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Commonly, phospholipases A, (PLA,s) play key roles in the pathogenesis of the local tissue damage
characteristic of crotaline and viperine snake envenomations. Crotalus oreganus lutosus snake venom has
not been extensively studied; therefore, the characterization of its components represents a valuable
biotechnological tool for studying pathophysiological processes of envenoming and for gaining a deeper
understanding of its biological effects. In this study, for the first time, a basic PLA; myotoxin, ColTx-I, was
purified from C. o. lutosus through two chromatographic steps. ColTx-I is monomeric with calculated
molecular mass weight (Mw) of 14,145 Da and a primary structure closely related to basic PLA,s from
viperid venoms. The pure enzyme has a specific activity of 15.87 + 0.65 nmol/min/mg at optimal con-
ditions (pH 8.0 and 37 °C). ColTx-I activity was found to be dependent on Ca’t, as its substitution by
other ionic species as well as the addition of chelating agents significantly reduced its phospholipase
activity. In vivo, ColTx-I triggered dose-dependent inflammatory responses, measured using the paw
edema model, with an increase in IL-6 levels, systemic and local myotoxicity, characterized by elevated
plasma creatine kinase activity. ColTx-I induced a complex series of degenerative events associated with
edema, inflammatory infiltrate and skeletal muscle necrosis. These biochemical and functional results
suggest that ColTx-I, a myotoxic and inflammatory mediator, plays a relevant role in C. o. lutosus en-
venomation. Thus, detailed studies on its mechanism of action, such as evaluating the synergism be-
tween ColTx-I and other venom components may reveal targets for the development of more specific
and effective therapies.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

abundant (Calderon et al., 2014; Calvete, 2009). Secreted PLA,s are
stable, ubiquitous, versatile, relatively small (~14 kDa), calcium-

Snake venoms are libraries of pharmacologically active sub-
stances that are naturally designed to act on the specific targets of
the prey or victim (Calvete, 2009; Da Silva et al., 2011), which
proteins compose more than 90% of the venom dry weight, with
phospholipases A; (PLA; E.C.3.1.1.4) generally being one of the most
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dependent and disulfide-rich enzymes that catalyze the mem-
brane phospholipids' hydrolysis at sn-2 position, generating lyso-
phospholipids and biologically active fatty acids (Schaloske and
Dennis, 2006; Van and De Haas, 1963) being usually responsible
by muscle damage and playing other important toxic and digestive
roles in prey capture and immobilization (Gutierrez and Ownby,
2003; Schaloske and Dennis, 2006).

Despite sharing high identity and an apparent molecular
simplicity, these enzymes exert an exciting variety of pharmaco-
logical effects, which include neurotoxicity, cytotoxicity, edema-
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forming activity, bactericidal activity, myotoxicity, among others
(Castillo et al., 2012; Gutierrez and Lomonte, 2013; Kini, 2003;
Montecucco et al., 2008; Samel et al., 2013). The characterization
of this functionally versatile group of toxins awakens medical-
scientific interest due to the number of potential applications for
understanding envenomation, making clinical diagnosis, devel-
oping therapeutic strategies and using these toxins as molecular
and biotechnological tools in pathophysiological, taxonomic,
ecological studies as well as parameters for hemostatic assays
(Calderon et al., 2014; Carvalho et al., 2013; Cecilio et al., 2013;
Murakami and Lambeau, 2013).

Myotoxic PLAys are involved in local and systemic skeletal
muscle degeneration, a common pathophysiological event in
viperid snakebite envenomation (Gutierrez and Ownby, 2003;
Hernandez et al., 2011). These events are accompanied by an
acute inflammatory reaction associated with swelling, pain and the
recruitment of macrophages and polymorphonuclear leukocytes
(Chacur et al., 2003; Gutierrez et al., 2009; Mamede et al., 2013).
Activated leukocytes secrete a wide range of chemical mediators
such as IL-1, IL-6 and IL-8, which along with the biological effects
induced by the toxin, may contribute to the evolution of local
myotoxicity and regeneration (Oliveira et al., 2009; Voronov et al.,
1999). Local myonecrosis is a difficult medical challenge owing to
its rapid development and poor tissue regeneration characterized
by dysfunction and tissue loss, which have negative social and
psychological consequences (Hernandez et al., 2011; Tonello et al.,
2012). The effects triggered by PLA,s occur upon interaction with
lipids or proteins, altering the plasma membrane integrity by
catalytically dependent or independent mechanisms that conse-
quently mediate a number of associated events, such as: calcium
influx, depolarization, loss of ionic gradients and efflux of cytosolic
molecules (Kini, 2003; Montecucco et al., 2008).

The biochemical and functional characteristics of several crotalic
and bothropic phospholipases have been described (Damico et al.,
2008; Gutierrez and Lomonte, 2013; Higuchi et al., 2007a); how-
ever, no information is available regarding the toxic activity of
purified proteins from Crotalus oreganus lutosus, (Great Basin rat-
tlesnake), a venomous pitviper subspecies belonging to the Viper-
idae family and Western Rattlesnake complex, that is found in the
Great Basin region of the United States. The Western Rattlesnakes
occur across a broad geographical area and disjunct populations
occur in much of the mountainous west, resulting in potential
disruption of gene flow and local variation (Ashton and De Queiroz,
2001; Mackessy, 2010). Due to this, these venomous pitviper sub-
species are considered an ideal species group to understand ques-
tions of what differences in venom composition occur, why these
differences evolve and how composition affects the biological role
of venom, as described by Mackessy (2010). In the present study, a
myotoxic PLA; (ColTx-I) from C. o. lutosus was isolated and char-
acterized in order to obtain insights into its primary structure,
biological effects, induction of morphological changes of skeletal
muscle and its relevance to the pathophysiology of envenomations
produced by this species.

