPLIs, whereas N*° and D*® could be important only for Asian
snakes.

Okumura et al. (2005) also proposed that , which is
located at the central pore of the GboPLI trimer, could be
essential in PLAybinding. This amino acid is mutated to S'®° in
the PLIa-LPs. In order to gain further insights into the role of the
central pore as PLA; binding site, we performed a detailed
structural analysis of the in silico trimer model of aBaltMIP
(Santos-Filho et al., 2011). According to the model, Y'%%is not
located at the central pore, but rather above the CTLD domain
(Fig. 3). However, an electrostatic surface analysis of the central
pore shows highly positive charged residues (Fig. 4A), especially
due to presence of basic R*’, K’!, R1%® and H'%? residues, which
are conserved in all sbaPLIs (Table 2). Furthermore, these cationic
residues display a large accessible area to solvent (ASA), which
results in a negatively charged area of ~1600 A’ exposed to sol-
vent, in the a.BaltMIP trimer (Table 5).

Electrostatic potential analysis of the crystal structure of BthA-I,
an acidic PLA; from Bothrops jararacussu venom, shows that acidic
svPLA,s are likely to possess large negatively charged surfaces
(Fig. 4B); hence, the cationic residues found on sbaPLIs are probably
involved in the enzyme-inhibitor interaction at the central pore of
the trimers. Indeed, the negatively charged surfaces of each BthA-I
monomer (Fig. 4B) display a positively charged area of ~1200 AZ.
This area is compatible with the negatively charged counterpart
found on the aBaltMIP trimer.

Interestingly, part of the aforementioned hydrophobic core (L'>8
to V1®1) is located close to the cationic residues—R>7, K, R%® and
H'®—in the oBaltMIP monomer model (Fig. 4C). Site-directed
mutagenesis of these hydrophobic residues to alanine affected
the binding of acidic PLA,s (Nobuhisa et al., 1998). These mutations
confer flexibility to the hydrophobic core and may lead to structural
disturbances in the neighbourhood of the central pore (Fig. 4C).
Thus, this hydrophobic region may play a role in ensuring the
structural integrity of the negatively charged central pore in the
sbaPLIs.

Y165

4. Concluding remarks

One of the main goals of toxinology today concerns the
development of therapeutic alternatives for the treatment of
snake venom injuries that are not efficiently neutralized by
conventional serum therapy. Toxic svPLAs are among the
central proteins responsible for severe consequences of snake
accidents. In this context, a full comprehension of their inhibition
by sbPLIs may lead to the development of novel molecules to
complement the conventional serum therapy. Due to the
conserved tertiary structure of secretory PLA;s, these data could
also guide the development of specific inhibitors for human
group II PLAs involved in inflammatory events (Schaloske and
Dennis, 2006). Besides acidic svPLA,, particular sbaPLIs from
Bothrops snakes have been shown to be able to inhibit several
biological activities of basic svPLA,-like proteins, which are
highly myotoxic and catalytically inactive (Oliveira et al., 2008;
Santos-Filho et al., 2011; Soares et al., 2003). Differently from
the acidic svPLA;s, the basic svPLA,-like proteins disturb the
membrane by a Ca?*-independent mechanism, which seems to
involve an allosteric transition and two different membrane
interaction sites at their carboxy-terminal region (Fernandes
et al., 2014). The surface of these basic proteins has large posi-
tively charged areas (Murakami et al., 2008; Zhou et al., 2008;
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Table 4

Consensus of the predicted secondary structures of mature sbaPLIs from Latin American pit vipers, after conducting analyses using three different algorithms. Upper and lower
case letters indicate consensus among three and two of the used algorithms, respectively. Legend: C and c-random coil (green); E and e- -sheet (blue); H and h- a-helix (red);
N- no consensus; “-” — gap. Four clones of each species (present study) were randomly selected for the analysis, while accession numbers identify the sequences taken from the
GenBank. The exon 3 or helical neck segment is boxed.

