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Abstract

Snakebite envenoming is an important public health problem in many tropical and subtropical countries, and is considered
a neglected tropical disease by the World Health Organization. Most severe cases are inflicted by species of the families
Elapidae and Viperidae, and lead to a number of systemic and local effects in the victim. One of the main problems
regarding viperidic accidents is prominent local tissue damage whose pathogenesis is complex and involves the combined
actions of a variety of venom components. Phospholipases A2 (PLA2s) are the most abundant muscle-damaging
components of these venoms. Herein, we report functional and structural studies of PrTX-I, a Lys49-PLA2 from Bothops
pirajai snake venom, and the influence of rosmarinic acid (RA) upon this toxin’s activities. RA is a known active component
of some plant extracts and has been reported as presenting anti-myotoxic properties related to bothopic envenomation.
The myotoxic activity of Lys49-PLA2s is well established in the literature and although no in vivo neurotoxicity has been
observed among these toxins, in vitro neuromuscular blockade has been reported for some of these proteins. Our in vitro
studies show that RA drastically reduces both the muscle damage and the neuromuscular blockade exerted by PrTX-I on
mice neuromuscular preparations (by ,80% and ,90%, respectively). These results support the hypothesis that the two
effects are closely related and lead us to suggest that they are consequences of the muscle membrane-destabilizing activity
of the Lys49-PLA2. Although the C-terminal region of these proteins has been reported to comprise the myotoxic site, we
demonstrate by X-ray crystallographic studies that RA interacts with PrTX-I in a different region. Consequently, a new mode
of Lys49-PLA2 inhibition is proposed. Comparison of our results with others in the literature suggests possible new ways to
inhibit bothropic snake venom myotoxins and improve serum therapy.
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Introduction

Envenoming resulting from snakebites is an important public

health problem in many tropical and subtropical countries [1,2].

Although data on this topic are scarce, a recent study estimates

that at least 421,000 envenomations and 20,000 deaths due to

snakebites occur each year [2]. This problem is particularly

important in the rural tropics because the populations of these

areas usually have poor access to health systems and, in some

cases, antivenom is scarce [1,3]. A large number of victims survive

with permanent physical and also psychological sequelae. Young

agricultural workers, especially males, are the most affected group,

making snakebite envenoming a truly occupational disease [1]

now considered a neglected tropical disease by the World Health

Organization (WHO; http://www.who.int/neglected_diseases/

diseases/snakebites/en/index.html). Even though the majority of

deaths due to snakebite envenoming occur in south and south-east

Asia and sub-Saharan Africa [2], these accidents are also an

important health problem in Latin America [4] where snakebites

from the Bothrops genus (Viperidae family) are responsible for more

than 85% of all reported ophidian accidents [5,6]. One of the

main problems associated with these events is prominent local

tissue damage characterized by swelling, blistering, hemorrhaging

and necrosis of the skeletal muscle which develops rapidly after the

snakebite [1]. Consequently, a delay in access to health facilities

frequently results in drastic tissue damage and permanent

disability [1,7–11].

The pathogenesis of myonecrosis is complex and involves the

combined actions of a variety of venom components, such as

myotoxins and metalloproteinases [12–18]. Nowadays, parenteral

administration of animal-derived antivenoms that consist of whole

IgG molecules (,150 kDa), F(ab9)2 or Fab fragments [19–22]

constitutes the only specific treatment for snakebite envenoming.

But despite the success of this therapy in neutralizing toxins
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responsible for the systemic effects of snakebite envenomation, this

antivenom presents a limited effectiveness in protecting against

establishment of myonecrosis [23]. Therefore, advances in the

treatment of this local pathology may be achieved by elucidating

the snake venom components involved in its genesis and the

molecular basis of their mechanism of action.

Phospholipases A2 (PLA2s) are the most abundant proteins

found in Viperidae snake venoms [24] and, in addition to their

well-established ability to hydrolyze lysophospholipids in a

calcium-dependent mechanism [25], these proteins can display

toxic effects by different mechanisms [26]. A recent phylogenetic

study shows that snake venom PLA2s can be classified into two

groups according to their evolutionary derivation: i) the calcium-

dependent catalytically active enzymes, such as Asp49-, Asn49-

and Gln49-PLA2s; and ii) the catalytically inactive PLA2s that

exert their effects through a still unresolved calcium-independent

mechanism (Lys49-, Arg49- and some Asp49-PLA2s) [27]. The

former group usually includes acidic PLA2s that act as monomeric

toxins whereas the latter includes basic PLA2s that adopt a

homodimeric configuration [27].

Despite their lack of enzymatic activity, Lys49-PLA2 myotoxins

play a key role in myonecrosis, given that when they are selectively

neutralized, most of the muscle-damaging effect of whole venoms

is prevented [28–32]. In addition, several other biological activities

have been described for these toxins both in vivo and in vitro [15].

Although myotoxic Lys49-PLA2s are devoid of significant

neurotoxicity in vivo [15], some of them are able to induce an

inhibitory neuromuscular activity in vitro [33–38]. Recently, a

review of experimental evidence on this topic has suggested that

both the in vitro neuromuscular blockade and the muscle damage

induced by Lys49-PLA2s are consequences of their general muscle

membrane-destabilizing activity [38].

Studies involving the interaction of myotoxic Lys49-PLA2s with

potential neutralizing molecules have been one of the main

methodologies employed to elucidate the action mechanism and

structural determinants of the biological activities of these toxins

[35,39–42]. Furthermore, PLA2 inhibitors may provide therapeu-

tic molecular models with antiophidian properties and may be

applicable as a supplement to the conventional serum therapy

[42]. Medicinal plants constitute an important source of bioactive

compounds able to antagonize the activity of various crude

venoms and purified toxins [40,42–53]. In 2005, Ticli and

colleagues showed that rosmarinic acid (RA) isolated from Cordia

verbenacea significantly inhibits the myotoxic effect induced by the

two main basic PLA2s homologues (BthTX-I and BthTX-II) from

Bothrops jararacussu snake venom [40]. The authors also demon-

strated that RA enhances the effect of commercial equine

polyvalent antivenom against isolated myotoxins or the crude

venom [40].

