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A B S T R A C T

Venoms of the three species of Ophryacus (O. sphenophrys, O. smaragdinus, and O. undulatus), a viperid genus endemic to Mexico, were analyzed for the first time in the
present work. The three venoms lacked procoagulant activity on human plasma, but induced hemorrhage and were highly lethal to mice. These venoms also
displayed proteolytic and phospholipase A2 activities in vitro. The venom of O. sphenophrys was the most lethal and caused hind-limb paralysis in mice. Proteomic
profiling of O. sphenophrys venom showed a predominance of metalloproteinase (34.9%), phospholipase A2 (24.8%) and serine protease (17.1%) in its composition.
Strikingly, within its PLA2 components, 12.9% corresponded to a Crotoxin-like heterodimer, here named Sphenotoxin, which was not found in the other two species
of Ophryacus. Sphenotoxin, like Crotoxin, is composed of non-covalently bound A and B subunits. Partial amino acid sequence was obtained for Sphenotoxin B and
was similar (78–89%) to other subunits described. The mouse i.v. LD50 of Sphenotoxin at 1:1M radio was 0.16 μg/g. Also, like Crotoxin, Sphenotoxin induced a
potent neuromuscular blockade in the phrenic nerve-diaphragm preparation. Ophryacus is the fifth genus and O. sphenophrys the third non-rattlesnake species shown
to contain a novel Crotoxin-like heterodimeric β-neurotoxin.
Biological significance: Ophryacus is an endemic genus of semi-arboreal pitvipers from Mexico that includes three species with restricted distributions. Little is known
about the natural history of these species and nothing is known about the properties of their venoms. Research on these species' venoms could generate relevant
information regarding venom composition of Mexican pitvipers. Additionally, research into the presence of neurotoxic Crotoxin-like molecules outside of rattlesnakes
(genera Crotalus and Sistrurus) has identified this molecule in several new genera. Knowing which genera and species possess neurotoxic components is important to
fully understand the repercussions of snakebites, the interaction with prey and predators, and the origin, evolution, and phylogenetic distribution of Crotoxin-like
molecules during the evolutionary history of pitvipers.

Our study expands current knowledge regarding venom's compositions and function from Mexican pitvipers, providing a comparative venom characterization of
major activities in the three Ophryacus species. Additionally, the discovery and characterization of a novel Crotoxin-like molecule, here named Sphenotoxin, in O.
sphenophrys, and the detailed protein composition of O. sphenophrys venom supports the hypotheses that Crotoxin-like -β-neurotoxins are more widespread than
initially thought.

1. Introduction

Snake venoms consist of inorganic and organic molecules with
proteins constituting 90 to 95% of the dry weight [1]. Most venom
proteins cause toxic effects in prey or in envenomated individuals.
Overall, 63 protein families have been reported in snake venoms [2] but
the venom of each species usually contains representatives of 10–20

families. The presence of multiple variants within the same protein
family results in a significant increase in snake venom complexity [3].
In Crotalinae (pitviper) venoms, the most abundant and frequently
found proteins belong to a small number of protein families: phos-
pholipase A2 (PLA2), snake venom metalloproteinases (SVMPs), snake
venom Serine proteases (SVSPs), L-amino acid oxidase (LAAO), cy-
steine-rich secretory protein (CRiSP), C-type lectin/lectin-like (CTL),
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disintegrin (DIS) and natriuretic peptide (NP) [2,4,5]. Among these,
SVMPs, SVSPs, and PLA2 enzymes are prominent in abundance and
primarily responsible for the local and systemic pathological effects of
envenomation [2,6–8].

The application of proteomic tools to snake venom research has
greatly broadened our view on the overall composition of venom, for an
increasing number of species worldwide [2,3]. Understanding venom
composition may help elucidate evolutionary relationships and ecolo-
gical similarity among species [9,10] and, moreover, may predict toxin
presence and venom activities in other species. Further, integrative
approaches combining functional assays with additional features such
as toxicity, immunogenicity, and antivenom neutralization are paving
the way toward a better understanding of snake venoms and the im-
provement of antivenoms [3,5,8,11–13]. The breadth of venom di-
versity at all taxonomic scales and even in relatively well studied
groups continues to expand as new taxa are analyzed. The increase in
known diversity is more dramatic when taxa are analyzed for the first
time.

For example, Crotoxin and Crotoxin-like molecules are being found
in genera outside of rattlesnakes (Crotalus and Sistrurus), as more spe-
cies are being analyzed venomically [14–17]. Crotoxin is a hetero-
dimeric phospholipase A2 (PLA2) protein complex first described in the
South American Rattlesnake, Crotalus durissus terrificus [18–21]. Cro-
toxin causes potent β-neurotoxicity and systemic myotoxicity and is
comprised of two non-covalently bound subunits. The first, Crotapotin
or subunit A, is a non-enzymatic, non-toxic, acidic PLA2 (9490 Da). The
second, subunit B, is a catalytically-active, toxic, basic PLA2

(14,350 Da) [6,20,21]. The A subunit is a proteolytically-processed
PLA2 and functions as a chaperone which dissociates from the B subunit
upon binding to its target to exert presynaptic neurotoxicity and myo-
toxicity [20,21]. Crotoxin has subsequently been reported in venoms of
several closely related species of C. durissus including C. simus and C.
tzabcan [22]. Additionally, Crotoxin-like molecules have been reported
from other rattlesnake species including C. scutulatus, C. tigris, C. hor-
ridus, Sistrurus tergeminus, C. l. klauberi [11,15,16,20,23–28]. More re-
cently, Crotoxin-like homologs of this potent neurotoxic complex were
discovered in two non-rattlesnake venoms: Nigroviriditoxin in Bo-
thriechis nigroviridis from Costa Rica [14,15], and gintexin in Gloydius
intermedius from Northern China [16,29].