10 20 Q 40 50 60 70 80 90 100 110
A.mexicanus|DQ657241.1 ccccccNHHHHHHHHHHHHHHHHHHHHHHHHHHHhNhhEcccceNEEEEEccceNcHHHHHHHHHHCccce EeNNccHHHHHHHHHHHhhcccEEEEeccccNeeNcceeccecceccee
A.mexicanus|DQ657242.1 ccccccNhhHHHHHHHHHHHHHHHHEHHHHHHHHAhhhhhhecceNEEEEEcccNNcHHHHHHHHHHccceENeNccHHHHHHHHHHHHhccceEEEEcccecNNNN-ccceccecececeee
B.alternatus cccccecNhhHHHHHHHHHHHHHHHHHHHHHHHhhHhHeecccccNEEEEEcccNNcHHHHHHHHHHccceeNNNccHHHHHHHHHHHHhccceEEEeccccNeeccccccecceccce
B.alternatus ccccceNhhHHHHHHHHHHHHHHHHHHHHHHHhhhhHeecccccNEEEEEcccNNcHHHHHHHHHHccceeNNNccHHHHHHHHHHHHhccceEEEecccceNeeccecceecceeece
B.alternatus ccccccNhhHHHHHHHHHHHHHHHHHHHHHHHEhhHhHeecccccNEEEEEcccNNcHHHHHHHHHHccceeNNNccHHHHHHHHHHHHhccceEEEeccccNeecccecccccccccce
B.alternatus ccccceNhhHHHHHHHHHHHHHHHHHHHHHHHhhhhHeecccccNEEEEEcccNNcHHHHHHHHHHccceeNNNccHHHHHHHHHHHHhccceEEEeccccNeecccececceeceee
B.erythromelas ccccccNNHHHHHHHHHHHHHHHHHHHHHHHHhhHNeeeccccceEEEEEcccNNcHHHHHHHHHHccceeeeNccHHHHHHHHHHHHcccceEEEEccccceNccccececececececceee
B.erythromelas ccccccNNhHHHHHHHHHHHHHHHHHHHHHHHHhHceEEecccceEEEEEcccNNchHHHHHHHHHccceeNeNccHHHHHHHHHHHHccccEEEENccccNNNNcceccececceceeee
B.erythromelas ccccccNNHHHHHHHHHHHHHHHHHHHHHHHHhhHNeeeccccceEEEEEcccNNcHHHHHHHHHHccceeeeNccHHHHHHHHHHHHcccceEEEEccccceNcecceececececeeccee
B.erythromelas ccccccNNHHHHHHHHHHHHHHHHHHHHHHHHhhHNeeeccccceEEEEEcccNNcHHHHHHHHHHccceeeeNccHHHHHHHHHHHHcccceEEEEccccceNccccececececececceee
B.jararaca ccccceNhhHHHHHHHHHHHHHHHHHHHHHHHHHHhHHhNNNNCNEEEEE cccNNcHHHHHHHHHHccceeNNNccHHHHHHHHHHHHHccceEEEEccccNNNNccececececceeccee
B.jararaca ccccccNhhHHHHHHHHHHHHHHHHHHHHHHHHHHhHHhNNNNCNEEEEEcccNNcHHHHHHHHHHccceeNNNccHHHHHHHHHHHHHccceEEEEccccNNNNccececceceeeecee
B.jararaca ccccccNhhHHHHHHHHHHHHHHHHHHHHHHHHHHhHHhNNNNCNEEEEEcccNNcHHHHHHHHHHccceeNNNccHHHHHHHHHHHHHccceEEEEccceNNNNccececceceeceece
B.jararaca ccccccNhhHHHHHHHHHHHHHHHHHHHHHHHHHHHHHhNNNNCNEEEEE cccNNcHHHHHHHHHHCccceeNNNccHHHHHHHHHHHHHCccceEEEEccccNNNNccceccececceecee
B.jararacussu cccccNhhHHHHHHHHHHHHHHHHHHHHHHHHHHHHHhhhNNccNEEEEEcccNNcHHHHHHHHHHcccNEeNNccHHHHHHHHHHHHHcccEEEEEcccceeNNccccccccccccE
B. jararacussu ccccccNNhHHHHHHHHHHHHHHHHHHHHHHHHHhhhhhhNceNEEEEEcccNNcHHHHHHHHHHccceEeeNccHHHHHHHHHHHHHccceEEEEccceNNNNceececececcecceee
B.jararacussu cccccNhhHHHHHHHHHHHHHHHHHHHHHHHHHHHHHhhhNNccNEEEEEcccNNcHHHHHHHHHHcccNEeNNccHHHHHHHHHHHHHcccEEEEEcccceeNNccccccccccccE
B. jararacussu ccccNNhhHHHHHHHHHHHHHHHHHHHHHHHHHHHHHhhhNNccNEEEEEcccNNcHHHHHHHHHHccceEeeNccHHHHHHHHHHHHHccceEEEEccccNNNNcccecccceccecE