In this work we report structural and functional studies

concerning the mechanism through which RA neutralizes the in

vitro inhibitory neuromuscular effect and muscle damage caused by

PrTX-I, a Lys49-PLA2 from Bothops pirajai snake venom [54]. The

data obtained show that RA is able to drastically reduce both the

muscle damage and the neuromuscular blockade caused by the

toxin, supporting the hypothesis that these two effects are mainly

consequences of the muscle membrane-destabilizing activity of

Lys49-PLA2s. X-ray crystallographic studies demonstrate that RA

interacts with PrTX-I at the entrance of its hydrophobic channel

and not at its C-terminus, a region indicated as responsible for the

myotoxic effects of Lys49-PLA2s [15,55–59]. Comparison of our

results with others available in the literature lead us to suggest

possible new approaches to inhibit bothropic snake venom

myotoxins so as to achieve improvement in serum therapy.

Methods

Protein purification and Inhibitor Source
PrTX-I was isolated from Bothrops pirajai snake venom as

previously described [54] and rosmarinic acid (RA) was purchased

from Sigma-Aldrich.

Functional Studies
Animals. Adult male mice weighing 25–30g were maintained

under a 12 h light-dark cycle (lights on at 07:00 AM) in a

temperature-controlled environment (2262uC) for at least 10 days

prior to the experiments. Food and water were freely available.

Animal procedures were in accordance with the guidelines

prepared by the Committee on Care and Use of Laboratory

Animal Resources, National Research Council, USA.

Neuromuscular-blocking activity. Mice were killed by

exsanguination after ether anesthesia. Phrenic-diaphragm

preparation was removed and mounted vertically in a

conventional isolated organ-bath chamber containing 15 mL of

physiological solution of the following composition (mmol/L):

NaCl, 135; KCl, 5; MgCl2, 1; CaCl2, 2; NaHCO3, 15; Na2HPO4,

1; glucose, 11. This solution was bubbled with carbogen (95% O2

and 5% CO2). The preparation was attached to an isometric force

transducer (Grass, FT03) to record the twitch tension. The

transducer signal output was amplified and recorded on a

computer via a transducer signal conditioner (Gould, 13-6615-

50) with an AcquireLab Data Acquisition System (Gould). The

resting tension was 5 g. Indirect contractions were evoked by

supramaximal pulses (0.2 Hz, 0.5 ms) delivered from an electronic

stimulator (Grass-S88K) and applied to the phrenic nerve by

means of a suction electrode.

The preparation was stabilized for 45 minutes before the

addition of a single concentration of toxin. For inhibition

experiments, a fixed amount of PrTX-I dissolved in physiological

saline solution (PSS; 0.9% NaCl) was mixed with the same

quantity of RA, in order to obtain a 1:1 (w/w) toxin/RA ratio.

Mixtures were incubated for 30 minutes at 3562uC. Control

experiments were performed in the absence of toxin or in the

presence of RA alone. The degree of protection offered by RA

after 90 minutes of contact with the preparation was expressed as

a percentage of neuromuscular blockade observed in the presence

of the mixture of toxin plus RA relative to the blockade seen in the

presence of toxin alone.

Muscle-damaging activity. At the end of the functional

study, phrenic-diaphragm muscle was removed from the bath and

immersed in Bouin’s fixative, processed, and embedded in

Historesin (Kit Historesin Leica). Histological transverse sections

(5 mm thick) were cut out in a microtome and stained with

hematoxylin and eosin (HE) prior to examination by light

microscopy [60]. Muscle samples were also fixed in Karnovsky’s

fixative for 4 h and washed in 1% osmium tetroxide. The tissue

was dehydrated in ascending concentrations of acetone and

embedded in Epon resin. Sections (1.5 mm) were stained with

uranyl acetate and lead citrate, and examined by electron

microscopy.

Morphological damage was quantified in HE-stained prepara-

tions, using an Imaging Analysis System (Leica, Qwin). The

number of fibers with lesions was expressed as a percentage of the

total number of cells (muscle damage index), in three non-

overlapping non-adjacent areas of each muscle, observed at the

same magnification. The degree of neutralization offered by RA

was expressed as a percentage of the myonecrosis index in the

presence of toxin plus RA relative to that index in the presence of

the toxin alone.

Bothropic Myotoxin Complexed to Rosmarinic Acid
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Statistical analysis. Results are expressed as mean 6 S.E.

Data were analyzed by ANOVA complemented by the Tukey-

Kramer test. Values of P,0.05 were considered significant.

Structural Studies
Crystallographic studies. Co-crystallization experiments

were performed with PrTX-I at a concentration of 12 mg/mL

[61]. Crystals of the complex were obtained by the sitting drop

method [62] after thirty minutes of protein/ligand pre-incubation.

The best crystals were produced by combining 1 ml of protein

solution, 0.5 ml of RA solution (35 mM) and 1 ml of reservoir solution

and equilibrated against 0.5 ml of the same precipitant solution -

20% PEG4000, sodium citrate pH 5.6 and 20% 2-propanol [61].

X-ray data collection and processing. X-ray diffraction

data were collected at a wavelength of 1.427 Å (at 100 K) using a

synchrotron radiation source (MX2 station - Laboratório Nacional

de Luz Sı́ncrotron, LNLS, Campinas, Brazil) and a MAR CCD

imaging-plate detector (MAR Research). A crystal was mounted in

a nylon loop and flash-cooled in a stream of nitrogen at 100 K

using no cryoprotectant [61]. Data were processed using the HKL

program package [63].

Structure determination and refinement. The crystal

structures were solved by molecular replacement using the

program Phaser [64] and the coordinates of PrTX-I complexed

with á-tocopherol [65] as a model. The model was improved, as

judged by the free R-factor [66], through rounds of crystallographic

refinement using the REFMAC program [67]. Manual rebuilding

was performed with the COOT program [68]. The quality of the

model was checked by the program Procheck [69].

Ligand design. The program Avogadro v.1.0.0 [70] (http://

avogadro.openmolecules.net/) was used to design the RA molecule (3-

(3,4-dihydroxyphenyl)-2-[(E)-3-(3, 4-dihydroxyphenyl)prop-2-enoyl]-

oxypropanoic acid) and improve its overall structure by an energy

minimization process based on the MMFF94 force field [71].

Geometric optimization was performed with a steepest-descent

algorithm (500 steps with a 1027 convergence criterion).

Results

Neuromuscular blocking activity
PrTX-I (1 mM) induced a time-dependent blockade of indirectly

evoked twitches in phrenic-diaphragm preparations. After 90 min-

utes, the twitch amplitudes were reduced from 100% to 4.5%62.9%

(Figure 1). The mean time required to reduce the twitch amplitudes

by 50% (t1/2) was 31.963.2 minutes. The neuromuscular blockade

induced by PrTX-I was not reversed when preparations were

washed for 30 minutes with toxin-free physiological solution (data

not shown). RA significantly prevented the neuromuscular blockade

induced by PrTX-I when both were pre-incubated, but alone the

RA did not affect the twitches (Figure 1).