2. Material and methods
2.1. Venom and reagents

C. o. lutosus snake venom was obtained from The National
Natural Toxins Research Center (NNTRC) of Texas A&M University —
Kingsville (Kingsville, TX, USA). All reagents were of analytical or
sequencing grade.

2.2. Animals

The male Swiss mice (18—20 g) used in this study were main-
tained under specific pathogen-free conditions and had free access
to food and water. The animals were housed in laminar-flow cages
maintained at a temperature of 22 + 2 °C and a relative humidity of
50—60%, with a 12:12 h light—dark cycle. Animal procedures were
performed in accordance with the general guidelines proposed by
the Brazilian Council for Animal Experimentation (COBEA) and
approved by the University's Committee for Ethics in Animal
Experimentation (CEEA/UNICAMP), number 3245-1.

2.3. Isolation of ColTx-I from C. o. lutosus snake venom

One hundred mg of C. o. lutosus snake venom were dissolved in
1 ml of ammonium bicarbonate buffer (0.2 M, pH 7.8), homoge-
nized until reaching complete dissolution and centrifuged at
5000 x g (5 min). The supernatant obtained was loaded onto a
Sephadex G75 column (1.5 cm x 90 cm, Amersham Pharmacia
Biotech), previously equilibrated with ammonium bicarbonate
buffer (50 mM, pH 7.8) and run at a flow rate of 0.2 ml/min. Three
peaks were obtained (Col-I, Col-II and Col-IIl — Fig. 1A), which were
lyophilized and stored at — 20 °C. Subsequently, 5 mg from the
lyophilized fraction of Col-II, which showed PLA; activity (Fig. 1A),
were dissolved in 120 ul of 0.1% (v/v) trifluoroacetic acid (solvent A)
and 80 ul of 1 M ammonium bicarbonate. The resulting solution
was centrifuged at 5000 x g (2 min) and the supernatant was
submitted to reverse-phase chromatography (Waters 991-PDA
system) using an analytical C18 column (Supelco,
250 mm x 4.6 mm). The C18 column was equilibrated in solvent A
and the elution proceeded with a concentration gradient from O to
100% of solvent B (66% acetonitrile, 0.1% TFA), at a flow rate of 1 ml/
min (60 min). The elution profile of both chromatography analyses
was monitored at 280 nm, and the collected fractions of 3 ml were
lyophilized and stored at —20 °C. All peaks (Fig. 1B) were tested for
PLA; activity and the active peak was named ColTx-I (Fig. 1B). This
peak was re-chromatographed (Fig. 1C) to evaluate its purity, under
the same conditions as described above (RP-HPLC) and was further
biochemically and functionally characterized.

2.4. Electrophoresis

The relative molecular mass of ColTx-I and homogeneity was
evaluated using sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), according to the method described by
Laemmli (1970). Samples were heated at 100 °C (5 min) and then
run under reducing and non-reducing conditions (Vargas et al.,
2012; Vieira et al., 2013).

2.5. Phospholipase A, activity

PLA, activity was measured using a non-micelar substrate, 4-
nitro-3-octanoyloxy benzoic acid (NOBA), according to the assay
method described by Cho and Kezdy (1991) and Holzer and
Mackessy (1996) adapted for 96-well plates (Calgarotto et al.,
2008; Damico et al.,, 2005). The PLA, activity, expressed as the
initial velocity of the reaction (V,), was calculated based on the
increase in absorbance at 425 nm after 20 min. The effects of pH,
temperature, substrate concentration and divalent ions on PLA;
activity were also investigated.

2.6. MALDI-TOF mass spectrometry analysis of ColTx-I

The molecular mass of ColTx-I was determined by matrix-
assisted laser desorption/ionization-time-of-flight (MALDI-TOF)
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Fig. 1. Sequential purification steps of ColTx-I. (A) Elution profile of Crotalus oreganus lutosus by molecular exclusion chromatography on a Sephadex G-75 column (Amersham
Pharmacia Biotech, 1.5 cm x 90 cm) using 50 mM ammonium bicarbonate buffer; pH 8.0 at flow rate of 0.2 ml/min. (B) Profile elution of Col-II by RP-HPLC on an analytical C18
column (Supelco, 250 mm x 4.6 mm). The peak corresponding to ColTx-I is indicated. Insert: Electrophoretic analysis in SDS-PAGE (12%). Lines: (MK) molecular mass markers (1)

ColTx-I reduced and (2) not reduced. (C) Rechromatography of ColTx-I on a RP-HPLC C18 column. (D) The PLA, activity was monitored during the purification procedure. PLA,
activity of C. o. lutosus venom (VT — 1 pg/pl), Col-II (size exclusion — 1 pg/ul) and ColTx-I (RP-HPLC — 1 pg/ul).

mass spectrometry using a MALDI-TOF/TOF — Proteomics Analyzer
4700 (AB SCIEX). ColTx-I was dissolved in a solution of 50% aceto-
nitrile/high purity water (ACN/H20; v/v) and 1 pl of matrix (10 mg/
ml a-Cyano-4-hydroxycinnamic acid in 50% ACN/H,0 (v/v), 0.1%
trifluoroacetic acid) was mixed with 1 pl of the sample on the
MALDI plate. The instrument was calibrated using a BSA standard
solution and analyzed under the same conditions (Martins et al.,
2014). Mass values given correspond to m/z of the centroid of the
envelope of the mass peaks for protonated molecular ions [M+H]".