Because Gloydius is the hypothesized ancestor to New World pitvi-
pers [16] and a Crotoxin-like molecule was identified in G. intermedius,
Dowell et al. [30] hypothesized that Crotoxin-like molecules existed
prior to the evolution of New World pitvipers. This was followed by
subsequent loss of the heterodimer in taxa without it. Alternatively, the
rarity of Crotoxin-like molecules among pitviper genera could be due to
independent gains [15,30]. However, it is difficult to test these com-
peting hypotheses because of the lack of knowledge of the presence and
absence of Crotoxin-like molecules throughout the pitviper phylogeny.
With the discovery of Nigroviriditoxin in B. nigroviridis, the likelihood of
similar toxins occurring in other pitviper genera increased because
Bothriechis is one of the genera that are part of the Central and South
American lineage of pitvipers.

The genus Ophryacus, commonly known as Mexican Horned
Pitvipers, includes three currently recognized species that, are all en-
demic to Mexico. All three species are considered semi-arboreal and
have restricted distributions. Ophryacus undulatus, known as the
Slender-horned Pitviper, is the species with the largest distribution,
restricted to elevations above 1800m, and occurs in both the southern
Sierra Madre Oriental and the Sierra Madre del Sur, O. smaragdinus, the
Emerald Horned Pitviper, is restricted to the humid windward slopes of
the Sierra Madre Oriental in eastern Mexico and can be found at ele-
vations of 1400 to 2400m. Lastly, O. sphenophrys, the Broad-horned
Pitviper, has the most restricted distribution and has only been found
between the towns of La Soledad and Buenavista Loxicha, Oaxaca
[31–33]. Ophryacus are considered among the least frequently en-
countered pitvipers in Mexico; thus, very little is known about their

natural history and taxonomy [33]. Even less is known about the ve-
noms of Ophryacus species, which until this study have remained
completely unexplored.

The aim of the present work was to investigate, the biochemical and
biological activities of the venoms of the three species of Ophryacus and
test for the presence of a Crotoxin-like molecule in this genus. In this
pursuit, we proteomically profiled the venom of O. sphenophrys and, as
a result, characterized and named a novel Crotoxin-like β-neurotoxin,
Sphenotoxin.

2. Materials and methods

2.1. Ethics statement

Animal experiments were approved by the Bioethics Committee of
the UNAM (Universidad Nacional Autónoma de México) Biotechnology
Institute. Snakes were collected under collection permit SGPA/DGVS/
04788/17 issued by SEMARNAT (Secretariat of Environment and
Natural Resources) in Mexico. Three specimens of O. undulatus used in
this study belong to the Deval Herpetarium under registration number
DGVS-CR-IN-0957-D.F./07. For all analyses using mice, we used the
Institute of Cancer (ICR) strain which is also known as the CD-1 strain.

2.2. Venoms and crotoxin control

Venom samples were collected from six specimens (4 adults and 2
juveniles) of Ophryacus sphenophrys from Cerro Perico, Oaxaca; seven
adults from O. smaragdinus, of which four were from Huayacutla and
three from Tlacolutan, Veracruz; and four adults from O. undulatus,
from Sierra de Tecpa, Guerrero. The animals were collected in the wild
and kept in captivity for a 2month period for venom extraction and
then released in the same place. Venom was manually extracted either
two or three times from each snake using 50mL plastic tubes covered
with parafilm (supplemental Table 1 A). The individual venoms were
centrifuged to remove cellular debris, lyophilized, and stored at −20 °C
until use. The individual dry venoms from each species were added in
similar amounts and reconstituted to generate three representative
pools of venom. Additionally, we used the individual venom of all six O.
sphenophrys to assess the presence of a Crotoxin-like molecule at the
individual level. When needed, a venom pool of Crotalus simus or C.
durissus terrificus was used as a control for the presence of Crotoxin.
Additionally, Crotoxin, purified from the venom of C. d. terrificus was
used as a standard when comparing neurotoxic activity. Whole venom
of C. d. terificus was kindly provided by Dr. Adolfo de Roodt (Institutos
de Salud “Dr Carlos G. Malbrán”, Argentina). Venom from C. atrox was
used as a negative control for Crotoxin

2.3. Protein concentration

The protein concentration of the pooled samples of the three
Ophryacus venoms was determined with the Pierce® Bicinchoninic Acid
(BCA) Protein Assay (Thermo Scientific), using bovine serum albumin
(BSA) as a standard, according to the manufacturer's protocols.