B.moojeni cccccNhHHHHHHHHHHHHHHHHHHHHHHHHHHHHhhhhNNNNCNEEEEEccceecHHHHHHHHHHccceeNeNccHHHHHHHHHHHHHccceEEEeccccNNNNceccecccccceccccE
B.moojeni cccccNNhHHHHHHHHHHHHHHHHHHHHHHHHhHghhcchNNceNEEEEEcccNNcHHHHHHHHHHccceeNeNccHHHHHHHHHHHHhccceEEEEccccNeeccccecccceccecE
B.moojeni cccccNNhHHHHHHHHHHHHHHHHHHHHHHHHHHhHhhhNNccNEEEEEccceNcHHHHHHHHHHcccNENeNccHHHHHHHHHHHHHcccEEEEEccccNeNNcccecccccccecE
B.moojeni cccccNNhHHHHHHHHHHHHHHHHHHHHHHHHHHHhHhhhNNccNEEEEEccceNcHHHHHHHHHHcccNENeNccHHHHHHHHHHHHHcccEEEEEccccNeNNccecceccecccE
B.neuwiedi cccccNNhHHHHHHHHHHHHHHHHHHHHHHHHHHHhhhhNNcceNEEEEEcccNNcHHHHHHHHHHccceENeNccHHHHHHHHHHHHHcccEEEEeccccNNNNcceccceccceccecE
B.neuwiedi ccccccNhHHHHHHHHHHHHHHHHHHHHHHHHHHHHhhecccceNEEEEEcccNNcHHHHHHHHHHccceeeeNccHHHHHHHHHHHHHcccEEEEEccccNNNNccccececceeeecee
B.neuwiedi ccccccNhHHHHHHHHHHHHHHHHHHHHHHHHHHHHhhecccccNEEEEEcccNNcHHHHHHHHHHcc NccHHHHHHHHHHHHHcccEEEEEccccNNNNccccceccececceee
B.neuwiedi cccceNhhHHHHHHHHHHHHHHHHHHHHHEHHHHHHhhhhNNceNEEEEEcccNNcHHHHHHHHHHccceEeeNccHHHHHHHHHHHHHccceEEEEccccNNNNccccecccececE
C.d.terrificus cccccNNhHHHHHHHHHHHHHHHHHHHHHHHHHHchhhhhNNeNEEEEE cccNNcHHHHHHHHHHccceENNNccHHHHHHHHHHHHcccceEEEENcceNNNNcccccecccccccE
C.d.terrificus cccccNNhHHHHHHHHHHHHHHHHHHHHHHHHHHHchhhhhNNeNEEEEEcccNNcHHHHHHHHHHccceENNNccHHHHHHHHHHHHcccceEEEENcccNNNNccccccccccccE
C.d.terrificus cccccNNhHHHHHHHHHHHHHHHHHHHHHHHHHHNcheeNNNccNEEEEEcccNNcHHHHHHHHHHccceeNNNccHHHHHHHHHHHhcccceEEEEecccccNNececccceccecE
C.d.terrificus cccccNNhHHHHHHHHHHHHHHHHHHHHHHHHHHHchhhhhNNeNEEEEEcccNNcHHHHHHHHHHccceENNNccHHHHHHHHHHHhcccceEEEENcccNNNNcccecccceccecE
L.m.muta cccccNhHHHHHHHHHHHHHHHHHHHHHHHHHHHYchhhNNNccNEEEEEccceecHHHHHHHHHHccceEeeNccHHHHHHHHHHHHhccceEEEEcccccNeeccccccccccccE
L.m muta cccccNhHHHHHHHHHHHHHHHHHHHHHHHHHHHchhhNNNceNEEEEEccceecHHHHHHHHHHccceEeeNccHHHHHHHHHHHHhccceEEEEcccccNeecccecceccecccecE
L.m muta cccccNhHHHHHHHHHHHHHHHHHHHHHHHHHHHHchhhNNNceNEEEEEccceecHHHHHHHHHHccceEeeNccHHHHHHHHHHHHhccceEEEEcccccNeecccccececceccccE
L.m muta cccccNhHHHHHHHHHHHHHHHHHHHHHHHHHHHHCchhhNNNcCNEEEEEccceecHHHHHHHHHHccceEeeNccHHHHHHHHHHHHhccceEEEEcccccNeeccccccccecccE
G. brevicaudus|AB026666 cccccNhHHHHHHHHHHHHHHHHHHHHHHHHHHhhhhhhhhNNeNEEEEEccceecHHHHHHHHHHccceeNeNccHHHHHHHHHHHHhcccEEEEEccceNeeNcecccececccecccE
P.flavoviridis|D87548.1 cccccccHHHHHHHHHHHHHHHHHHHHHHHHHHEhhhhhNNNceNEEEEEcccNNcHHHHHHHHHHccceENNNccHHHHHHHEHHHHHhccceEEEeccceNeeNceececececceececE
E.quadrivirgata|AB030247 ccccccNhHHHHHHHHHHHHHHHHHHHHHHHHHhhhhhhhNNNcNEEEEEcccNNcHHHHHHHHHHcccNEeeNccHHHHHHHHHHHHccccEEEEEcccecNeNcececeecceeeceee
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Alpha-helical neck