2.7. N-terminal sequencing

In order to obtain N-terminal sequence of ColTx-I, approxi-
mately 50 pg of this toxin was submitted for amino terminal amino
acid sequencing using the automated Edman degradation method

(Edman, 1950) on a PPSQ-33A (Shimadzu) automatic sequencer
(Martins et al., 2014).

2.8. Sequencing procedure

2.8.1. In solution digestion

ColTx-I was reduced with dithiothreitol, alkylated with iodine
acetamide and digested overnight at 37 °C with trypsin and LysC
(Sequencing grade modified, Promega) — independent experi-
ments. Proteolytic fragments were dried in a vacuum centrifuge
and redissolved in 1% formic acid for LC—MS/MS analysis.

2.8.2. LC—MS/MS analysis and database search

Protein identification was carried out in a NanoAcquity (Waters)
UPLC coupled with an Orbitrap Velos mass spectrometer (Thermo
Scientific). An aliquot of the tryptic digest was separated in a C18
reverse phase column [75 pm @i (internal diameter), 10 cm,
NanoAcquity, 1.7 um BEH column, Waters], according to the con-
ditions described by Martins et al. (2014). Raw data were analyzed
using Proteome Discoverer (v.1.3.0.339) software and run with the
search engine MASCOT against NCBInr Serpentes database. Only
high confidence peptides (FDR< 0.05) were considered for identi-
fication results (Martins et al., 2014).

2.9. Alignment and phylogenetic study

The amino acid sequences of toxins used for multiple sequence
alignment and phylogenetic three reconstruction were obtained
from NCBI (National Center for Biotechnology Information) data-
base using the BLASTP (Protein Basic Local Alignment Search Tool)
algorithm and BLOSUMG62 substitution matrix. Due to few se-
quences of basic Asp49 PLA;s available and published from venoms
of species belongs to Western Rattlesnake Complex, were selected
toxins sequences of six different Genus with similarity to ColTx-I
structure primary. The minimum e-value showed by the selected
sequences used in these analyses was 2 x e~>>. The multiple
sequence alignment was performed with CLUSTAL W (1.8), while
the phylogenetic tree was inferred using the neighbor-joining

method (Saitou and Nei, 1987) implemented in a computer
program.
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2.10. Local and systemic myotoxicity

Two separate groups of six male Swiss mice (18—20 g) were
used in myotoxicity studies. One group received an intramuscular
injection in their right gastrocnemius muscle (local myotoxicity),
while another received an intravenous injection (systemic myo-
toxicity) of variable amounts of ColTx-I (5, 10 and 20 ug/mice)
dissolved in 50 pul of PBS (120 mM NaCl, 40 mM NaH,PO4, pH 7.2).
Control groups received an identical intramuscular or intravenous
injection of PBS alone. At different time intervals (before, 1, 3, 6, 9
and 24 h after injection), a tail blood sample was collected into
heparinized capillary tubes, centrifuged and a plasma aliquot was
utilized to determine the creatine kinase activity using a kinetic
assay (CK-Nac Bioliquid). The assay results were obtained using
VersaMax™ ELISA Microplate Reader. Enzyme activity was
expressed in U/L, where one unit corresponds to the production of
1 mmol of NADH min~! at 25 °C.

2.11. Histological evaluation

Myotoxic activity was also investigated on the basis of
morphological alterations caused by injection of 20 pg/mice of
ColTx-I in the right gastrocnemius skeletal muscle of groups of six
male Swiss mice (18—20 g). Control animals received an injection of
PBS alone. One hour after the injection the animals were sacrificed
by an overdose of ketamine/xylazine and a central region of the
muscle was removed. The excised material was then soaked in
fixing solution (10% formaldehyde in PBS, v/v), dehydrated in
ascending ethanol concentrations and processed for inclusion in
paraffin. The resulting blocks were sliced into 6.0 mm thick sec-
tions, stained with Hematoxylin and Eosin and examined under a
light microscope (Mamede et al., 2013).

2.12. Edema-forming activity

The ability of ColTx-I to induce edema was studied in groups of
six Swiss mice (18—20 g). Fifty pl of PBS with ColTx-I (5, 10, 20 pg/
paw) were injected in the subplantar region of the right footpad. As
a control, 50 pl of PBS were injected in the left footpad. The paw
volume was measured with a low-pressure pachymeter (Mitutoyo,
Japan) before and at various intervals after injection (0.5, 1, 3, 6, 9
and 24 h) (Vieira et al, 2013). Edema-inducing activity was
expressed as the percent increase in volume of the right footpad,
relative to the reading obtained in the left footpad (control) at each
time interval after and before the injection and calculated using the
following formula: % edema = [(Tt x 100)/To) — 100], where Tt
corresponds to edema (volume) measured at each time interval
induced by ColTx-I and To is the paw volume at the initial time
(intact paw, before injection). The percentage of edema calculated
was subtracted from the matched values at each time point in the
PBS-injected left paw (control).