Muscle-damaging activity
Light microscopy showed that a majority of both control

(Figure 2a) and RA-exposed (Figure 2b) diaphragm muscle fibers

presented normal appearance. Fibers were clearly delimited by a

thin layer of connective tissue (the endomysium) and presented a

polygonal shape, acidophilic sarcoplasm and peripheral nuclei

(Figure 2a, b). Few fibers from the control (0.660.1%) and RA-

treated muscles (0.960.1%) were injured (Figure 3). After

90 minutes of contact with PrTX-I, diaphragm muscle presented

fibers with different degrees of damage. The most common

features were round fibers and edema in endomysium connective

tissue that was characterized by larger spaces between fibers.

Many fibers presented cytoplasm areas devoid of myofibrils, some

with a central nucleus (Figure 2c). The muscle damage index was

35.160.7% (Figure 3). Ultra-structural analysis revealed muscle

fibers with loss of myofilaments, leaving sarcoplasmic spaces

apparently devoid of myofibrils. Mitochondria showed swelling

Figure 1. Effects of PrTX-I alone and PrTX-I pre-incubated with RA on indirectly evoked twitches in mouse phrenic-diaphragm
preparations. The ordinate represents the percentage amplitude of twitches relative to the initial amplitude. The abscissa indicates the time after
the addition of toxin to the organ bath. The points are the mean 6 S.E. * indicates the point at which differences between PrTX-I and the control
become significant.
doi:10.1371/journal.pone.0028521.g001

Bothropic Myotoxin Complexed to Rosmarinic Acid
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with reduced or ruptured cristae (Figure 4d). On the other hand,

preparations exposed to PrTX-I that had been pre-incubated with

RA showed most fibers with normal aspects (Figures 2d, 4e and

4f); the muscle damage index was 7.960.9% (Figure 3).

Crystallographic studies
Crystals of the PrTX-I/RA complex diffracted X-rays to 1.77 Å

resolution [61]. Data collection statistics are shown in Table 1.

The crystals belong to orthorhombic space group P212121, with

unit-cell parameters a = 49.4 Å, b = 67.0 Å and c = 85.5 Å. The

data set is 95.1% complete with an Rmerge = 6.8%. Calculations

based on the protein molecular weight [72] indicate the presence

of two molecules in the asymmetric unit [61]. The homodimeric

configuration adopted by Lys49-PLA2s has already been demon-

strated by different techniques [39,73–77] and is assumed to be the

biological assembly in this study.

After molecular replacement and cycles of manual and

automated refinement, an electron density that corresponds to

Figure 2. Light micrographs of mouse diaphragm muscles submitted to hematoxilin and eosin staining. Control muscle (a) and muscle
exposed to RA (b) show fibers with normal appearance as evidenced by the polygonal aspect of fibers (F) and endomysium (EN). (c) Muscle exposed
to PrTX-I: edema (ED), round fibers (RF) some of which present loss of myofibrils (LM). (d) Muscle exposed to PrTX-I pre-incubated with RA: most fibers
present a normal appearance.
doi:10.1371/journal.pone.0028521.g002

Figure 3. Effect of RA upon the muscle damage index induced by PrTX-I in mouse diaphragm preparations. The ordinate represents
the % of damaged fibers relative to normal fibers and the abscissa indicates the experimental groups. The bars are expressed as mean 6 S.E.
doi:10.1371/journal.pone.0028521.g003

Bothropic Myotoxin Complexed to Rosmarinic Acid
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an RA molecule was observed at the entrance of the hydrophobic

channel monomer A (Figure 5; Figure 6) [61]. Inspection of the

|Fobs|-|Fcalc| electronic density map also showed that one

PEG4000 and eight molecules of isopropanol (IOH) also interact

with the toxin. RA establishes hydrogen bonds with residues Phe3,

Lys7, Leu10, Gln11 and Gly15 of monomer A (Figure 5) and

interacts through water molecules with residues Leu2, Arg72 and

Trp77 of the same chain. Additionally, interactions between the

RA molecule and the residue Pro123 of monomer B are observed

(Figure 5). On the other hand, the hydrophobic channel of

monomer B is occupied by a PEG4000 molecule. This PEG

molecule establishes contacts with Phe3 and Lys7 of monomer B,

with the latter being established via a water molecule. Two of the

eight isopropanol (IOH) molecules interact with both His48

residues (Nd1 atoms) of the dimeric structure through the well-

known ‘‘active-site’’ water molecule [78]. Asn17:Tyr119 and

Tyr119:Tyr119 hydrogen bonds are observed between the protein

monomers.

Due to a lack of defined electron density, the side chains of the

following residues were modeled as alanine: Lys36, Lys78, Leu116

and Lys129 of chain A, and Lys70, Leu116 and Lys127 of chain B.

The side chains of some other residues were modeled as presenting

multiple configurations.

Comparison of the PrTX-I/RA complex with the apo PrTX-I

structure [65] (PDB ID 2Q2J) shows that a rearrangement

between the monomers is induced by the presence of RA and

affects mainly one of the C-termini (overall r.m.s.d. of 1.04 Å and

0.59 Å for protomers A and B, respectively, and 2.65 Å and

0.58 Å for their C-termini, respectively) (Figure 7). This

rearrangement can be characterized by the establishment of the

Tyr119-Tyr119 interchain hydrogen bond that is a feature

common to all structures of Lys49-PLA2 complexes solved to

date [65,74,75,79].

Discussion

Myonecrosis is an important consequence of envenomation

following Bothrops snakebites because it is poorly neutralized by

conventional serum therapy and, in severe cases, may lead to

amputation and permanent disability [1,2,4,7,9,80]. Therefore,

there has been a growing interest in the study of venom

components involved in the genesis of myonecrosis, their mode

of action and the structural basis underlying this biological activity.

