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a  b  s  t  r  a  c  t

Phospholipases  A2 (PLA2s) are  important  enzymes  present  in  snake  venoms  and  are  related  to a wide  spec-
trum  of  pharmacological  effects,  however  the  toxic  potential  and  therapeutic  effects  of  acidic  isoforms
have  not  been  fully  explored  and understood.  Due  to this,  the  present  study  describes  the  isolation  and
biochemical  characterization  of two new acidic  Asp49-PLA2s from  Bothrops  brazili  snake  venom,  named
Braziliase-I  and  Braziliase-II.  The  venom  was  fractionated  in three  chromatographic  steps:  ion  exchange,
hydrophobic  interaction  and  reversed  phase.  The  isoelectric  point  (pI)  of the  isolated  PLA2s was  deter-
mined  by  two-dimensional  electrophoresis,  and  5.2  and  5.3  pIs  for Braziliase-I  and  II were  observed,
respectively.  The  molecular  mass  was  determined  with  values  of  13,894  and  13,869  Da  for  Braziliase-
I  and  II, respectively.  Amino  acid  sequence  by  Edman  degradation  and  mass  spectrometry  completed
87%  and  74% of  the  sequences,  respectively  for Braziliase-I  and  II.  Molecular  modeling  of  isolated  PLA2s
using  acid  PLA2BthA-I-PLA2 from  B. jararacussu  template  showed  high  quality.  Both  acidic PLA2s showed
no  significant  myotoxic  activity,  however  they  induced  significant  oedematogenic  activity.  Braziliase-I
and  II  (100  �g/mL)  showed  31.5%  and  33.2%  of cytotoxicity  on Trypanosoma  cruzi  and  26.2%  and  19.2%

on  Leishmania  infantum,  respectively.  Braziliase-I  and  II (10  �g) inhibited  96.98%  and  87.98%  of platelet
aggregation  induced  by  ADP  and  66.94%  and  49%  induced  by  collagen,  respectively.  The  acidic  PLA2s bio-
chemical  and structural  characterization  can  lead  to a better  understanding  of  its pharmacological  effects
and  functional  roles  in  snakebites  pathophysiology,  as well  as  its possible  biotechnological  applications
as  research  probes  and  drug leads.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The venomous snake Bothrops brazili [1] known as “Jergón

Shushupe” is distributed throughout South America and is found

ainly in Brazil (the Amazon region), Colombia, Ecuador, Guyana,
eru, Suriname and French Guiana [2]. It has an average size of

∗ Corresponding author at: Centro de Estudos de Biomoléculas Aplicadas à Saúde
 CEBio, Fiocruz Rondônia, Rua da Beira, 7176, Bairro Lagoa, 76812-245 Porto Velho,
ondônia, Brazil.

E-mail address: andreimar.soares@fiocruz.br (A.M. Soares).

ttps://doi.org/10.1016/j.ijbiomac.2017.09.069
141-8130/© 2017 Elsevier B.V. All rights reserved.
approximately 1.2 m in length and is found mainly in the primary
forest [3–5].

One of the main local effects is myonecrosis, which is mainly
caused by phospholipases A2 (PLA2) present in the venom [6–8].
Other actions triggered by venom PLA2s are oedema, neurotoxic-
ity, cardiotoxicity and hemostatic disorders [9–11]. Snake venom
PLA2s are secreted enzymes belonging to groups IA (Elapidae)
and IIA (Viperidae). PLA s from Viperidae venoms (including the
2
genus Bothrops) have been divided into two main subgroups: the
enzyme Asp49 (D49), catalytically active and the Lys49 (K49) PLA2-
homologue, catalytically inactive [12,13]. Most PLA2 described

https://doi.org/10.1016/j.ijbiomac.2017.09.069
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2017.09.069&domain=pdf
mailto:andreimar.soares@fiocruz.br
https://doi.org/10.1016/j.ijbiomac.2017.09.069
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rom the genus Bothrops are basic proteins with isoelectric points
pI) between 7 and 10, presenting or not catalytic activity and
arious pharmacological effects such: as anticoagulant action and
yotoxic and oedema activity [8,14].
On the other hand, acidic PLA2s present in the venom of Both-

ops snakes have not been well studied and little is known about
he physiopathological and therapeutic effects triggered by them.
enerally, these acidic isoforms are not myotoxic and its functional