2.13. Interleukin-6 (IL-6) measurement

Groups of six Swiss mice (18—20 g) received an injection of 5, 10
or 20 pg/50 ul of ColTx-I in the tibialis anterior muscle. A control
group received an injection of PBS (50 pl) under the same condi-
tions. Tail blood samples were collected into heparinized capillaries
at different time intervals (0.5, 1, 3, 6, 9, 12 and 24 h after toxin
injection) and the plasma was removed for quantitative determi-
nation of interleukin-6 (IL-6) levels through an enzyme-linked
immunosorbent assay (Mouse IL-6 ELISA Set BD Biosciences)
(Calgarotto et al., 2008).

2.14. Statistical analysis

Results were expressed as means + standard deviations (SD)
obtained with the indicated number of assays. Statistical signifi-
cance of differences between groups was evaluated by ANOVA or
Kruskal—Wallis tests and confirmed by Tukey and Tukey-type tests.
Differences were considered statistically significant if p < 0.05.

3. Results
3.1. Isolation of ColTx-I

The ColTx-I myotoxin was isolated from C. o. lutosus snake
venom through a combination of two chromatographic steps: gel
filtration (size exclusion) and reverse-phase high-performance
liquid chromatography (Fig. 1A and B, respectively). The crude
venom was fractionated into three major fractions, named Col-I,
Col-II and Col-III (Fig. 1A), by size exclusion chromatography on a
Sephadex G-75 column. PLA; assays of all fractions revealed the
high PLA; activity of Col-II. The Col-II fraction was dissolved and
purified using reverse-phase HPLC on a C18 column, resulting in the
chromatographic profile shown in Fig. 1B. All peaks were analyzed
for PLA; activity. The fraction detached in Fig. 2B named as ColTx-I
showed high phospholipase activity and was selected for
biochemical and functional characterization.

The course of protein purification was accompanied by an in-
crease in specific activity (Fig. 1D). ColTx-I showed higher PLA;
activity when compared to Col-II and crude venom (Fig. 1D). The
homogeneity and purity of ColTx-I were confirmed by rechroma-
tography on an analytical C18 column (Supelco), showing the
presence of a well-resolved sharp peak (Fig. 1C), and by SDS-PAGE,
which revealed a single band of =14 kDa under reducing and non-
reducing conditions (Fig. 1B insert).

3.2. Primary structure analysis of ColTx-I

Both the homogeneity and molecular mass of ColTx-I were
determined by MALDI-TOF mass spectrometry analysis, which
showed sharp peaks at a m/z value of 7072 double charged ions
(where z = +2), and a m/z of 14,146 for mono charged ions (where
z = +1) (Fig. 2). The calculated molecular mass weight (Mw) of this
PLA; was14,145 Da and was calculated by averaging of the (Mw)
between the protein in states (+1) and (+2).

The complete sequence of ColTx-I (HLLQFNKMIKFETRKNAIP-
FYAFYGCYCGWGGRGRPKDATDRCCFVHDCCYGKLTDCSPKWDIY-
PYSLKSGYITCGKGTRCEKQICECDRVAAECLRRSL-
STYKYGYMFYPDSRCKGPSEQC) is showed in Fig. 3A, and the
theoretical molecular mass for this sequence is 14,043 Da and its
very closed to the calculated molecular mass weight (14,145 Da)
which was calculated by averaging of the (Mw) between the pro-
tein in states (+1) and (+2) (Fig. 2). The complete sequence of this
protein was archived in UniProt Knowledge base, regarding SPIN ID
number SPIN200006353 (provisorial).

In order to perform the molecular identification and homology
study, purified ColTx-I was submitted for amino terminal amino
acid sequencing and digested with trypsin and Lys C for analysis by
LC/MS/MS. The following N-terminal sequence: HLLQFNKMIK-
FETRKNAIPFYAFYGCYCGWGGRGRPKDATDRCCFVH was obtained by
Edman degradation. Twenty peptides were identified by LC/MS/MS
(Tables 1 and 2), which allowed for complete primary structure
determination and classification of the protein as an Asp49-PLA;
(fragment 4 — DATDRCCFVHDCCYGK — active site — Table 1),
consistent with enzymatic assays which demonstrated the ability
of ColTx-I to hydrolyze the chromogenic substrate. ColTx-I shares
functional motifs with group II PLAjys, including the calcium-
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Fig. 2. MALDI-TOF MS analysis of ColTx-I. The spectrum demonstrates the mass/charge ratio (m/z) of ColTx-I determined by matrix-assisted laser desorption/ionization-time-of-
flight using a MALDI-TOF/TOF — Proteomics Analyzer 4700 (AB SCIEX) demonstrating a Mw of 14,146 Da to Mw in state (+1) and a Mw 7.072 Da to Mw in state (+2). The final Mw is

14,145 Da and was calculated by averaging between the protein in states (+1) and (+2).

binding site (fragment 3- KNAIPFYAFYGCYCGWGGR — Table 1), the
active site and the N-terminal region (fragment 1 — HLLQFNK —
Table 1). ColTx-I showed a high content of Lys, Arg and Tyr residues
typical of a basic PLA;.