2.4. Hemorrhagic activity

Hemorrhagic activity for the three species of Ophryacus was de-
termined using mice (25–28 g) in groups of five as previously described
[34,35]. Different amounts of venoms were dissolved in 50 μL of PBS
and injected into the shaved backs of the mice intradermally. After 3 h,
mice were euthanized by CO2 inhalation, their skin removed, and the
perpendicular diameter of each lesion was measured with a Vernier
caliper. Hemorrhagic activity was determined using the Minimum He-
morrhagic Dose (MHD) corresponding to the amount of venom that
induces a hemorrhagic spot of 10mm diameter
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2.5. Coagulant activity

To determine the coagulant activity for each species, various
amounts of venom was dissolved in 100 μL of 150mM NaCl and added
each to 200 μL of human citrated plasma obtained from healthy donors
at 37 °C. The clotting time was recorded and coagulant activity was
reported as the Minimum Procoagulant Dose (MPD) defined as the
amount of venom needed to form a clot in 60 s [35].

2.6. Proteolytic activity

The hide powder azure (HPA) substrate was used to determine
proteolytic activity for each species. Venom (100 μg) was added to HPA
(5mg/mL in 0.1 M Tris-HCl, pH 8.0) in a final volume of 1mL and in-
cubated for 2 h under constant mixing at room temperature in tripli-
cate. After centrifugation at 15000 xg for 5min, supernatants were
separated and absorbances were measured at 595 nm. A standard curve
was performed by adding 100, 200, or 300 μg of trypsin in 50 μL of HPA
substrate. One unit of enzymatic activity (U) was defined as the amount
of venom needed to degrade 1mg of substrate over the 2 h incubation
period at room temperature and reported as specific activity [26,27].

2.7. Phospholipase A2 (PLA2) activity

The synthetic substrate 4-nitro-3-(octanoyloxy)-benzoic acid (4-
NOBA) was used to determine PLA2 activity for the three species of
Ophryacus [36,37]. Triplicate microplate wells were filled with 200 μL
of reaction buffer (10mM Tris, 10mM CaCl2, 0.1 M NaCl, pH 8.0) and
25 μL of substrate (4-NOBA; 1mg/mL acetonitrile) to achieve a final
substrate concentration of 0.32mM and preincubated for 10min at
37 °C. Then, 1 μg of venom in 25 μL of PBS was added per well and the
reaction mixtures were incubated at 37 °C. Absorbances were read at
450 nm every 3min for 30min using an ELISA plate reader
(Magellan R). Wells containing all reagents except venom were used as
blanks. Units of specific enzymatic activity (U/mg) were defined as
nanomoles of product (4-nitrobenzoic acid (4-NBA); [M]=A450/(l*Ɛ);
l = 0.82 cm, Ɛ=5039) generated per minute per mg of venom. Data
were analyzed by linear regression of the linear part of the curve to
calculate slope using the software GraphPad Prism v 6.01.

2.8. Mouse phrenic nerve–hemidiaphragm neuromuscular preparation

Because Crotoxin acts on the presynaptic button of the neuromus-
cular junction, we used the mouse phrenic nerve-hemidiaphragm pre-
paration to test for neurotoxic activity in the three venoms. The pure
Crotoxin sample isolated from C. d. terrificus was used as a positive
control. The preparation was mounted using a variation of the method
originally described by Büllbring [38]. Briefly, an ICR mouse of 30–40 g
body weight was euthanized using CO2 inhalation and the left phrenic
nerve with its attached half of the diaphragm muscle was immediately
excised. The tissue was mounted in a 25mL organ bath in Tyrode so-
lution (0.4 mM NaH2PO4, 2.7 mM KCl, 1.8mM CaCl2, 1.0 mM MgCl2,
137mM NaCl and 11.9mM NaHCO3, pH 7.2) with 11mM glucose, at
37 °C, as follows: the costal side of the diaphragm was held using a
platinum hook to the bottom of the preparation, while the tendinous
center of the diaphragm was tied to an isotonic force transducer (50 g,
BioPac Systems UIM100 with TSD125C signal amplifier) which held the
tissue to 5 g of resting tension and recorded muscle twitches. The whole
preparation was constantly bubbled with carbogen solution (95% O2,
5% CO2) to oxygenate the tissue.

Nerve stimulation was performed using two platinum electrodes
isolated from the Tyrode solution and directly in contact with the
phrenic nerve. Direct muscle stimulation was performed using two
platinum electrodes, one directly in contact with the diaphragm tissue
and the other submerged in the Tyrode solution. Both stimulations
consisted of supramaximal voltage pulses with duration of 0.1ms

(nerve) or 1ms (muscle) and a frequency of 0.2 pulses/s. The mounted
preparation was allowed to stabilize under nerve stimulation for
20min. Then, 10 μM of δ-tubocurarine, a reversible blocker of neuro-
muscular transmission, was added to the solution, incubated for 5min
and then washed off to ensure that stimulation of the nerve and muscle
were completely independent from each other. Finally, 5 μg/mL final
concentration of venom was added to the Tyrode solution and left in
contact with the tissue for 2 h or until 100% inhibition of muscle
twitches was observed.