oles in snakebite envenomings have not been determined. In the
enom, the proportion of acidic and basic PLA2s is variable for each
pecies; however, in bothropic snakes, the content of acidic PLA2s
s markedly lower than that of the basic ones. This is one of the rea-
ons for the smaller number of studies performed with these acidic
oxins. Some examples of acidic PLA2s described are BthA-I-PLA2
rom B. jararacussu [15], BaspPLA2-II from B. asper [16], Bmoo-I-
LA2 from B. moojeni [17] and BaPLA2 from B.atrox [18], which do
ot share a pharmacological and toxicological uniformity, and high-

ight the need of isolate and characterize new acidic PLA2s from
nake venoms. Recently, Resende et al. [19] purified and identified
n acidic PLA2 from Agkistrodon piscivorus leucostoma snake venom,
hich is not toxic for mammals, but induced a selective neuromus-

ular toxicity in chick Biventer cervicis that plays a significant role
or the snake feeding. This finding emphasizes the functional diver-
ification and relevance of these acidic isoforms for snake evolution
nd ecology, and advances in toxinology research.

From B. brazili venom four basic PLA2s have already been iso-
ated, two Lys49-PLA2 homologues and two Asp49-PLA2s [19,20],
ut the acidic isoforms had not been isolated and characterized
ntil now. Thus, owing to the lack of information’s, in this study
e have isolated and characterized the first two acidic PLA2s,
amed Braziliase-I and Braziliase-II, from B. brazili snake venom
ith potential anti-platelet aggregation activity and cytotoxicity

n L. infantum and T. cruzi.

. Material and methods

.1. Snake venom and animals

The venom of the specie B. brazili was acquired from Serpen-
ário Proteínas Bioativas Ltda, Batatais-SP and kept refrigerated
8 ◦C) in the Bank of Amazon Venoms at the Center of Biomolecular
tudies Applied to Health, CEBIO-UNIR-FIOCRUZ-RO (authoriza-
ion: CGEN/CNPq 010627/2011-1 and IBAMA 27131-1). The use of

ice (18–22 g) for the toxicological assays was performed accord-
ng to the Ethical Principles of Animal Experimentation (CONCEA)
nd was approved by the Ethics Commission on the use of animals
IOCRUZ/RO (CEUA/RO) under the number 2013/07. Experiments
sing human blood (obtained from healthy volunteer donors) were
pproved by the Federal Fluminense University Committee for Eth-
cal in Experimentation – CEP-UFF, CAAE: 28941314.0.0000.5243.

.2. Biochemical and structural characterization

.2.1. Isolation of the PLA2s
Braziliases-I and II were purified by three chromatographic

teps: cation exchange, hydrophobic interaction and reversed
hase. Dried B. brazili venom (50 mg)  was diluted in 1 mL  of ammo-
ium bicarbonate buffer (Ambic) 0.05 M,  pH 7.8 and centrifuged
t 480 xg for 10 min  and applied to a CM-Sepharose GE

®
column

1 × 40 cm)  preequilibrated with Ambic. Elution of the samples was
erformed with a continuous gradient up to a concentration of

.5 M of Ambic at a flow rate of 1 mL/minute. Fractions 2 and 3 were
ooled and lyophilized, and subjected to hydrophobic interaction
hromatography on a Butyl-Sepharose GE

®
column (1 × 15 cm).

ractions were diluted in 1 mL  of 4 M NaCl and 20 mM Ambic pH 7.8
cal Macromolecules 107 (2018) 1014–1022 1015

and then applied to the column equilibrated with the same buffer.
The elution took place under a decreasing gradient (100, 75, 50,
25 and 0%, respectively) of NaCl in a buffered environment (4 M
NaCl and 20 mM Ambic) ending the process in an electrolyte-free
environment (deionized water), at flow rate of 1 mL/minute. The
fraction that presented phospholipase activity (data not shown)
was subjected to reverse phase chromatography on a C18 column
(Discovery – Sigma-Aldrich

®
) using 0.1% trifluoracetic acid (TFA)

as solution A and 0.1% trifluoracetic acid (TFA) and 99.9% acetoni-
trile as solution B in a 0–70% gradient with a flow of 1 mL/minute.
In all chromatographies, the absorbance was  monitored at a wave-
length of 280 nm and graphics were registered in UNICORN Control
Chromatography System 5.0 software.

2.2.2. Determination of the isoelectric point
The polyacrylamide gel (PAGE) was  carried out in the presence

of sodium dodecyl sulfate (SDS-PAGE) and isoelectric focusing with
pH range used was  3.2–10.3, as previously described [21].