Several of these investigations have focused on the myotoxic

Lys49-PLA2 homologues that are widely found in Viperidae snake

venoms [15,81,82]. One of the experimental strategies used for the

study of these myotoxins is based on the evaluation of the

functional and structural consequences of their interaction with

potential neutralizing agents. Therefore, in this work we

investigated the ability of RA to neutralize the muscle-damaging

and the neuromuscular-blocking activities of PrTX-I, a Lys49-

PLA2 from Bothrops pirajai snake venom. Additionally, the complex

Figure 4. Electron micrographs of mouse diaphragm muscle. Control muscle (a, b) shows normal morphology with plasma membrane (PM),
myofibrils (M) and mitochondria (MI). Muscle exposed to PrTX-I (c, d) presents fibers with myofibril disorganization (MD), cytoplasmic areas devoid of
myofibrils (DM) and mitochondrial swelling with reduced or ruptured cristae (MS). Muscle exposed to PrTX-I pre-incubated with RA (e, f) shows
normal fiber aspect. Note myofibrils (M) and mitochondria (MI) aspects.
doi:10.1371/journal.pone.0028521.g004
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of PrTX-I with RA was crystallized in order to clarify the

structural site(s) involved in the toxic effects presented by this

Lys49-PLA2.

The present data show that RA significantly reduces the

blockade of indirectly evoked muscle contractions induced by

PrTX-I by up to 90% and inhibits the muscle damage caused by

this toxin in isolated phrenic-diaphragm preparations by about

80%. The ability of PrTX-I and several other Lys49-PLA2s to

block neuromuscular transmission in isolated preparations has

been previously described [33–38]. However, interpreting this

finding has been a challenging task since these myotoxins are

devoid of significant neurotoxicity in vivo [15]. Nevertheless, a

recent review of all the available experimental evidence led to the

hypothesis that both the in vitro inhibitory neuromuscular effect

and the muscle damage promoted by Lys49-PLA2s result from

their ability to destabilize muscle cell membranes [38]. The first

consequence of the muscle membrane destabilization is the

collapse of the ionic gradient leading to cell depolarization,

probably due to the re-equilibration of Na+ and K+ ions [83]. In

fact, initial contractures and reduction of the resting membrane

potential, which indicate membrane cell depolarization, are

characteristics of the in vitro neuromuscular blockade induced by

Lys49-PLA2s in frog, chick and mouse preparations [33,83,84].

Thus, it has been suggested that the persistent cell depolarization

induced by Lys49-PLA2s creates areas of membrane inexcitability

due to inactivation of voltage-dependent Na+-channels, thus

impairing the generation of the action potential along muscle

fibers [83]. Neuromuscular transmission is highly susceptible to

this depolarizing blockade because it depends on the electrical

excitability of a restricted membrane area surrounding the

endplate region, known as the perijunctional zone [38]. Moreover,

the disruption of the muscle fiber membranes induced by Lys49-

PLA2 homologues also promotes an increase in the concentration

of the cytosolic calcium that initiates a complex series of

degenerative effects on muscle fibers [38,85]. The fact that RA

considerably reduces both the paralysis and the muscle damage

caused by PrTX-I confirms the hypothesis that these effects are

closely related.

Rosmarinic acid is a polyphenolic compound found in various

plants of the Boraginaceae and Laminaceae families [86]. Several

biological properties have been described for this compound

including its ability to neutralize inflammatory, myotoxic and

hemorrhagic activities of both crude snake venoms and their

isolated toxins [40,87]. In addition, it has been shown that RA

inhibits some enzymes including acetylcholinesterase [88,89].

However, this anticholinesterase activity occurs within a concen-

tration range that is one to two orders of magnitude higher than

that used in our experiments [88,89] and probably does not

explain the ability of RA to neutralize PrTX-I-induced neuro-

muscular blockade. Additionally, the observation that RA alone

does not significantly affect the indirectly evoked contractions

supports this idea. Electrophoresis and circular dichroism studies

exclude the proteolytic degradation of the toxin as a potential

mechanism involved in the inhibition of myotoxic and inflamma-

tory activities of Lys49-PLA2s from Bothrops jararacussu venom by

RA [40]. In view of the abovementioned characteristics, RA is an

apt tool for investigating the structural basis underlying the toxic

activities of Lys49-PLA2s and may even become a potential

effective molecule to supplement serum therapy.

The muscle membrane-destabilizing activity exerted by Lys49-

PLA2s has long been attributed to the presence of basic and

aromatic residues situated at specific positions in the C-terminal

region of these toxins [15,55–57,59,90–92] (residues 115–129

according to the numbering system adopted by Renetseder and

colleagues [93]). On the other hand, ligands that bind to other sites

have also been described in the literature and their ability to

diminish the myotoxic effects induced by Lys49-PLA2s have been

demonstrated [39,94–96].

A recent review of all apo and complexed structures of Lys49-

PLA2s available in the Protein Data Bank (http://www.pdb.org)

served as the basis for a prediction of the residues involved in the

muscle membrane-destabilizing activity of these proteins (denom-

inated a ‘‘myotoxic site’’) and a two-step mechanism of action [65]

(Figure 8). According to the proposal, the first step of the

mechanism is the interaction of Lys20, Lys115 and Arg118 of

these proteins with the phospholipid headgroups at the surface of

the plasma membrane. Subsequently, a quaternary rearrangement

takes place that allows long-chain hydrophobic portions of

membrane phospholipids to be inserted into the hydrophobic

channel of the toxin [65]. Therefore, the hydrophobic channel was

suggested to be involved in one of the steps required for the

mechanism of Lys49-PLA2s, thereby justifying its conservation

Table 1. X-ray data collection and refinement statistics for
PrTX-I/RA.

Unit cell (Å) a = 49.4, b = 67.0, c = 85.5

Space group P212121

Resolution (Å) 40-1.77 (1.86-1.77)a

Unique reflections 26992 (3895)a

Completeness (%) 95.1 (97.5)a

Rmerge
b (%) 6.8 (41.2)a

Radiation source Synchrotron (MX2 station,
LNLS)

I/s(I) 16.5 (2.0)a

Matthews coefficient VM (Å3/Dalton) 2.62

Molecules in asymmetric unit 2

Solvent content (%) 53.12

Rcryst
c (%) 16.0

Rfree
d (%) 21.7

Mean B-factor (Å2)e

Overall 37.2

Protein 22.7

RA molecule 44.2

R.m.s. deviations from ideal valuese

bond lengths (Å) 0.022

bond angles (o) 2.0

Ramachandran plotf

residues in most favorable/additionally allowed
region (%)

89.9/9.1

residues in generously/not allowed regions (%) 1.0/0

Coordinate error (Å)

SIGMAA (cross-validated SIGMAA)e 0.07 (0.08)

aNumbers in parenthesis are for the highest resolution shell.
bRmerge =Shkl(Si(|Ihkl,i2,Ihkl .|))/Shkl,i ,Ihkl., where Ihkl,i is the intensity of an

individual measurement of the reflection with Miller indices h, k and l, and
,Ihkl. is the mean intensity of that reflection. Calculated for I.23s (I).