2.9. Lethality of venoms

Different amounts of venoms from each of the three Ophryacus
species were dissolved in 0.5 mL of PBS. Samples were then injected
through the tail vein of ICR mice (18–20 g) in groups of three [39].
After 24 h, the number of deaths was recorded and the corresponding
median lethal dose (LD50) was calculated [40]. LD50 values were esti-
mated by non-linear regression using the software Prism v. 6 (GraphPad
Software).

2.10. ELISA assay

A mouse monoclonal antibody (clone 4F6) and rabbit polyclonal
antibodies to C. d. terrificus Crotoxin were tested for possible cross-re-
cognition of components in the three Ophryacus venoms by ELISA. The
assay was run as previously described [26,27]. Plates were coated with
100 μL of each venom (5 μg/mL) dissolved in 100mM NaHCO3 buffer,
pH 9.5, at 37 °C for 1 h. Then, excess antigens were washed with 50mM
Tris, 150mM NaCl, 0.05% Tween 20, pH 8.0 (wash buffer) and free
binding sites were blocked with 200 μL of 0.5% gelatin in 50mM Tris,
0.2% Tween 20, pH 8.0 (blocking buffer) over 2 h. Subsequently, serial
1:3 dilutions of monoclonal antibody 4F6 (starting at 30 μg/ml) or
polyclonal antibodies to Crotoxin (starting at 15 μg/mL) were added to
the wells, incubated for 1 h at 37 °C and followed by washing and ad-
dition of the corresponding conjugates (HRP-conjugated goat anti-
mouse IgG or HRP-conjugated goat anti-rabbit IgG; diluted 1:4000) for
1 h at 37 °C. After washing, color was developed by adding 100 μL/well
of 2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid/H2O2) solu-
tion. Absorbance was read at 405 nm on a microplate spectro-
photometer (Magellan R).

2.11. RP-HPLC (reversed-phase high-performance liquid chromatography)
fractionation

Each venom pool (2–3mg) was dissolved in 200 μL of solvent A
(0.1% trifluoroacetic acid; TFA), centrifuged at 15000 rpm for 5min,
and separated by RP-HPLC on a C18 column (4.6×250mm; Vydac®),
and monitored at 214 nm. Elution was performed at 1mL/min, by ap-
plying a gradient toward solvent B (100% acetonitrile, containing 0.1%
TFA), as follows: 0% B for 5min, 0–15% B over 10min, 15–45% B over
60min, 45–70% B over 10min, and 70% B over 9min [11,15,26].
Because O. sphenophrys venom caused flaccid paralysis, fractions were
collected manually and dried by vacuum centrifugation (SpeedVac,
Thermo) for further analyses.

2.12. Proteomic profiling of O. sphenophrys venom

RP-HPLC fractions of O. sphenophrys venom were further separated
by SDS-PAGE on 15% gels under reducing conditions. Coomassie-
stained protein bands were excised from the gel, reduced with dithio-
threitol (10mM), alkylated with iodacetamide (50mM), and digested
overnight with trypsin in an automated workstation (Intavis). The re-
sulting peptides were mixed (1:1) with a saturated solution of α-cya-
nohydroxycinnamic acid in 50% acetonitrile with 0.1% TFA, and
spotted (1 μL) onto an Opti-TOF 384 plate, dried, and analyzed by
MALDI-TOF-TOF. Spectra were obtained after 500 laser shots at an
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intensity of 3200, in positive reflector mode, over the range of
900–3800m/z. Up to 10 precursors from the TOF spectrum of each
tryptic digest were selected for automated collision-induced dissocia-
tion TOF-TOF spectra acquisition at 2 kV, in positive reflector mode
(500 shots, 3800 laser intensity). Resulting fragmentation spectra were
searched against the UniProt/SwissProt database (Serpentes) using the
ProteinPilot® v.4 software and the Paragon® algorithm (ABsciex) at
≥95% confidence, for the assignment of proteins to known families.
The relative abundance of each protein (% of total venom proteins) was
estimated by integration of the peak signals at 215 nm, using Chem
Station B.04.01 (Agilent). When a chromatographic peak contained
more than one SDS-PAGE band, the relative distribution was estimated
by densitometry using the ImageLab® v.2.0 software (Bio-Rad).

2.13. Crotoxin-like purification

Three mg of venom from O. sphenophrys were dissolved in 250 μL of
20mM ammonium acetate, pH 4.7, and fractionated by size-exclusion
chromatography on a Cosmosil column (Diol-300, 7.5× 600mm) that
was previously equilibrated with the same buffer. Elution was mon-
itored at 280 nm, and manually collected fractions were freeze-dried.
Fraction 3, contained the Crotoxin-like molecule and was redissolved in
1mL of water +0.1% TFA and further subjected to C18 RP-HPLC as
described in Section 2.11. Fractions were collected and dried in a
SpeedVac concentrator (Thermo).

2.14. Reconstitution of the Crotoxin-like A+B complex

The purified A and B subunits were mixed at a 1:1 M ratio and in-
cubated at 37 °C for 30min in phosphate-buffered saline (PBS; 0.12M
NaCl, 0.04M sodium phosphate, pH 7.2). We then used the complex to
test PLA2 activity as in Section 2.7, mouse phrenetic nerve as in 2.8,
lethality as in 2.9, and ELISA as in 2.10.