2.2.3. Molecular mass determination
Mass spectrometry was performed in MALDI equipment

(matrix-assisted laser desorption ionization), with two TOF ana-
lyzers (AXIMA TOF2 Shimadzu Biotech) operating in linear mode
using a saturated solution of sinapinic acid as the ionization matrix
and 1 �g of protein (3:1 ratio, respectively).

2.2.4. Amino acid sequencing
For amino acid sequencing Edman’s chemical degradation tech-

nique (PPSQ-33A Shimadzu Corp., Kyoto, Japan) and the “de novo”
sequencing technique were used. The spectrometric analysis was
performed in a NanoAcquity (Waters) HPLC coupled to an Orbi-
trapVelos spectrometer (Thermo Scientific). An aliquot of the
triptych digest was  injected and separated in a C18 column (75 �m
Oi, 10 cm,  nano Acquity, 1.7 �m BEH column, Waters). The pep-
tides were eluted using the following gradient: 1–40% B in 20 min,
followed by a gradient of 40% to 60% B in 5 min  under a flow of
250 nL/minute. Solution A contained 0.1% formic acid (v/v) in water
and solution B contained 0.1% formic acid (v/v) in acetonitrile). The
mass of the peptides (m/z: 300–1700) were measured in the Orbi-
trap with a resolution of 60,000 at m/z 400. The most abundant
peptides were selected and fragmented in an HCD collision cell
with 40% normalized collision energy (NCE) with nitrogen used
as the collision gas. The fragments were detected in the Orbitrap
with a resolution of 7500FWHM at 400 m/z. Data were collected
with a Thermo Xcalibur (v.2.1.0.1140). After obtaining the partial
sequences of the acidic PLA2s, a similarity search was performed
using the BLAST algorithm and multiple alignment was performed
using the Clustal W program available at http://www.ebi.ac.uk/
Tools/msa/clustalw2/

2.2.5. Enzymatic activity
Phospholipase A2 activity was  performed in an M4  Spectra Max

(Molecular Devices
®

) using a 96-well plate and 5 �M of the flu-
orescent phospholipids from Avanti Polar Lipids

®
: Phosphatidic

Acid (NBD-PA), NBD-Phosphatidilcoline (NBD-PC) and Phosphatidil
Glycerol (NBD-PG). The phospholipids were mixed with a solution
containing 8 mM CaCl2, 20 mM Tris-HCl pH 7.5 and the samples
(0.5 �g). The influence of pH was  performed using such buffer solu-
tions: 0.1 M acetate pH 5.5 and 1 M Tris pH 6.8, 7.5, 8.5, 11 and

12. Excitation and emission wavelengths were 460 and 534 nm,
respectively. The kinetic assays were performed for 5 min and RFU
(Relative Fluorescence Units) were measured. Results were repre-
sented as mean ± standard deviation.

http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
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.2.6. Molecular modeling
The homology modeling of isolated PLA2s was conducted

sing the crystal structure of acidic PLA2 BthA-I-PLA2 from
. jararacussu as a template (PDB code: 1UMV) with resolu-
ion of 1.79 Å. After multiple alignment using Protein Blast
http://blast.ncbi.nlm.nih.gov) [22] the residues to complete the
rimary sequence of isolated PLA2s were predicted. The residues
onsidered conserved were inserted to obtain a theoretical com-
lete sequence: NLWQFEMLIMKIALTSGFMFYSSYGCYCGWGGHGR
KDASDRCCFVHDCCYGKVTTCNPKFDVYTYSEENGVVVCGGDDPCK
QICECDRVAATCFRDNKDTYDNKYWFYGAKNCQEESDPC

Braziliase-I) and NLWQFEMLIMKIAKTSGFMFYSSYGCYCG-
GGH GRPQDASDRCCFVHDCCYGKVTXXNPKXDXYTYSEENGVVVC

GDDPCKKQICECDRVAATCFRDNKDTYDNKYWFFPAKNCQEESEPC
Braziliase-II). The aligned residues are equivalent to obtained
equence. Protein Blast and Protein Data Bank (PDB)
http://www.pdb.org) to search and retrieval the template
tructure was used. The sequence alignments were carried out
n MODELLER v9.16 [23] and ClustalW [24] softwares. The model
uilding was carried out in MODELLER v9.16. A total of 1000
odels were generated and the final model was selected based

n the lowest DOPE scores calculated by MODELLER software. The
verall stereochemical quality of the final model for PLA2s were
ssessed by the program PROCHECK [25]. Interactive visualization
nd comparative analysis of molecular structures were carried out
n UCSF Chimera [26].