cRcryst =ghkl(IFobshkl|-|FcalchklI)/|Fobshkl|, where |Fobshkl| and |Fcalchkl| are the
observed and calculated structure factor amplitudes.

dRfree is equivalent to Rcryst but calculated with reflections (5%) omitted from
the refinement process.

eCalculated with the program REFMAC [67].
fCalculated with the program PROCHECK [69].
doi:10.1371/journal.pone.0028521.t001
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Figure 5. Interactions between RA and PrTX-I atoms in the PrTX-I/RA complex. The surface charge distribution for the PrTX-I/RA
crystallographic model and specific interactions between RA with some PrTX-I atoms are shown. Only the interactions with interatomic distances
shorten than 3.7 Å are represented between chain A and the RA molecule (black dashes). To represent the interactions between RA and the residue
Pro123 of chain B a larger distance cut-off was considered (blue dashes). Residues whose contacts with RA are established through water molecules
are not shown. The electron density map for RA molecule was calculated with coefficients 2|Fobs|-|Fcalc| contoured at 1.0 standard deviation.
doi:10.1371/journal.pone.0028521.g005

Figure 6. Comparison of the PrtX-I/RA complex with two other Lys49-PLA2s complexed to fatty acids. (a) Cartoon representation for the
PrTX-I/RA complex. (b) PrTX-I/RA complex displayed in the same orientation shown in (a) shows RA occluding the entrance of the chain A
hydrophobic channel. A surface representation is used for protomer A and cartoon representation with a semi-tranparent surface is employed for
protomer B. The hydrophobic channel of protomer A is shown in yellow and the C-terminus of protomer B (residues 119–125) is represented in blue.
(c) Superposition of PrTX-I/RA complex with PrTX-II/fatty acid (pink) and MjTX-II/stearic acid (light green) complexes (only one protomer of the
homodimeric toxins is represented). (d) Surface view of the PrTX-I/RA complex shows that the hydrophobic channel of monomer A is in close contact
with the C-terminal region of monomer B. The RA molecule is shown in sticks in all panels.
doi:10.1371/journal.pone.0028521.g006
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among these proteins that do not present any phospholipase

activity [65,75].

The crystal structure of PrTX-I complexed to RA shows that

the inhibitor interacts with the toxin at the entrance of its

hydropohobic channel (Figure 5; Figure 6), demonstrating for the

first time a ligand that interacts with this region of a Lys49-PLA2.

Considering the mechanism proposed by dos Santos and

colleagues [65], this finding suggests that the inhibitory effect of

RA is the result of a steric hindrance that blocks the access of

substrates to the hydrophobic channel (Figure 6; Figure 8).

Supporting this hypothesis, comparison of the PrTX-I/RA

complex with structures of two Lys49-PLA2s bound to fatty acids

(PDB ID 1QLL and 1XXS) [97,98] suggests that RA impairs the

binding of lipid tails to the hydrophobic channel by physically

blocking its entrance (Figure 6c). The fact that only one RA

molecule was found to interact with the dimeric structure of

PrTX-I can be rationalized by the presence of a PEG4000

molecule in the second hydrophobic channel, presumably arising

from the high concentration of PEG4000 in the crystallization

buffer combined with the high affinity of the channel for

hydrophobic molecules.

The way RA interacts with PrTX-I lead us to suggest how the

quaternary assembly of the protomers contributes to Lys49-PLA2s

function. The blockade of one hydrophobic channel of the toxin

Figure 7. Superposition of the apo and RA-bound forms of PrTX-I. (a) Ribbon representation of both homodimer structures. (b)
superposition between corresponding protomers of the structure. The r.m.s.d. values for the whole protomer chain superposition and for the C-
terminal region (residues 115–129) are shown. The higher r.m.s.d. for protomer B is due to allosteric changes induced by the ligand in the C-terminal
region.
doi:10.1371/journal.pone.0028521.g007

Figure 8. Model for Lys49-PLA2 interaction with muscle membrane and the influence of RA. Step 1 represents the initial protein-
membrane interactions and step 2 represents the protein after C-termini interactions and insertion of lipid tails in both hydrophobic channels of the
toxin [65]. The C-terminal region of the protein (residues 115–129) is colored in blue and residues Lys20, Lys115and Arg118 are highlighted in stick
representation. The crystallographic models of BthTX-I (PDB ID 3HZD) and BthTX-I/PEG4000 (PDB ID 3IQ3) are employed for step 1 and 2
representations of the apo and complexed forms of homodimeric Lys49-PLA2s, respectively. RA impairs the transition between steps 1 and 2: the
inhibitor interacts with the Lys49-PLA2 at the entrance of the hydrophobic channels, consequently affecting the ability of lipid tails of membrane
phospholipids to be inserted in the toxin hydrophobic channels.
doi:10.1371/journal.pone.0028521.g008
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(protomer A in this structure) by RA molecule occurs when the

inhibitor interacts with atoms of both protomers (Figure 5),

however conformational changes are observed only in the C-

terminus of protomer B (Figure 7).

In conclusion, we have demonstrated that RA interacts with

PrTX-I at the entrance of its hydrophobic channel and that the

presence of ligand bound outside the well-characterized ‘‘myotoxic

site’’ at the C-terminus of Lys49-PLA2 affect the toxin’s ability to

destabilize muscle membranes. Considering the two-step mecha-

nism by which Lys49-PLA2s may act [65] it is possible to propose

different means to inhibit these myotoxins: i) by inhibition of the

‘‘myotoxic site’’ (e.g. with heparin [99]), ii) by physical inhibition of

the hydrophobic channel (e.g. with PEG400 [39]) or by preventing

its occupation (e.g. with RA). The combination of these strategies

may lead to more successful methods to inhibit bothropic Lys49-

PLA2s myotoxins within the context of snakebite treatment by the

development of inhibitory compounds that may serve as an

adjuvant to serum therapy.

Atomic coordinates
The PrTX-I/RA coordinates have been deposited in the

Protein Data Bank with identification code 3QNL.
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pp 120.

7. Nishioka Sde A, Silveira PV (1992) A clinical and epidemiologic study of 292

cases of lance-headed viper bite in a Brazilian teaching hospital. Am J Trop Med

Hyg 47: 805–810.

8. Cardoso JL, Fan HW, Franca FO, Jorge MT, Leite RP, et al. (1993)

Randomized comparative trial of three antivenoms in the treatment of

envenoming by lance-headed vipers (Bothrops jararaca) in Sao Paulo, Brazil.