2.15. Mass spectrometry and N-terminal amino acid sequencing

To determine the intact masses of Sphenotoxin and its isolated
subunits, we used ESI-MS on an LCQ Fleet Ion Trap Mass Spectrometer
[26]. Amino-terminal sequencing of Sphenotoxin-B was determined by
automated Edman degradation on a PPSQ-31A Protein Sequencer
(Shimadzu). Additional internal sequences of this protein were ob-
tained by MS/MS analysis of tryptic peptides using MALDI-TOF-TOF on
a 4800 Proteomics Plus mass spectrometer, as described previously
[11]. Additional partial sequences were obtained by enzymatic diges-
tion with GluC endopeptidase (Roche Applied Sciences), according to
the manufacturer's protocol and subsequent Edman degradation.

2.16. Crotoxin neutralization assay

Different volumes of rabbit serum raised against C. simus venom

from Veracruz, Mexico (containing about 16% of Crotoxin) were pre-
incubated with 3xLD50 (50.4 μg) of O. sphenophrys venom, in a final
volume of 500 μL of PBS. The mixture was preincubated for 30min,
injected intravenously in mice, and survivance was recorded after 24 h.
We use the venom of C. simus as a standard for comparison.

3. Results

3.1. Toxic and enzymatic activities of Ophryacus venoms

The venoms from the three species of Ophryacus showed differences
in their bioactivities. Regarding lethality in mice, the highest potency
was obtained for O. sphenophrys venom (i.v. LD50 0.88 μg/g). Upon
injection of this venom, a relevant flaccid paralysis in the hind limbs
was observed along with evident respiratory difficulties. The venoms of
O. smaragdinus and O. undulatus exhibited lower lethal activity, with
LD50 values estimated at 1.5 μg/g and 3.0 μg/g, respectively (Table 1),
and no evidence of flaccid paralysis or respiratory difficulties was ob-
served.

All three Ophryacus venoms induced hemorrhage in the mouse skin
assay, but significant differences in potency were present. Ophryacus
smaragdinus venom had the highest hemorrhagic activity with a MHD of
2.5 μg, O. undulatus had intermediate activity with MHD corresponding
to 10 μg and O. sphenophrys had the least potent hemorrhagic activity
with a MHD of 17 μg (Table 1).

Proteolytic activity on HPA substrate was similar for O. smaragdinus
and O. undulatus (~22 U/mg), but lower for O. sphenophrys (~15 U/
mg). All three venoms had their proteolytic activity nearly abolished
(~95% decrease) when preincubated with the divalent cation chelator
EDTA (Table 1). PLA2 activity was highest in O. sphenophrys venom and
was almost double that of O. smaragdinus and about five-fold higher
than that of O. undulatus (Table 1). Finally, none of these venoms
showed procoagulant activity on human plasma, even when the highest
amount (100 μg) was tested (Table 1).

3.2. RP-HPLC profiles of Ophryacus venoms

Higher similarity between the elution profiles of O. sphenophrys and
O. smaragdinus venoms was observed than between these and O. un-
dulatus venom (Fig. 1). Ophryacus sphenophrys and O. smaragdinus had a
higher number of prominent peaks eluting between 50 and 70min,
which generally correspond to SVSP and PLA2 enzymes, than O. un-
dulatus, which presented a slightly less complex elution profile. Also, O.
sphenophrys and O. smaragdinus venoms presented larger areas for peaks
eluting after 80min which, in the gradient used here, generally corre-
spond to SVMP enzymes [8]. In the case of O. sphenophrys, it was
possible to analyze the chromatographic profiles of venoms of the six
individuals sampled (Supplementary Fig.1A), which presented essen-
tially the same pattern, there are slight differences in the proportion of
the fractions, especially a smaller proportion of the metalloproteases

Table 1
Toxic and enzymatic activities of Ophryacus venoms.

Species LD50 (μg/g) MHD (μg) HPA hydrolysis (U/mg) HPA+EDTA hydrolysis (U/mg) PLA2 (U/mg) MCD μg

O. sphenophrys 0.88 (0.85–0.9) 17.0 ± 1.0 14.9 ± 0.5 0.27 ± 0.10 55.2 ± 4.2 > 100
O. smaragdinus 1.45 (1.4–1.5) 2.5 ± 0.1 21.9 ± 0.1 0.12 ± 0.02 20.6 ± 2.0 > 100
O. undulatus 3.05 (3.0–3.1) 10.0 ± 1.2 22.7 ± 2.0 0.27 ± 0.10 10.6 ± 1.2 > 100

LD50: Median Lethal Dose, dose of venom that induces death in 50% of injected mice (18–20 g) via intravenous (i.v.) injection. Values in parentheses represent the
95% confidence limits.
MHD: Minimum Hemorrhagic Dose - dose of venom that induces a hemorrhagic halo of 10mm diameter in mice (25–28 g) after 3 h, via intradermal injection.
HPA: Hide Powder Azure - proteolytic activity on the HPA.
HPA+EDTA: proteolytic activity on hide powder azure substrate in the presence of ethylenediamine tetra-acetic acid (EDTA), pre-incubated for 30min.
PLA2: Phospholipase A2 activity on 4-nitro-3-octanoyloxy-benzoic acid substrate.
MCD: Minimum Coagulant Dose - dose of venom that induces clotting of citrated human plasma in 60 s.
Values represent mean ± SD of three replicates.
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(after 80min) of the two juvenile specimens (Fig. B and C of Supple-
mentary Fig. 1A), however, it is necessary to carry out studies with a
greater number of samples of juveniles and adults to confirm or discard
the presence of ontogenetic variation. RP-HPLC fractions in the elution
profile of O. sphenophrys venom that were subsequently identified as
having sequence similarity to the acidic and basic subunits of Crotoxin
are labeled in Fig. 1.