.3. Characterization of biological activity

.3.1. Oedematogenic activity
Male Swiss mice de 18–22 g (n = 4) were inoculated in the sub-

lantar right paws with 50 �g of isolated PLA2s or B. brazili venom,
olubilized in 50 �L of 0.15 M phosphate buffered saline (PBS). As a
ontrol, PBS was used in the left paws. The oedematogenic activity
as determined by measuring the animal paws, using a thickness

auge (Mitutoyo 7301) at 0, 30, 60 and 120 min. Results were rep-
esented in percentage related to negative control.

.3.2. Myotoxic activity
Groups of four male Swiss mice (18–22 g) were injected in

he gastrocnemius muscle with 50 �g/50 �L of B. brazili venom,
raziliase-I, Braziliase-II or positive control (MTX-II), dissolved in
.15 M PBS. For the negative control, animals received an injection
f 0.15 M PBS. After 3 h, blood was collected from plexus orbital
uncture in heparinized tubes and centrifuged at 3000 xg for 5 min
t room temperature to separate the plasma. CK Total Kit (CK- NAC
it Life Biotechnology) was used to analyze the myotoxic activ-
ty. Absorbances were read in a spectrophotometer (Biotek). The
ctivity was expressed as U/L, where one unit corresponds to the
hosphorylation of 1nMol of creatine/min at 25 ◦C. For statistical
nalysis, the Tukey’s multiple comparisons test was carried out
sing the GraphPad Prism (v.6.01) program.

.3.3. Evaluation of cytotoxicity on epimastigote forms of T. cruzi
For the evaluation of trypanocidal activity, T. cruzi epimastig-

tes of the strain CL clone B5 were cultured at a concentration
f 2.5 × 105 parasites/mL in 96 well plates using Liver Infusion
ryptose culture medium (LIT) supplemented with 10% Fetal
ovine Serum (FBS). The plate was incubated at 26 ◦C for 72 h
ith different concentrations of B. brazili venom and the purified

LA2s (6.25–100 �g/mL). Each concentration was tested in tripli-
ate. Thereafter a 200 �M Chlorophenol red �-d-galactopyranoside

CPRG) solution was added. The plate was incubated at 37 ◦C for

 h and the absorbance was monitored at 575 nm using a mul-
imodal Synergy H1 spectrophotometer (Biotek). The efficacy of
ach test compound was estimated by calculating the percentage
ical Macromolecules 107 (2018) 1014–1022

of anti-epimastigote activity. A positive control, the reference drug
Benznidazole, at a concentration of 100 �g/mL, was used.

2.3.4. Evaluation of cytotoxicity on promastigote forms of L.
infantum

For this test, promastigotes of L. infantum (MCAN/ES/92/BNC
83) were cultured at a concentration of 1.5 × 106 parasites/mL in
96 well plates using Schneider culture medium supplemented
with 10% FBS. The plate was  incubated at 26 ◦C for 48 h with dif-
ferent concentrations of B. brazili venom and the purified PLA2s
(6.25–100 �g/mL). Each concentration was tested in triplicate. Sub-
sequently, a 3 mM Resazurin solution was  added. The plate was
subjected to incubation at 26 ◦C for 4 h and finally the absorbance
was monitored at 570 and 600 nm using a multimodal Synergy H1
spectrophotometer (Biotek). The efficacy of each compound was
estimated by calculating the percentage of anti-promastigote activ-
ity. The drug Pentamidine, at a concentration of 100 �g/mL was
used as a positive control.

2.3.5. Platelet aggregation assay
Platelet aggregation assay was  carried out according to method-

ology reported in previous studies [27,28], with modifications,
using human platelet-rich plasma (PRP). PRP was obtained after cit-
rated (0.31%, v/v) whole blood centrifugation at 340 xg for 12 min
at 25 ◦C. Platelet aggregation was measured turbidimetrically using
a Whole Blood Aggregometer (Model 490 2D − Chrono-Log Cor-
poration, Pennsylvania, USA). Assays were performed at 37 ◦C in
siliconized glass cuvettes using 300 �L of PRP under stirring, and
aggregation was  triggered by the addition of adenosine diphos-
phate (ADP) or collagen (Chrono Log Corp). One hundred percent
(100%) of platelet aggregation was  determined as the full platelet
response obtained 6 min  after the addition of a supramaximal con-
centration of the agonists (concentration that gives 70–80% of
aggregation), and the 0% (base line) of platelet aggregation was the
light transmittance recorded in the presence of PRP alone. Different
concentrations of isolated PLA2s (2,5; 5 and 10 �g) were incubated
with PRP for 2 min  at 37 ◦C, and then, platelet aggregation was trig-
gered by adding ADP (10 �M)  or collagen (16 �g/mL). Inhibitory
effect on platelet aggregation was  expressed as the difference in the
maximal responses of platelets in the presence or absence of PLA2s,
after challenge with agonists. Control experiments were performed
in the presence of saline, instead of PLA2s.