Q J Med 86: 315–325.

9. Otero R, Gutierrez J, Beatriz Mesa M, Duque E, Rodriguez O, et al. (2002)

Complications of Bothrops, Porthidium, and Bothriechis snakebites in

Colombia. A clinical and epidemiological study of 39 cases attended in a

university hospital. Toxicon 40: 1107–1114.

10. Fan HW, Cardoso JL (1995) Clinical toxicology os snake bites in South America.

In: Meier J, White J, eds. Handbook of clinical toxicology of animal venoms and

poisons. Boca Raton (Florida): CRC Press. pp 667–688.

11. Warrell DA (1996) Clinical features of envenoming from snake bites. In: Bon C,

Goyffon M, eds. Envenomings and their treatments. Lyon: Fondation Marcel

Mérieux. pp 63–76.

12. Rosenberg P (1990) Handbook of toxinology. In: Shyer WT, Mebs D, eds. New

York: Dekker.

13. Gutierrez JM (2002) Understanding snake venoms: 50 years of research in Latin

America. Rev Biol Trop 50: 377–394.

14. Soares AM, Fontes MRM, Giglio JR (2004) Phospholipase A(2) myotoxins from

Bothrops snake venoms: Structure-function relationship. Curr Org Chem 8:

1677–1690.

15. Lomonte B, Angulo Y, Calderon L (2003) An overview of lysine-49

phospholipase A2 myotoxins from crotalid snake venoms and their structural

determinants of myotoxic action. Toxicon 42: 885–901.

16. Moura-da-Silva AM, Laing GD, Paine MJ, Dennison JM, Politi V, et al. (1996)

Processing of pro-tumor necrosis factor-alpha by venom metalloproteinases: a

hypothesis explaining local tissue damage following snake bite. Eur J Immunol

26: 2000–2005.

17. Ramos OH, Selistre-de-Araujo HS (2006) Snake venom metalloproteases–

structure and function of catalytic and disintegrin domains. Comp Biochem

Physiol C Toxicol Pharmacol 142: 328–346.

18. Gutierrez JM, Rucavado A, Escalante T, Diaz C (2005) Hemorrhage induced by

snake venom metalloproteinases: biochemical and biophysical mechanisms

involved in microvessel damage. Toxicon 45: 997–1011.

19. Lalloo DG, Theakston RD (2003) Snake antivenoms. J Toxicol Clin Toxicol 41:

277–290; 317–227.

20. Theakston RD, Warrell DA, Griffiths E (2003) Report of a WHO workshop on

the standardization and control of antivenoms. Toxicon 41: 541–557.

21. Gutierrez JM, Sanz L, Flores-Diaz M, Figueroa L, Madrigal M, et al. (2010)

Impact of regional variation in Bothrops asper snake venom on the design of

antivenoms: integrating antivenomics and neutralization approaches. J Proteome

Res 9: 564–577.

22. Gutierrez JM, Lomonte B, Leon G, Alape-Giron A, Flores-Diaz M, et al. (2009)

Snake venomics and antivenomics: Proteomic tools in the design and control of

antivenoms for the treatment of snakebite envenoming. J Proteomics 72:

165–182.

23. Warrell DA (1992) The global problem of snake bite: Its prevention and

treatment. In: Gopalakrishnakone P, Tan CK, eds. Recent advances in

toxinology research. Singapore: National University of Singapore. pp 121–153.

24. Kini RM (2003) Excitement ahead: structure, function and mechanism of snake

venom phospholipase A(2) enzymes. Toxicon 42: 827–840.

25. Van Deenen LLM, De Haas GH (1963) The Substrate Specificity of

Phospholipase A2. Biochim Biophys Acta 70: 538–553.

26. Doley R, Kini RM (2009) Protein complexes in snake venom. Cell Mol Life Sci

66: 2851–2871.

27. dos Santos JI, Cintra-Francischinelli M, Borges RJ, Fernandes CA, Pizzo P, et al.

Structural, functional, and bioinformatics studies reveal a new snake venom

homologue phospholipase A class. Proteins 79: 61–78.

28. Lomonte B, Gutierrez JM, Moreno E, Cerdas L (1987) Antibody neutralization

of a myotoxin from the venom of Bothrops asper (terciopelo). Toxicon 25:

443–449.

29. Lomonte B, Gutierrez JM, Ramirez M, Diaz C (1992) Neutralization of

myotoxic phospholipases A2 from the venom of the snake Bothrops asper by

monoclonal antibodies. Toxicon 30: 239–245.

30. Moura-da-Silva AM, Cardoso DF, Tanizaki MM, Mota I (1991) Neutralization

of myotoxic activity of Bothrops venoms by antisera to purified myotoxins and to

crude venoms. Toxicon 29: 1471–1480.

31. Melo PA, Ownby CL (1999) Ability of wedelolactone, heparin, and para-

bromophenacyl bromide to antagonize the myotoxic effects of two crotaline

venoms and their PLA2 myotoxins. Toxicon 37: 199–215.

32. Trento EP, Garcia OS, Rucavado A, Franca SC, Batalini C, et al. (2001)

Inhibitory properties of the anti-bothropic complex from Didelphis albiventris

serum on toxic and pharmacological actions of metalloproteases and myotoxins

from Bothrops asper venom. Biochem Pharmacol 62: 1521–1529.

33. Heluany NF, Homsi-Brandeburgo MI, Giglio JR, Prado-Franceschi J, Rodri-

gues-Simioni L (1992) Effects induced by bothropstoxin, a component from

Bothrops jararacussu snake venom, on mouse and chick muscle preparations.

Toxicon 30: 1203–1210.

34. Rodrigues-Simioni L, Prado-Franceschi J, Cintra AC, Giglio JR, Jiang MS, et al.

(1995) No role for enzymatic activity or dantrolene-sensitive Ca2+ stores in the

muscular effects of bothropstoxin, a Lys49 phospholipase A2 myotoxin. Toxicon

33: 1479–1489.

35. de Oliveira M, Cavalcante WL, Arruda EZ, Melo PA, Dal-Pai Silva M, et al.

(2003) Antagonism of myotoxic and paralyzing activities of bothropstoxin-I by

suramin. Toxicon 42: 373–379.

36. Cavalcante WL, Silva MD, Gallacci M (2005) Influence of temperature upon

paralyzing and myotoxic effects of bothropstoxin-I on mouse neuromuscular

preparations. Chem Biol Interact 151: 95–100.