3.3. Proteomic profiling of O. sphenophrys venom

Because O. sphenophrys was the only species that caused flaccid
paralysis while carrying out LD50 experiments, we further analyzed the
proteome for this species. A striking result of the proteomic profile of O.
sphenophrys venom was the finding of two protein fractions with amino

acid sequence similarity to the A and B subunits, respectively, of the
heterodimeric Crotoxin complex. Therefore, the isolation of such
Crotoxin-like protein (here named Sphenotoxin) was pursued. RP-HPLC
venom fractions were separated by SDS-PAGE and the resulting protein
bands were analyzed by MS/MS. Peaks 1 and 3–10 did not present
proteins after the SDS-PAGE and were not analyzed further (Fig. 2).
Protein assignments for the remaining chromatographic peaks (2 and
11–35) were done to protein family by MALDI-TOF-TOF analysis of
tryptic peptides (Table 2). Overall, venom proteins were assigned to one
of seven protein families with relative abundances shown in Fig. 3. The
most abundant components of O. sphenophrys venom were SVMPs
(34.9%), PLA2 (24.8%; including 12.9% represented by Sphenotoxin),
and SVSPs (17.1%) enzymes. Other proteins detected include members
of the vascular endothelial growth factor (VEGF), Vespryn, L-amino

Fig. 1. Comparative Reverse-phase HPLC venom
profiles of the three species of Ophryacus: (A) O.
sphenophrys; (B) O. smaragdinus; (C) O. undulatus.
Venoms (3mg) were separated on a C18 column as
described in Section 2.11 and the gradient line is
omitted for better visualization. In (A), the red bars
indicate the region where the A (acidic) and B (basic)
subunits of Sphenotoxin elute and the molecular
masses of 9979 and 14,261 Da are indicated. In the
case of O. smaragdinus (B), three fractions elute at
retention times similar to that of Sphenotoxin B, but
their molecular masses differed substantially. In the
case of O. undulatus (C), none of the fractions eluted
with the same retention times as the Sphenotoxin
subunits. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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acid oxidase (LAAO), and cysteine-rich secretory protein (CRISP) fa-
milies. The remaining 10.7% of proteins were unidentified/unassigned.

3.4. Purification of Sphenotoxin

In order to preserve the integrity of the Sphenotoxin complex, O.
sphenophrys venom was fractionated by size-exclusion chromatography,
resulting in the separation of nine peaks that were analyzed via SDS-
PAGE under reducing conditions (Fig. 4A). Peaks 1 and 2 pre-
dominantly contained proteins above 30 kDa and the remaining seven
peaks exhibited proteins of ≤25 kDa. Proteins of ~14 kDa were ob-
served in peaks 3–6 which appeared to increase their molecular weight
when analyzed in an unreduced state. A screening for toxicity was
performed by injecting 20 μg of each fraction intravenously (i.v.) in
mice in groups of three. Only peaks 3 and 4 were lethal. Peak 3 also
generated paralysis in the hind limbs suggesting neurotoxin activity.
This fraction was further separated by RP-HPLC, which is known to
dissociate the non-covalently bound subunits of Crotoxin or Crotoxin-
like complexes. Peaks eluting at 41–44min (Fig. 4B) showed molecular
masses of 9.97, 9.65, 9.92, 9.31 and 9.26 kDa (Fig. 4C), suggesting that
they likely correspond to isoforms of the A-subunit of Sphenotoxin,
having similar retention times to A-subunits from Crotoxin or Crotoxin-
like proteins. In addition, a prominent peak eluted at 54min (Fig. 4B),
with a molecular mass of 14.26 kDa (Fig. 4D) which is likely the B-
subunit of Sphenotoxin. Most of the amino acid sequence of this protein
was obtained by a combination of N-terminal and MS/MS sequencing
(107/122 residues), which presented clear homology to the B subunit of
Crotoxin in a multiple alignment of Crotoxin and Crotoxin-like mole-
cules (Fig. 5). The partial sequence of Sphenotoxin B is 85% similar to

Crotoxin B from C. d. terrificus (P08878) and 78% similar to Nigrovir-
iditoxin B from B. nigroviridis (C0HJL8).

3.5. Functional characterization of Sphenotoxin

The main feature of Crotoxin/Crotoxin-like proteins is their high
lethal potency in mice. The purified B subunit of Sphenotoxin induced
i.v. lethality with an LD50 of 0.49 μg/g, and as mentioned above, caused
flaccid paralysis of the hind limbs and breathing difficulties, ultimately
resulting in death. When the B subunit was combined with the A sub-
unit to reconstitute the Sphenotoxin complex, at a 1:1 ratio, the lethal
potency increased (LD50 0.11 μg/g) with the same signs of paralysis
occurring. As expected, injection of the A subunit alone, up to a dose of
5.2 μg/g, did not cause lethality nor evidence of neurotoxic effects in
mice (Table 3).