3. Results and discussion

The B. brazili venom fractionation by cation exchange chro-
matography resulted in 11 main fractions (Fig. 1A). The fractions
identified as 2 and 3 presented catalytic activity (data not shown)
and were subjected to the second purification step using hydropho-
bic interaction chromatography (Fig. 1B), which resulted in six
major fractions. The sixth fraction showed enzymatic activity (data
not shown) and then was subjected to reversed phase chromatog-
raphy (Fig. 1C). The fractions with PLA2 activity were eluted at
42% and 43% of solution B, named Braziliase-I and II, respectively.
PLA2s purity was  analyzed by SDS-PAGE (insert Fig. 1C) and showed
the homogeneity of the purified toxins and their monomeric
nature. The molecular mass for Braziliase-I was  13,894 Da and
for Braziliase-II was 13,869 Da (Fig. 1D). The isoelectric point (pI)
of the isolated PLA2s was determined by two-dimensional elec-
trophoresis, and 5.2 and 5.3 pIs for Braziliase-I and II were observed,
respectively (Fig. 1E). As expected, the pIs and the molecular
weights are similar to published data for other species of the genus

Bothrops [16,17,29]. So far, four basic PLA2s were characterized
from the venom of B. brazili:  MTX-I (Asp49-PLA2), MTX-II (Lys49-
PLA2-homologue), BbTX-II (Lys49-PLA2-homologue) and BbTX-III
(Asp49-PLA2) [19,20].
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Fig. 1. Isolation and mass determination of PLA2s.
B.  brazili venom was subjected to cation exchange chromatography (A) and fractions 2 and 3 were selected and subjected to hydrophobic interaction chromatography (B).
Fraction 6 was  selected, and then subjected to reverse phase resulting in two fractions (1 and 2) which are displayed in SDS-PAGE in columns 1 and 2, in column 3 (MTX-II),
a  PLA2 used as a molecular weight standard, MW corresponds to Weight Marker (C). Mass spectrum of Braziliase-I (superior) and II (inferior), the spectrum represents the
average of the laser pulses (D). 2D electrophoresis of Braziliase-I (left), showing a pI of 5.2 and Braziliase-II (right), showing a pI of 5.3 (E).
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ig. 2. Alignment of Braziliase-I and Braziliase-II sequences with PLA2s of snake ve
he amino acid residues highlighted in light gray (His-48, Asp-99 and Tyr-52) for
ly-30  and Gly-32) are those that bind to a calcium ion. The residues highlighted in

This is the first publication describing the structural and phar-
acological characterization of acidic isoforms of PLA2s from B.

razili venom. The amino acid sequence obtained showed 106
mino acids corresponding to 87% for Braziliase-I’s and 91 amino
cids corresponding to 74% of Braziliase-II’s primary sequences
Fig. 2). The sequence alignment analysis confirmed that both pro-
eins are Asp49-PLA2s. Multiple alignment showed high similarity
ith others acidic PLA2s such as BmooPLA2 (B. moojeni) and PLA2

B. diporus) (Fig. 2).
From theoretical complete sequence, the Braziliase-I and

raziliase-II PLA2s alignment showed 76% and 74% of identity with
thA-I-PLA2, respectively. The residues percentage lying in the

avored regions of a Ramachandran plot [30] is one of the best
uides to check stereochemical quality of a protein model based
n the assumption that an adequate model should have more
han 90% of the residues in the allowed regions [25]. Ramachan-
ran plot analysis for both PLA2s structure showed that more
han 91.4% of the amino acids are in favorable regions. The qual-
ty of the model was also assessed by comparing the predicted
tructure with the template structure via superimposition and
toms RMS  deviation (RMSD) assessment. The RMSD of C� trace
etween Braziliase-I and Braziliase-II PLA2s and template is 0.13 Å
nd 0.23 Å respectively. Thus, the models are reasonably adequate
nd quite similar to template (Fig. 3). Both models presented a
ypical structure of group II PLA2 enzymes with: a N-terminal �-
elix (residues Leu2 to Ala13), a “short” �-helix (residues Thr15 to
er22), a Ca2+-binding loop (Ser23 to Asp38 and Asp49), an �-helix2
residues Ala39 to lys53), a short two-stranded antiparallel �-sheet
nown as �-wing (residues Thr65 to Glu69 and Val72 to Gly76 of
raziliase-I; Thr65 to Glu68 and Val73 to Gly76 of Braziliase-II), an