Fig. 3. Location of Y'®* (purple sticks) on the in silico model of aBaltMIP trimer, an sbaPLI from Bothrops alternatus snakes (available at ModelArchive database under DOI: ma-a4btt).
In aBaltMIP, Y'° is not located at the central pore as previously suggested (Okumura et al., 2005); this residue is located above the CTLD domain instead. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Electrostatic potential surface analysis of (A) in silico model of aBaltMIP trimer, a sba.PLI from Bothrops alternatus snakes (available at ModelArchive database under DOI: ma-
a4btt) and (B) crystallographic structure of BthA-I, an acidic svPLA, from Bothrops jararacussu snake venom (PDB ID 1U73) (Magro et al., 2004). Electrostatic potential surfaces were
generated by APBS (Adaptive Poisson-Boltzmann Solver) electrostatic calculations (Baker et al., 2001) which are available in Chimera v.1.9 (Pettersen et al., 2004) after the
transformation from a PDB to PQR file using the online server PDB2PQR (Dolinsky et al., 2004), at pH 7.0 and 150 mM NaCl. In the aBaltMIP trimer, there is a detailed view of the
negatively charged central pore, highlighting (yellow sticks) the four conserved cationic residues R*, K’?, R'° and H'® exposed to the solvent. (C) Location of the hydrophobic core
(1%8L to V) on the in silico model of aBaltMIP monomer (available at ModelArchive database under DOI: ma-a2iil). The residues in the hydrophobic core that may be responsible
for the structural integrity of the central pore are highlighted in cyan sticks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Dos Santos et al., 2009) that may hamper the interaction at the basic svPLA,-like proteins by sbaPLIs, however, remains to be
central pore of sbaPLI trimers. The mechanism of inhibition of better understood.
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Table 5

Accessible solvent area (ASA) of cationic residues (A%) located on central pore of in
silico aBaltMIP trimer model (DOI: ma-a4btt at ModelArchive database) calculated
with ArealMol software (Saff and Kuijlaars, 1997).

Residue Chain Total
A B C
Arg57 199.1 129.5 185.8 514.4
Lys71 163 158.5 1329 4544
Arg108 159.9 190.5 150.8 501.2
His109 56.6 62.4 41.7 160.7
Total 1630.7
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