The B subunit exhibited relatively high PLA2 activity and, as ex-
pected, the A subunit of Sphenotoxin did not display PLA2 activity.
When combined, the reconstituted A+B Sphenotoxin complex showed
a 5-fold lower PLA2 activity compared to the B-subunit alone (Table 3).

The β-neurotoxic activity of Sphenotoxin was clear in the mouse
phrenic nerve-hemidiaphragm preparation. In similarity to Crotoxin,
used as a positive control, Sphenotoxin was slightly less potent and
blocked the indirect twitch response, with a T90 of 74.6 min whereas
Crotoxin had a T90 of 58.9min. (Fig. 6). In addition, whole venom of O.
sphenophrys also displayed a β-neurotoxic blockade in this assay with a
T90 of 10.3 min. In contrast, O. smaragdinus and O. undulatus venoms
did not induce a blocking effect (Supplementary Fig.2A).

Fig. 2. Reverse-phase HPLC profile of O. sphenophrys venom on C18. Each fraction was further separated by SDS-PAGE (15%) under reducing conditions, for trypsin
digestion and MALDI-TOF/TOF analysis.
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Table 2
Assignment of the RP-HPLC isolated fractions of Ophryacus sphenophrys venom to protein families by MALDI-TOF-TOF of selected
peptide ions from in-gel trypsin-digested protein bands, or by N-terminal Edman sequencing.

(⁎) Cysteine residues determined in MS/MS analyses are carbamidomethylated. Few peptides were obtained by N-terminal
Edman degradation sequencing (Edman). ▼: molecular weight estimated by reduced SDS-PAGE, in kDa; isotope-averaged
molecular masses of selected peaks, determined by MALDI-TOF, are indicated in parentheses. Confidence (Conf) and Score
values are calculated by the Paragon® algorithm of ProteinPilot® v.4 software. n.a.: not analyzed. Unverified amino acid
modifications suggested by the matching algorithm are indicated as: (ox): oxidation; (da) deamidation.
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3.6. Immunological cross-reactivity and neutralization by anti-Crotoxin
antibodies

Monoclonal antibody 4F6, capable of recognizing Crotoxin mole-
cules from rattlesnake, such as C. d. terrificus, C. simus, C. s. scutulatus
[26,27] did not bind to any of the Ophryacus venoms including that of
O. sphenophrys which contains Sphenotoxin (Fig. 7B). However, poly-
clonal antibodies raised against Crotoxin from C. simus produced a
significant binding signal against O. sphenophrys venom but not against
the venoms of O. smaragdinus or O. undulatus (Fig. 7A). In addition,
immune serum raised in rabbits against C. simus venom was capable to
cross-neutralize the lethal effect of O. sphenophrys venom at 2.82mg/
mL (venom/serum), while neutralization of the homologous C. simus
venom was achieved at 0.88mg/mL (Table 3).

4. Discussion

By characterizing the biological and proteolytic activity of all three
species in the pitviper genus Ophryacus, we identified and describe
Sphenotoxin, a novel β-neurotoxin similar to Crotoxin in O. sphe-
nophrys. Ophryacus is the fifth genus of pitviper to contain a hetero-
dimeric PLA2 and O. sphenophrys is only the third non-rattlesnake spe-
cies to contain a Crotoxin-like molecule. The venoms of the three small-
bodied snake species [41] displayed variable i.v. lethal activity in mice.
Consistent with the presence of a β-neurotoxin, O. sphenophrys was the
most potent, followed by O. smaragdinus and O. undulatus. Our study is
the first to examine the venom of the semi-arboreal Mexican Horned
Pitvipers, Ophryacus, and we also identified high variability in the
venom activity of this endemic Mexican genus.

The three Ophryacus venoms lacked procoagulant activity upon
human plasma, an effect most frequently mediated by specific SVSP
enzymes, for example thrombin-like SVSPs [42–44]. Hemorrhage was
induced by the venoms of all three species with O. smaragdinus being
the most potent and O. sphenophrys being the weakest. Hemorrhage is
an effect mediated by zinc-dependent SVMPs. Enzymes responsible for

proteolysis of HPA were shown to correspond largely to SVMPs, and not
SVSPs, since addition of EDTA to the assay reaction reduced this ac-
tivity by> 95%. Lastly, O. sphenophrys venom had the highest PLA2

activity of the three, suggesting either the presence of a large propor-
tion of PLA2s, and/or of highly active PLA2s. Based on our results this is
driven by the presence of the neurotoxic PLA2, Sphenotoxin. Interest-
ingly, it has been shown that in rattlesnake species there is an inverse
correlation between the expression of neurotoxicity and hemorrhagic
activity, leading to a classification of their venoms as type I (highly
hemorrhagic) or type II (highly neurotoxic) [4]. Ophryacus follows this
trend as the most lethal venom (O. sphenophrys) also displayed the
lowest hemorrhagic activity.