-helix3 (residues Pro80 to Asp98) and a C-terminal loop region

residues Cys115 to Cys122 for Braziliase-I; Gln116 to Cys122
or Braziliase-II). It is important to note that the �-helix 2 and
 active site of the enzyme. The residues highlighted in dark gray (Asp-49, Tyr-28,
font are cysteines , responsible for the formation of disulfide bridges.

3 presented in an anti-parallel form. In addition, seven disul-
fide bonds are formed (Cys26–Cys115, Cys28–Cys44, Cys43–Cys95,
Cys49–Cys122, Cys50–Cys88, Cys57–Cys81 and Cys75–Cys86), a
common characteristic structure for this group of PLA2s.

The proportion of acidic and basic PLA2s is variable for each
species; however, in most bothropic snakes, the content of acidic
PLA2s is smaller than the basic ones, which is one of the factors for
a few number of published studies. These multiple isoforms were
generated by gene duplication and the accelerated evolution of
exons resulting in changes mainly in the surface of the amino acids
of these molecules and enabling the development of new functions
[9]. To date, all acidic PLA2s purified from viperid snake venoms
present an Asp residue in position 49, but not all Asp49-PLA2s are
acidic. These acidic isoforms are always catalytically active and
their activity is generally more intense than that of basic PLA2s
[31]. Corroborating this information, both PLA2s Braziliases-I and II
presented elevated phospholipase activity on the fluorescent phos-
pholipid NBD-PC. However, the activity was less intense on NBD-PG
and absent on NBD-PA (Fig. 4A). The preference of venoms PLA2s
by different phospholipid substrates is determined by the surface
topology specific to the region of the protein that interacts with
the membrane surface. In PLA2s from Groups I and II (viperid),
this region consists of a hydrophobic surface slit (highly conserved)
which binds the acyl ester chain of the phospholipid substrate with
a ring around varying polar and charged residues, thus forming
the interfacial recognition site, also called the “i” face [32]. Varia-
tions in the topology of the “i” face determine the specificity for one
phospholipid or another [33,34].

The substrate NBD-PC was  used to evaluate the influence of pH
and calcium ion on the enzymatic activity (Fig. 4B e C). Both iso-

lated PLA2s, hydrolyzed the NBD-PC substrate over a wide pH range
(4.5–11) with the highest enzymatic activity in the pH range of
5.5–8.5 (Fig. 4B). However, at pH values below 5.5 or above pH 8.5,
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Fig. 3. Superimposition of template (1M8R in blue) between (A) Braziliase-I and (B) Braziliase-II in red. Representation in ribbon performed at the UCSF Chimera. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Phospholipase activity using the isolated PLA2s Braziliase-I (B-I) and Braziliase-II (B-II).
(A): Using the fluorescent substrates NBD-PC, NBD-PA and NBD-PG, and 0.5 �g of PLA2s. NBD-PC was the chosen substrate for the other trials. (B): Influence of the pH range
from  4.5 to 12 on enzymatic activity. (C): influence of the cofactor Ca2+ and EDTA on enzymatic activity.
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Fig. 5. Biological assays in mice injected with isolated PLA2s and Bothrops brazili venom.
(A): Oedema activity using 30 �g of Braziliases I (B-I), II (B-II) and the B. brazili venom. Mice received an intraplantar injection in right paw and oedema formation was
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yotoxicity was evaluated by creatine kinase (CK) levels in mice plasma serum afte
yotoxic activity and PBS for negative control. Results are represented as mean ± s

heir enzymatic activity dropped significantly. A similar result is
escribed for the acidic PLA2 BmooTX-I from B. moojeni [35] that
resented elevated enzymatic activity at pHs 7–11 and for Bp-PLA2
rom B. pauloensis [36]. The activity of both enzymes on NBD-PC
as dependent on calcium ions. A reduction of their activity was

bserved without adding calcium and a total loss when added to
edium reaction the metal chelator, EDTA (Fig. 4C). Calcium ion is

ssential for enzymatically active PLA2s, since it is required to stabi-
ize the conformation of the catalytic calcium binding site which is
ormed by the amino acid residues Tyr28, Gly30, Gly32 and Asp49.
wo water molecules structurally complement the calcium coor-
ination sphere, thus forming a bi-pentagonal pyramid. The Asp
esidue in position 49 is essential for calcium binding to the protein
37].