37. Cavalcante WLG, Campos TO, Dal Pai-Silva M, Pereira PS, Oliveira CZ, et al.

(2007) Neutralization of snake venom phospholipase A(2) toxins by aqueous

extract of Casearia sylvestris (Flacourtiaceae) in mouse neuromuscular

preparation. J Ethnopharmacol 112: 490–497.

38. Gallacci M, Cavalcante WL (2010) Understanding the in vitro neuromuscular

activity of snake venom Lys49 phospholipase A2 homologues. Toxicon 55: 1–11.

39. Murakami MT, Vicoti MM, Abrego JR, Lourenzoni MR, Cintra AC, et al.

(2007) Interfacial surface charge and free accessibility to the PLA2-active site-like

Bothropic Myotoxin Complexed to Rosmarinic Acid

PLoS ONE | www.plosone.org 9 December 2011 | Volume 6 | Issue 12 | e28521



region are essential requirements for the activity of Lys49 PLA2 homologues.

Toxicon 49: 378–387.

40. Ticli FK, Hage LI, Cambraia RS, Pereira PS, Magro AJ, et al. (2005)
Rosmarinic acid, a new snake venom phospholipase A2 inhibitor from Cordia

verbenacea (Boraginaceae): antiserum action potentiation and molecular
interaction. Toxicon 46: 318–327.

41. Lomonte B, Leon G, Angulo Y, Rucavado A, Nunez V (2009) Neutralization of

Bothrops asper venom by antibodies, natural products and synthetic drugs:

contributions to understanding snakebite envenomings and their treatment.
Toxicon 54: 1012–1028.

42. Marcussi S, Sant’Ana CD, Oliveira CZ, Rueda AQ, Menaldo DL, et al. (2007)

Snake venom phospholipase A2 inhibitors: medicinal chemistry and therapeutic
potential. Curr Top Med Chem 7: 743–756.

43. Otero R, Nunez V, Jimenez SL, Fonnegra R, Osorio RG, et al. (2000)

Snakebites and ethnobotany in the northwest region of Colombia: Part II:

neutralization of lethal and enzymatic effects of Bothrops atrox venom.
J Ethnopharmacol 71: 505–511.

44. Otero R, Nunez V, Barona J, Fonnegra R, Jimenez SL, et al. (2000) Snakebites

and ethnobotany in the northwest region of Colombia. Part III: neutralization of
the haemorrhagic effect of Bothrops atrox venom. J Ethnopharmacol 73:

233–241.

45. Borges MH, Soares AM, Rodrigues VM, Andriao-Escarso SH, Diniz H, et al.
(2000) Effects of aqueous extract of Casearia sylvestris (Flacourtiaceae) on actions

of snake and bee venoms and on activity of phospholipases A(2). Comp Biochem

Phys B 127: 21–30.

46. Borges MH, Soares AM, Rodrigues VM, Oliveira F, Fransheschi AM, et al.
(2001) Neutralization of proteases from Bothrops snake venoms by the aqueous

extract from Casearia sylvestris (Flacourtiaceae). Toxicon 39: 1863–1869.

47. Biondo R, Pereira AM, Marcussi S, Pereira PS, Franca SC, et al. (2003)
Inhibition of enzymatic and pharmacological activities of some snake venoms

and toxins by Mandevilla velutina (Apocynaceae) aqueous extract. Biochimie 85:

1017–1025.

48. Biondo R, Soares AM, Bertoni BW, Franca SC, Pereira AM (2004) Direct
organogenesis of Mandevilla illustris (Vell) Woodson and effects of its aqueous

extract on the enzymatic and toxic activities of Crotalus durissus terrificus snake
venom. Plant Cell Rep 22: 549–552.

49. Januario AH, Santos SL, Marcussi S, Mazzi MV, Pietro RC, et al. (2004) Neo-

clerodane diterpenoid, a new metalloprotease snake venom inhibitor from

Baccharis trimera (Asteraceae): anti-proteolytic and anti-hemorrhagic properties.
Chem Biol Interact 150: 243–251.

50. Maiorano VA, Marcussi S, Daher MA, Oliveira CZ, Couto LB, et al. (2005)

Antiophidian properties of the aqueous extract of Mikania glomerata.
J Ethnopharmacol 102: 364–370.

51. Oliveira CZ, Maiorano VA, Marcussi S, Sant’ana CD, Januario AH, et al.

(2005) Anticoagulant and antifibrinogenolytic properties of the aqueous extract

from Bauhinia forficata against snake venoms. J Ethnopharmacol 98: 213–216.

52. da Silva JO, Coppede JS, Fernandes VC, Sant’ana CD, Ticli FK, et al. (2005)
Antihemorrhagic, antinucleolytic and other antiophidian properties of the

aqueous extract from Pentaclethra macroloba. J Ethnopharmacol 100: 145–152.

53. Soares AM, Ticli FK, Marcussi S, Lourenco MV, Januario AH, et al. (2005)
Medicinal plants with inhibitory properties against snake venoms. Curr Med

Chem 12: 2625–2641.

54. Mancuso LC, Correa MM, Vieira CA, Cunha OA, Lachat JJ, et al. (1995)

Fractionation of Bothrops pirajai snake venom: isolation and characterization of
piratoxin-I, a new myotoxic protein. Toxicon 33: 615–626.

55. Lomonte B, Angulo Y, Santamaria C (2003) Comparative study of synthetic

peptides corresponding to region 115–129 in Lys49 myotoxic phospholipases A2
from snake venoms. Toxicon 42: 307–312.

56. Ward RJ, Alves AR, Ruggiero Neto J, Arni RK, Casari G (1998) A

SequenceSpace analysis of Lys49 phopholipases A2: clues towards identification

of residues involved in a novel mechanism of membrane damage and in
myotoxicity. Protein Eng 11: 285–294.

57. Ward RJ, Chioato L, de Oliveira AH, Ruller R, Sa JM (2002) Active-site

mutagenesis of a Lys49-phospholipase A2: biological and membrane-disrupting
activities in the absence of catalysis. Biochem J 362: 89–96.

58. Chioato L, Aragao EA, Ferreira TL, de Medeiros AI, Faccioli LH, et al. (2007)

Mapping of the structural determinants of artificial and biological membrane

damaging activities of a Lys49 phospholipase A(2) by scanning alanine
mutagenesis. BBA-Biomembranes 1768: 1247–1257.