A comparison of the partial amino acid sequence of ColTx-I with
similar proteins in the database showed that its primary structure is
closely related to that of viperid basic PLAys (Fig. 3A). The amino
acid sequence analysis revealed that ColTx-I has a strong evolu-
tionary relationship with T1IDE90, a basic PLA; from Crotalus ore-
ganus helleri (pl = 8.84) (Fig. 3B).

3.3. Biochemical and pharmacological characterization

The effect of the substrate on the PLA; activity of ColTx-I is
shown in Fig. 4A. The kinetic parameters Km and Vmax were
determined to be 8.09 mM and 15.97 nmol/min/mg, respectively.

As expected, maximum enzymatic activity occurred at 37 °C
(Fig. 4B) and the optimal pH was 8.0 (Fig. 4C). Furthermore, the
enzymatic analysis demonstrated that Ca®* is an essential cation
for the PLA; activity of the purified toxin. ColTx-I showed low ac-
tivity when the enzymatic assay was performed using only the
Tris—HCI buffer (pH 8.0) with no added calcium. In the presence of
chelating agents EDTA and EGTA, no significant PLA;, activity of
ColTx-I was detected, whereas the addition of calcium to the buffer
was enough to achieve maximum activity (Fig. 4D). In contrast to
Ca*, none of the other tested ions (Cd?*, Mg?*, Mn®*, Zn?*) acti-
vated the purified toxin. The obtained data clearly show that the
substitution of Ca?* for other divalent ions significantly reduces the
catalytic activity of ColTx-I. Interestingly, Mg?>* and Mn?*, in the
presence of 10 mM Ca’**, were found to support a significant
phospholipase activity, while notable inhibition of enzymatic ac-
tivity was observed for Cd** and Zn?", even in the presence of
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P20474 DRYSYSRKSGVIICGEGTPCEKQICECDKAAAVCFRENLRTYKKRYMAYPDLLCKKPAEKC
Q6EER4 DIYSYSWKSGVIICGEGTPCEKQICECDRVAAVCFGANLGTYKKSYMFYPDFLCTEPSEKC
Pe44a17 DDYTYSWKNGDIVCGGDDPCKKEICECDRAAAICFRDNLKTYKKRYMAYPDILCSSKSEKC
u3TDCS DYYTYSLENGDIVCGGDNPCTKVVCECDKAAATICFRDNLKTYKKRYMTFPDIFCTDPTEKC
B

ColTx C. o. lutosus 0.02179
_I:ﬁ DE90 C. o. helleri 0.01821

POCAS2 C. d. collilineatus 0.04646
—I: POCASS C. d. terrificus 0.06354

BOLSF6 S. c.catenatus 0.05207
P04417 G. blomhofii 0.056
_I: U3TDCO P. flavoviridis 0.044
P20474 B. asper0.09167
QBEER4 B. schlegelii 0.09781

BOLSF5 S. c. catenatus 0.06914

AOA096XPP8 G. intermedius 0.06234

Q6EER2 S. c. tergeminus 0.02691

Fig. 3. Multiple sequence alignment of ColTx-I with related proteins in viperid snake venoms and their phylogeny relationship. (A) Protein codes correspond to the UniProtKB
database at ExPAsy Proteomics Serve or PDB. TIDE90: basic PLA, from Crotalus oreganus helleri (pl = 8.84) (Sunagar et al., 2014), POCAS2: basic PLA; from Crotalus durissus col-
lilineatus (pl = 8.85) (Salvador et al., 2009), POCAS5: basic PLA; from Crotalus durissus terrificus (pl = 9.16) (Toyama et al., 2003), Q6EER2: basic PLA, from Sistrurus catenatus
tergeminus (pl = 8.37) (Chen et al., 2004), P20474: basic PLA; from Bothrops asper (pl = 8.72) (Kaiser et al., 1990), U3TDC9: basic PLA, from Protobothrops flavoviridis (pl = 8.36) (Aird
et al,, 2013), P04417: basic PLA; from Gloydius blomhoffii (pl = 8.71) (Forst et al., 1986), QGEER4: PLA, from Bothriechis schlegelii (pl = 6.69) (Chen et al., 2004), AOAO96XPPS8: basic
PLA; from Gloydius intermedius (pl = 8.73) (Yang et al., 2015), BOLSF6: basic PLA, from Sistrurus catenatus catenatus (pl = 8.19) (Gibbs and Rossiter, 2008) and BOLSF5: basic PLA,
from Sistrurus catenatus catenatus (pl = 8.62) (Gibbs and Rossiter, 2008). (B) Evolutionary relationship of ColTx-I with other PLA, isoforms based on the final alignment.

10 mM Ca?* (Fig. 4D).