In a murine model of oedematogenic activity (Fig. 5A),
raziliase-I and II induced an increase of 27.6% and 22.8% of paw
olume, respectively, at 30 min  of their injection. After this period,
he paw volume returned to basal levels. B. brazili venom reached

aximum oedema formation after 60 min  of its injection with 48%
f oedema formation and after 120 min  maintained at high lev-
ls. Thus, results showed that both PLA2s, Braziliases-I and II, may
ontribute or act synergistically to trigger the inflammatory pro-
ess contributing to the oedema activity observed. Literature, also
howed that other acidic bothropic PLA2s induced oedema for-
ation using the same experimental model such as BthA-I-PLA2

15], BpirPLA2-I [29] and BmooPLA2 [17]. Local oedema induced
y bothropic venom can be mediated by inflammatory media-
ors such as vasoactive substances like histamine and serotonin
38]. There is not in the literature studies about the mediators
nvolved in oedema induced by acidic bothropic PLA2s. Moreover,
everal in vitro studies describe basic snake venom PLA2s capable
o induce mast cells degranulation, to induce microvascular leak-
ge and inflammatory cell accumulation at the inflammatory sites
39–41].

The myotoxic activity assay (Fig. 5B) demonstrated that the puri-
ed and characterized Braziliases in our work are not myotoxic.
cidic bothropic snake PLA2s, usually, do not cause myotoxicity
hen tested in murine models. The same result was found in liter-

ture [15–17]. On the other hand, the basic isoforms seem to have
cquired the highest toxicity, especially in the case of neurotoxic
nd myotoxic enzymes [9]. Fernández et al. [16] suggested a sec-
ndary role for acidic PLA2s with moderate or low toxicity (as seems
o be the case of Braziliases), which should be related and restricted

o digestive functions. Currently, Resende et al. [19], reported an
cidic PLA2 from Agkistrodon piscivorus leucostoma that despite do
ot induce toxic effects in mammals, plays a significant role for the
oxicity in chick, unraveling new functions for these acidic isoforms.
s a control. (B): Evaluation of the myotoxic activity of 50 �g of Braziliase-I and II.
f proteins injection. MTX-II and B. brazili venom were used as positive controls for

rd deviation (p < 0.05).

Other works have considered the synergetic action between snake
venom toxins. Jimenez-Charris et al. [44], for example, have demon-
strated the myotoxic effect triggered by a basic PLA2 is significantly
enhanced by adding acidic PLA2. Thus, the acidic isoforms isolated
from B. brazili snake venom in our work may  contribute to toxic-
ity for other animals, such birds, or act synergistically with other
toxins for mammalian toxicity. However, future studies should be
conducted to characterize the pharmacological effects of the acidic
PLA2s together with basic isoforms.

Snake venom, along with other animal venoms, is a source of
natural biological compounds that should be evaluated for their
potential therapeutic use [45]. Given the advancement in resis-
tance of various parasites to the drugs administered, investigation
into alternative therapies is proposed, mainly for the treatment of
neglected diseases [42]. B. brazili venom presented high cytotox-
icity against T. cruzi epimastigotes and L. infantum promastigotes
presenting up to 91.2% and 75.6% (100 �g/mL), respectively (Fig. 6A
e B). In the assay with the isolated PLA2s, Braziliase-I and II induced
trypanocidal activity of 31.5% and 33.2% (100 �g/mL) and leish-
manicidal activity of 26.2% and 19.2% (100 �g/mL), respectively.
In B. brazili venom literature documented that there are molecules
with anti-leishmania activity. This was observed using the basic
PLA2s from B. brazili MTX-I and II, as well as synthetic peptides
derived from their primary structure, and both showed activity
against L. amazonensis and L. braziliensis [19]. The leishmanicidal
activity reported by Costa et al. [20] work, were related to the
C-terminal region composed by hydrophobic and cationic amino
acids, from which the peptides were derived.