59. Ambrosio ALB, Nonato MC, de Araujo HSS, Arni R, Ward RJ, et al. (2005) A

molecular mechanism for Lys(49)-phospholipase A(2) activity based on ligand-
induced conformational change. J Biol Chem 280: 7326–7335.

60. Bancroft JD, Stevens A (1990) Theory and practice oh histological techniques.

Endiburgh: Churchill Livingstone.

61. dos Santos JI, Santos-Filho NA, Soares AM, Fontes MR (2010) Crystallization

and preliminary X-ray crystallographic studies of a Lys49-phospholipase A2
homologue from Bothrops pirajai venom complexed with rosmarinic acid. Acta

Crystallogr Sect F Struct Biol Cryst Commun 66: 699–701.

62. McPherson A (1999) Crystallization of Biological Macromolecules. New York:
Cold Spring Harbor Laboratory Press . 586 p.

63. Otwinowski Z, Minor W (1997) Processing of X-ray diffraction data collected in

oscillation mode. Macromolecular Crystallography, Pt A 276. pp 307–326.

64. McCoy AJ (2007) Solving structures of protein complexes by molecular

replacement with Phaser. Acta Crystallogr D Biol Crystallogr 63: 32–41.

65. dos Santos JI, Soares AM, Fontes MR (2009) Comparative structural studies on

Lys49-phospholipases A(2) from Bothrops genus reveal their myotoxic site.

J Struct Biol 167: 106–116.

66. Brunger AT, Adams PD, Clore GM, DeLano WL, Gros P, et al. (1998)

Crystallography & NMR system: A new software suite for macromolecular

structure determination. Acta Crystallogr D Biol Crystallogr 54: 905–921.

67. Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular

structures by the maximum-likelihood method. Acta Crystallogr D Biol Crystal-

logr 53: 240–255.

68. Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics.

Acta Crystallogr D Biol Crystallogr 60: 2126–2132.

69. Laskowski RA, Macarthur MW, Moss DS, Thornton JM (1993) Procheck - a

Program to Check the Stereochemical Quality of Protein Structures. J Appl

Crystallogr 26: 283–291.

70. Avogadro: an open-sourcemolecular builder and visualization tool. 1.XX. ed.

71. Halgren TA, Nachbar RB (1996) Merck molecular force field. IV. conforma-

tional energies and geometries for MMFF94. J Comput Chem 17: 587–615.

72. Kantardjieff KA, Rupp B (2003) Matthews coefficient probabilities: Improved

estimates for unit cell contents of proteins, DNA, and protein-nucleic acid

complex crystals. Protein Sci 12: 1865–1871.

73. da Silva Giotto MT, Garratt RC, Oliva G, Mascarenhas YP, Giglio JR, et al.

(1998) Crystallographic and spectroscopic characterization of a molecular hinge:

conformational changes in bothropstoxin I, a dimeric Lys49-phospholipase A2

homologue. Proteins 30: 442–454.

74. Fernandes CA, Marchi-Salvador DP, Salvador GM, Silva MC, Costa TR, et al.

(2011) Comparison between apo and complexed structures of bothropstoxin-I

reveals the role of Lys122 and Ca(2+)-binding loop region for the catalytically

inactive Lys49-PLA(2)s. J Struct Biol.

75. dos Santos JI, Fernandes CA, Magro AJ, Fontes MR (2009) The intriguing

phospholipases A2 homologues: relevant structural features on myotoxicity and

catalytic inactivity. Protein Pept Lett 16: 887–893.

76. Soares AM, Guerra-Sa R, Borja-Oliveira CR, Rodrigues VM, Rodrigues-

Simioni L, et al. (2000) Structural and functional characterization of BnSP-7, a

Lys49 myotoxic phospholipase A(2) homologue from Bothrops neuwiedi

pauloensis venom. Arch Biochem Biophys 378: 201–209.

77. Angulo Y, Gutierrez JM, Soares AM, Cho W, Lomonte B (2005) Myotoxic and

cytolytic activities of dimeric Lys49 phospholipase A(2) homologues are reduced,

but not abolished, by a pH-induced dissociation. Toxicon 46: 291–296.

78. Scott DL, White SP, Otwinowski Z, Yuan W, Gelb MH, et al. (1990) Interfacial

catalysis: the mechanism of phospholipase A2. Science 250: 1541–1546.

79. Marchi-Salvador DP, Fernandes CA, Silveira LB, Soares AM, Fontes MR

(2009) Crystal structure of a phospholipase A(2) homolog complexed with p-

bromophenacyl bromide reveals important structural changes associated with

the inhibition of myotoxic activity. Biochim Biophys Acta 1794: 1583–1590.

80. Gutierrez JM, Ponce-Soto LA, Marangoni S, Lomonte B (2008) Systemic and

local myotoxicity induced by snake venom group II phospholipases A2:

comparison between crotoxin, crotoxin B and a Lys49 PLA2 homologue.

Toxicon 51: 80–92.

81. Lomonte B, Angulo Y, Sasa M, Gutierrez JM (2009) The phospholipase A2

homologues of snake venoms: biological activities and their possible adaptive

roles. Protein Pept Lett 16: 860–876.

82. Arni RK, Ward RJ, Gutierrez JM, Tulinsky A (1995) Structure of a calcium-

independent phospholipase-like myotoxic protein from Bothrops asper venom.

Acta Crystallogr D Biol Crystallogr 51: 311–317.

83. Rodrigues-Simioni L, Borgese N, Ceccarelli B (1983) The effects of Bothrops

jararacussu venom and its components on frog nerve-muscle preparation.

Neuroscience 10: 475–489.

84. Aragao EA, Randazzo-Moura P, Rostelato-Ferreira S, Rodrigues-Simioni L,

Ward RJ (2009) Shared structural determinants for the calcium-independent

liposome membrane permeabilization and sarcolemma depolarization in

Bothropstoxin-I, a LYS49-PLA(2) from the venom of Bothrops jararacussu.

Int J Biochem Cell Biol 41: 2588–2593.

85. Gutierrez JM, Ownby CL (2003) Skeletal muscle degeneration induced by

venom phospholipases A2: insights into the mechanisms of local and systemic

myotoxicity. Toxicon 42: 915–931.

86. Petersen M, Simmonds MS (2003) Rosmarinic acid. Phytochemistry 62:

121–125.

87. Aung HT, Furukawa T, Nikai T, Niwa M, Takaya Y (2011) Contribution of

cinnamic acid analogues in rosmarinic acid to inhibition of snake venom induced

hemorrhage. Bioorg Med Chem 19: 2392–2396.
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