In order to identify possible functional roles and to understand
the molecular and pathophysiological mechanism of action of
envenoming by C. oreganus lutosus, an evaluation of in vivo phar-
macological/toxic activities induced by ColTx-I was performed. The
purified toxin is a potential myotoxic factor in C. o. lutosus venom.
The results shown in Fig. 5A and B demonstrate that ColTx-I
induced both local and systemic myotoxicity. Intramuscular injec-
tion of increasing doses of ColTx-I triggered a rapid onset and dose-

dependent elevation of plasma creatine kinase activity, which
reached maximum levels 1 h after i.m. injection and returned to
basal levels within 24 h (Fig. 5A). Intravenous injection of the pu-
rified toxin also resulted in a prominent increase in plasma CK
activity as compared to the PBS control group. Fig. 5B shows that,
in vivo, ColTx-I induced systemic myotoxic effects quickly, reaching
the highest levels 1 h after i.v. injection, when a dose of 20 pug was
administered. However, ColTx-I promoted a higher release of CK
when injected into the gastrocnemius muscle compared to the
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Table 1

Tryptic peptides fragments of ColTx-I obtained by LC—MS/MS sequencing. The isolated myotoxin was reduced, alkylated and digested overnight with trypsin. Eluted tryptic
peptides were dried in a vacuum centrifuge and redissolved in 1% formic acid for LC—MS/MS analysis.

Number Peptide fragment Molecular mass (Da) Accuracy (ppm)
Monoisotopic Theoretical®
1 HLLQFNK* 898.5012 898.5025 14
2 MIKFETRK?* 923.4887 923.4899 13
3 KNAIPFYAFYGCYCGWGGR 2286.0128 2286.0139 0.8
4 DATDRCCFVHDCCYGK 2062.7826 2062.7754 -35
6 LTDCSPK 820.3869 820.3889 -24
7 WDIYPYSLK 1183.5907 1183.5913 0.5
8 SGYITCGK 885.4123 885.4125 -2.0
9 QICECDR 980.3928 980.3931 -03
10 VAAECLRR 973.5197 973.5127 -7.2
11 SLSTYK 853.4740 853.4657 -9.7
12 YGYMFYPDSR 1297.5281 1297.5437 12.0
13 CKGPSEQC 964.3723 964.4803 112.0

¢ Confirmed by Edman sequencing.

b Cysteine and methionine residues are changed into carbamidomethyl and oxidized methionine, respectively.

Table 2

Lys C peptide fragments of ColTx-I obtained by LC—MS/MS sequencing. The isolated myotoxin was reduced, alkylated and digested overnight with Lys C. Eluted peptides were

dried in a vacuum centrifuge and redissolved in 1% formic acid for LC—MS/MS analysis.

Number Peptide fragment Molecular Mass (Da) Accuracy (ppm)
Monoisotopic Theoretical®
1 HLLQFNK? 899.5106 899.5102 04
2 DATDRCCFVHDCCYGK 2062.7654 2062.7599 2.6
3 LTDCSPK 820.3869 820.3881 -1.5
4 WDIYPYSLK 1184.6025 1184.5998 23
5 SGYITCGK 885.4133 885.4136 -0.3
6 GTRCEK 750.3563 750.3568 -0.7
7 YGYMFYPDSRCK 1600.6923 1600.6918 0.3

¢ Confirmed by Edman sequencing.

b Cysteine and methionine residues are changed into carbamidomethyl and oxidized methionine, respectively.

intravenous injection.

Histological analyses confirmed the high levels of CK liberated
by the gastrocnemius muscle. Histological evaluation by light mi-
croscopy showed important morphological alterations in the
muscle provoked by ColTx-I, when compared to the control group
(Fig. 6). The myotoxic effect induced by ColTx-I, was characterized
by drastic cellular destruction (necrosis — Fig. 6B, D, E and F), edema
(Fig. 6E) and abundant inflammatory infiltrate cells, constituted
predominantly by neutrophils (Fig. 6D and E).

Subplantar injection of ColTx-I induced mice paw edema, indi-
cating an increase in vascular permeability at the inoculation site of
the toxin. The dose-dependent local edema induced by ColTx-I
displays a similar time—course profile, characterized by rapid
onset; maximal responses were obtained 30 min post-injection
(Fig. 7).

The analysis of mechanisms behind the inflammatory reactions
caused by ColTx-I showed a marked increase in proinflammatory
cytokine Interleukin-6 (IL-6) levels, reaching a maximum increase
1 h after injection, when compared with the control (Fig. 8).

4. Discussion

Due to their functional versatility and role in myotoxicity, many
studies have researched compounds to aid in the treatment of
snakebites to inhibit the toxic effects of PLA,, as well as to isolate
and characterize new PLAys (Carvalho et al., 2013; Da Silva et al.,
2009; Da Silva et al., 2008; Terra et al., 2015). The combination of
two chromatographic steps: size exclusion and RP-HPLC, widely
used for purification of PLAys (Damico et al., 2005, 2012; Martins
et al, 2014), effectively isolated ColTx-. The molecular

homogeneity assessed by SDS-PAGE, under reducing and non-
reducing conditions, revealed the presence of a single band with
an apparent MM of 14 kDa, consistent with the molecular mass
determined by mass spectrometry (14,145 Da), and evidenced its
monomeric nature and lack of tendency to form aggregates, a
common feature of other snake venoms PLA;s, which also consist of
a single polypeptide chain (Fig. 1A—D) (Damico et al., 2005;
Fernandez et al., 2010; Higuchi et al., 2007b).