The mechanism of action, along with other biological activities,
is still not well explained. However, Nunez et al. [43] demon-
strated that the Lys49-PLA2-homologue BnSP-7 from B. pauloensis
causes changes in L. braziliensis promastigotes shape, mitochon-
drial swelling, nuclear alteration, vacuolization, acidocalcisomes,
multiflagellar aspects and blebbing effect in the plasma membrane.
BmatTX-I (Lys49-PLA2-homologue) and BmatTX-III (Asp49-PLA2)
isolated from B. mattogrossensis showed cytotoxicity against L. ama-
zonensis with values very similar to those found in this study
(100 �g – 25% and 30%) [44], which could indicate that the mech-
anism by which the PLA2s exert cytotoxicity on parasites is not
dependent on the enzymatic activity, and thus, it is possible
that Lys49-PLA2-homologues and Asp49-PLA2s may  differ in their
mechanism of action on the parasites to promote cytotoxicity.
On the other hand, possibly this is the first study reporting try-

panocidal activity of an isolated snake venom acidic PLA2 against T.
cruzi. The ability of several snake species venoms to cause different
effects on intracellular and ultrastructural levels in T. cruzi, causing
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Fig. 6. Evaluation of the cytotoxic activity against L. infantum and T. cruzi of the iso-
lated PLA2s and B. brazili.venom.
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Fig. 7. Evaluation of the ability of acidic PLA2s from B. brazili to inhibit the platelet
A): Activity against L. infantum promastigotes. Pentamidine was used as a positive
ontrol. (B): Activity against T. cruzi epimastigotes. Pentamidine was  used as a pos-
tive  control. The results are represented as mean ± standard deviation (p < 00.05).

lterations in infectivity, apoptosis and growth inhibition has been
ocumented [45–48].

Both acidic PLA2s inhibited platelet aggregation induced by ADP
nd collagen in a concentration dependent manner (Fig. 7A and B).
owever, it is important to mention that the ADP agonist was  more
fficient than collagen in the inhibitory effect. The platelet aggrega-
ion inhibitory effect is frequently mentioned in studies with acidic
othropic PLA2s such as BmooTX-I isolated from B. moojeni [17],
pirPLA2-I isolated from B. pirajai [29], BE-I-PLA2 isolated from B.
rythromelas [49] and BthA-I-PLA2 isolated from B. jararacussu, the
rotein used for molecular modeling template [15]. However, the
echanism of this action is not fully elucidated. Some works, such

s the study performed by Teixeira et al. [31] have demonstrated
hat this pharmacological effect induced by toxin can be reproduced
y small synthetic peptides that mimicking the C-terminal region of
he primary structure of PLA2s. These researchers reported that the
ynthetic peptide (105IKYWFYGAKNCQEK117) triggers inhibitory
ffect similar to the PLA2 used as structural template [29]. The
-terminal region of the Braziliase-I (105-KYWFYGAK-CQEE117),
hares high identity with the peptide cited above, suggesting that
his region could be responsible for the effect observed in our study.

A very small number of acidic PLA2s from viperid snake ven-
ms  have been characterized. In B. brazili venom case there are
ot published studies characterizing such proteins. The isolation,
iochemical and structural characterization of acidic PLA2s from
. brazili venom provide important information to a better under-
tanding of the toxicological effects caused by these proteins, as
ell as, its potential biotechnological and therapeutic applications.
. Conclusion

This study was carried out to characterize the structure and bio-
hemistry of two acidic snake venom PLA2 isolated from B. brazili
aggregation.
The  platelet aggregation was induced by ADP (A) or collagen (B). The results are
represented as mean ± standard deviation (p < 0.05).

venom. The method of purification was  effective and resulted in
two purified acidic PLA2s called Braziliase-I and −II. Both Braziliases
have molecular weight of approximately 14 kDa. The obtained com-
plete primary sequences of both isolated proteins confirmed that
they are Asp49-PLA2s, catalytically active. The preferred substrate,
of the three analyzed, was the phosphatidylcholine. The molecular
modeling using BthA-I-PLA2 as a template, showed efficient and
the isolated PLA2 were capable to acquire a typical conformation
of PLA2 from Bothrops venoms. Both Braziliases induced oedema
formation, but it was  a moderate effect. However, they are not
myotoxic PLA2s and they have low action on analyzed parasites.
Nevertheless, both isolated acidic PLA2 showed strong inhibitory
effect on platelet aggregation induced by ADP and collagen. These
insights are relevant for the elucidation of the functional roles of
acidic PLA2s in envenomings, as well as for identification of its
biomedical and biotechnological values, which are essential ele-
ments for design and development of new drug leads.
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