The amino acid composition of ColTx-I revealed a highly basic
and hydrophobic content and 14 cysteine residues, similar to other
basic PLA,; myotoxins (Damico et al., 2005; Romero et al., 2010). The
presence of these cysteine residues suggests the presence of 7 di-
sulfide bonds, a common structural characteristic of PLA;s, which
are important for stabilizing the three-dimensional structure (Kini,
2003; Schaloske and Dennis, 2006), while the high content of basic
and hydrophobic residues probably indicates the interaction of the
toxin with target sites, mediating the toxic effects (Kini and Evans,
1989; Murakami and Arni, 2003). The cellular target and pharma-
cological sites (structural determinants of biological activities pre-
sents in primary structure of toxin) should be complementary to
each other in terms of van der Waal's contact surfaces, charges and
hydrophobicity and (Kini, 2003). Several studies have showed and
suggested that the hydrophobic and positively charged patch on
the surface of PLAys plays an essential role in myotoxic activity
(Murakami and Arni, 2003; Murakami et al., 2005; Zhou et al.,
2008).

ColTx-I exhibits well-conserved functional motifs, such as the
calcium-binding site, catalytic site and N-terminal region (Table 1),
which retain a high degree of similarity among group II PLA;s
(Schaloske and Dennis, 2006), particularly among the basic PLAs
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Fig. 5. Myotoxic activity induced by ColTx-I from Crotalus oreganus lutosus. (A) Time-course of the increase in plasma CK activity after intramuscular injection and (B) intravenous
injection of ColTx-I (5,10 and 20 pg/animal). Controls were injected with 50 ul of PBS. At different times (0, 1, 3, 6, 9 and 24 h), tail blood samples were collected and plasma creatine
kinase activity was determined using a kinetic assay. Myotoxic activity was expressed as mean + SD of three independent experiments performed in triplicate (n = 6).

from viperid venoms (Bouchier et al., 1988; Chen et al., 2004; Damico et al., 2005; Diz Filho et al., 2009; Faure et al., 2011) (Fig,
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Fig. 6. Histological alterations of muscle damage induced by ColTx-I. Light micrographs of sections from the right mice gastrocnemius muscle 1 h after the injection of 20 pg/animal
of isolated myotoxin from Crotalus oreganus lutosus, dissolved in 50 pl PBS, stained with hematoxylin—eosin. (A, C) Control mice were injected with PBS alone: normal integral fibers
are observed. (B, D, E and F) Muscle sections of mice injected with the isolated myotoxin showing edema (Ed), necrosis (Nc) and inflammatory infiltrate (In).

3). The calcium-binding site identified in the ColTx-I sequence
contains four glycine residues (G25, G29, G31 and G32), which has
been related to the flexibility of the loop that allows for the coor-
dination of calcium for catalytic activity (Chang et al., 1997).

In order to provide more insight into the kinetic behavior of
ColTx-I, this was evaluated using the synthetic chromogenic sub-
strate, NOBA (Damico et al.,, 2012; Martins et al., 2014). Vmax and
Km were calculated to be 15.97 nmol/min and 8.09 mM, respec-
tively. Maximum PLA; activity of ColTx-I occurs at pH 8 and 37 °C
(Fig. 4A—C). LmTX-I isolated from Lachesis muta muta (Damico
et al., 2005) and BmTX-I from Bothrops moojeni (Calgarotto et al.,
2008) display thermal stability and an optimum pH similar to
ColTx-I using the same substrate.

Studies have provided strong evidence that the divalent cation,
Ca®*, is essential for both catalytic activity and PLA, binding to the
substrate (Damico et al., 2005; Yu et al., 1998). The PLA; activity of

ColTx-I in the presence of chelating agents was significantly
inhibited, similar to the inhibition observed when Ca®* was
replaced by divalent cations, which were not able to maintain the
enzymatic activity of ColTx-I. However, when calcium ions were
added, the purified enzyme presented PLA; activity, as seen in
enzymatic assays for other PLAys of the Bothrops and Crotalus
genus, using the same substrate (Calgarotto et al., 2008; Martins
et al., 2014). Evidence has shown that the role of the calcium ion
is crucial not only for the electrophilic behavior of the catalytic site,
but also for the stabilization of the flexible Ca**-binding loop, to
optimize the protein conformation for interactions with the sub-
strate (Mezna et al., 1994; Yu et al., 1998). Others cations with va-
lences of +2 (Fig. 4D) failed to allow enzyme—substrate interaction,
competitively inhibited calcium-mediated activity, or proved to be
weakly active, probably because of their sizes and numbers of
electron shells (Mezna et al., 1994).



10 J.R. Almeida et al. / Toxicon 117 (2016) 1-12

70

60

(4]
o
1

)

Edema (%
S 8
1 1

=y
o
1

Tempo (h)

Fig. 7. Dose-dependent mice paw edema provoked by ColTx-I. Footpad thickness was
determined before, and at different times after, the injection of ColTx-I (5, 10 and
20 pg/animal) and edema was calculated as the percent increase in volume of the right
footpad relative to the reading obtained in the left footpad (control) at each time in-
terval and before the injection. The edema-inducing percentage is expressed as the
mean + SD of three independent experiments performed in triplicate (n = 6).

PO
———

24 7

] ]
RRRIRIIIIIIILIR 554 20 ng

109
V7 5 ng
[_1PBS

-

[77777727777722222777777227227 777727728

°® [T

T T T T T T T T 1
0 25 50 75 100 125 150 175 200

IL-6 (pg/ml)

8

Fig. 8. Systemic interleukin-6 response triggered by different doses of ColTx-I. IL-6
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ColTx-I, a typical PLA2-D49, elicited both local and systemic
myotoxic activity, owing to its high selectivity for targets in muscle
cells and the ability to act on anatomical sites distant from the
inoculation site (Fig. 5 and B). Some studies have shown that acidic
PLAys (D49), although enzymatically active, are not capable of
promoting muscle damage (Fernandez et al., 2010; Silveira et al.,
2013; Vargas et al., 2012) and that despite their lack of enzymatic
activity, Lys49-PLA, homologs cause severe myonecrosis (Tonello
et al,, 2012). These studies have suggested that pharmacologic ef-
fect depends not only on phospholipid hydrolysis, but is also closely
associated with the precise site and model of binding of PLA; to the
cell acceptors, which plays a decisive role in the location, extent of
tissue damage and consequently the clinical and toxicological
profile (Kini, 2003; Montecucco et al, 2008). Intramuscular

injection of ColTx-I triggered greater CK levels than its intravenous
injection, which may occur due to accessibility of toxins to muscles
and/or toxin sequestration by binding to low-affinity sites in the
membranes of other cell types (Kini, 2003; Kini and Evans, 1989;
Montecucco et al., 2008). These data are consistent with the
model proposed by Kini and Evans to explain the pharmacological
profile of venom PLA;s; after entering the blood, the toxin remains
in the circulation until it reaches a particular organ or tissue
because of its high affinity for that target (Kini, 2003; Kini and
Evans, 1989). The ability to promote necrosis in muscles located
in the vicinity of the injection site, as well as to reach and act on
distant anatomical loci has been described for a number of PLA;
myotoxins from the Crotalus genus (Gutierrez and Ownby, 2003;
Montecucco et al., 2008). In contrast to crotalic PLA,s, bothropic
myotoxins induce muscle damage mainly limited to the injection
site, with very little systemic myotoxicity (Gutierrez and Ownby,
2003). Systemic myotoxins cause significant increments in
plasma CK activity, the breakdown of muscle fibers and myoglo-
binuria (Ponraj and Gopalakrishnakone, 1996). The dichotomy be-
tween local and systemic myotoxic activity establishes a clinical
correlation, since Crotalus envenomations are characterized by the
induction of local and systemic effects, such as acute renal failure
(Gutierrez et al., 2009; Montecucco et al., 2008).

Histopathological analysis of local tissue damage induced by
ColTx-1 evidenced extensive cellular destruction, edema and
leukocyte infiltrate (Fig. 6A—E). Experimental studies of the effects
triggered by PLA;, such as the myotoxin from Bothrops alternatus
(Mamede et al., 2013), BnSP-7 from B. (neuwiedi) pauloensis
(Oliveira et al., 2009) and LmTX-I from L. muta muta (Damico et al.,
2008), on skeletal muscle revealed similar morphological alter-
ations. The infiltration of inflammatory cells, mainly neutrophils
accumulating in the affected tissues within the first hours of toxin
injection is a typical consequence of acute local pathology
(Gutierrez et al., 2009). Studies have indicated that neutrophils
contribute to the muscle regenerative response, probably by
removing necrotic debris and providing inflammatory messengers,
such as IL-6 (Tecchio and Cassatella, 2014; Teixeira et al., 2003;
Zimmermann et al.,, 2015).

Local inflammation has often been related to pathological ef-
fects in viperid snake envenomation (Gutierrez et al., 2009). Simi-
larly, BI-PLA; isolated from Bothrops leucurus (Nunes et al., 2011), a
PLA; from C. oreganus abyssus (Martins et al., 2014), and ColTx-I
were able to induce local inflammatory responses reaching
maximum values in the first 30 min. Basic biochemical mechanisms
behind paw edema mainly involve phospholipid hydrolysis with
subsequent release of biologically active fatty acids and platelet
activating factor or mast cell histamine release (Teixeira et al.,
2009) and/or the interaction of the pharmacological domain,
independently of the catalytic site (Zuliani et al., 2005) (Fig. 7). The
toxic effect of snake venom is further complicated by the inflam-
matory reaction that is established soon after snakebite accidents is
an important process, since besides the toxins in the area of the
bite, there is also the involvement of chemical messengers induced
by these toxins, such as IL-1, IL-6 and IL-8, which can aid in path-
ophysiological effects (Ahmed et al., 2008; Gutierrez et al., 2009;
Voronov et al, 1999). In mice, ColTx-I induced a systemic
interleukin-6 response upon intramuscular injection (Fig. 8). Some
studies have reported that myotoxic PLAs can act as pro-
inflammatory mediators, promoting the secretion of cytokines,
which participate in the inflammatory response and, thus, mediate
the evolution of local pathological alterations and regeneration
(Oliveira et al., 2009; Teixeira et al., 2003).

In conclusion, this D49-PLA; myotoxin from C. oreganus lutosus,
isolated through two chromatographic steps, induced both local
and systemic myotoxicity, edema and pro-inflammatory cytokine
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IL-6 release, suggesting its active role in the pathogenesis of local
tissue damage. Functional versatility and biochemical character-
ization of ColTx-I provided insights that can be used for the un-
derstanding of the mechanism of venom action and elucidation of
structural determinants. These insights are important for the
development of new approaches to inhibit crotalic snake venom
myotoxins, for the improvement of serum therapy and for the use
of ColTx-I as a biotechnological tool for studies of muscle injury and
repair.
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