By comparing the chromatograms of the three Ophryacus venoms
studied, fractions eluting with retention times similar to that of
Sphenotoxin B in O. smaragdinus seemed unlikely to correspond to this
protein, since their masses were lower (13.6, 13.7, 13.8 kDa). The
elution profile of O. undulatus venom differed from that of O. sphe-
nophrys showing no peaks with retention time similar to Sphenotoxin.
Moreover, O. smaragdinus and O. undulatus venoms did not induce
neuromuscular blockade in the ex vivo assay, and did not induce signs
of paralysis when injected into mice. In addition, rabbit antibodies
raised against Crotoxin, which bound to O. sphenophrys venom by
ELISA, did not display significant binding to O. undulatus or O. smar-
agdinus venoms. Altogether, these observations suggest that
Sphenotoxin, or related Crotoxin-like components, are not present in
the venoms of O. undulatus or O. smaragdinus, at least in significant
amounts. However, further studies at the genomic, transcriptomic, and/
or proteomic level for additional individuals in more locations would be
necessary to rule out the possibility of a Crotoxin-like molecule being
present in these two species.

Due to the presence of Sphenotoxin, the venom of O. sphenophrys
was characterized using a bottom-up proteomics approach that com-
bines RP-HPLC and 1-D SDS-PAGE as decomplexation steps [3]. Venom
proteins were predominately assigned to three enzyme families (SVMP,
PLA2, SVSP) which accounted for ~77% of the total protein content
(Table 2 and Fig. 3). Our results demonstrate that the venom of O.
sphenophrys contains a novel Crotoxin-like heterodimeric complex,
Sphenotoxin, which displays β-neurotoxicity and comprises ~12.9% of
the venom proteins. The observed cross-recognition of Sphenotoxin by
the polyclonal rabbit antibodies to Crotoxin in the ELISA assay confirms
structural similarity. However, the lack of cross-recognition of Sphe-
notoxin by a monoclonal antibody to classical Crotoxin indicates that its
corresponding epitope is not shared between the two toxins. However
antigenic similarity of Sphenotoxin with classical Crotoxin is further
supported by the cross-neutralization of lethality obtained using an
anti-C. simus serum with antibodies against Crotoxin, albeit at a lower
potency than against the homologous antigen. Importantly, results of
the proteomic analysis determined that Sphenotoxin shared partial
amino acid sequences to the A and B chains of Crotoxin. Sphenotoxin
dissociated into ~9 kDa and ~14 kDa subunits under the conditions of
RP-HPLC, in agreement with the expected presence of A and B subunits.
Partial (107/122) amino acid sequencing of Sphenotoxin B confirmed
its high similarity to Crotoxin or Crotoxin-like proteins described in
Crotalus, Sistrurus, Gloydius, and Bothriechis species, ranging from 78 to
89% (Fig. 5).

Crotoxin and its homologs have been widely studied in rattlesnake
(Crotalus and Sistrurus) venoms [20,21,23–28,45–52] but, only in recent
years, have Crotoxin-like molecules been reported in venoms of species
from other genera including Gloydius [29] and Bothriechis [15]. Mouse
lethal potencies (expressed as LD50) have been reported in the range of
0.08 to 0.65 μg/g (i.v.) for Crotoxin in C. d. terrificus Crotoxin, 0.45 μg/g
(i.p.) for Gintexin in G. intermedius, 2.2 μg/g (i.v.) for Nigroviriditoxin
in B. nigroviridis, and 0.16 μg/g (i.v.) for Sphenotoxin in O. sphenophrys

Fig. 3. Proteomic composition of O. sphenophrys venom according to relative
proportion of each protein families. Relative abundances were estimated from
the integration of chromatographic peak areas of the RP-HPLC separation,
combined with densitometric distribution of protein bands in SDS-PAGE as
described in Section 2.12. SVMPs: snake venom metalloproteinases; SVSPs:
snake venom serine proteinases; LAAO: L-amino acid oxidase; CRISP: cysteine-
rich secretory proteins; Sphenotoxin: Crotoxin-like; PLA2: phospholipase A2;
VEGF: vascular endothelial growth factor; Vesp: vespryn/ohanin; Unk: un-
known proteins. Photograph of Ophryacus sphenophrys courtesy of Ivan Ahu-
mada.
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described in this study. Crotoxin B isoforms from C. d. terrificus venom
have been reported with lethal potency values of 0.48, 0.5, and 0.7 μg/g
(i.v.) [15,16,20]. All of these are similar to that obtained for Spheno-
toxin B 0.49 μg/g (i.v.) (Table 3). The potent paralyzing and lethal

actions of Crotoxin-like molecules suggest that its presence provides an
important trophic adaptation but the precise cause remains unknown.
For O. sphenophrys specifically, it is the most arboreal of the three
species of Ophryacus and also has the most limited distribution. It is

Fig. 4. Sphenotoxin purification and mass determination. (A) Size-exclusion chromatography of O. sphenophrys venom. Each fraction was analyzed by SDS-PAGE
(15%) under reducing conditions (upper) and non-reducing conditions (lower). (B) Reverse-phase HPLC of fraction three from size-exclusion was analyzed; the two
subunits of Sphenotoxin were marked. The A subunit (C) and B subunit (D) were analyzed by mass spectrometry. Five possible isoforms were identified for the A
subunit and a single mass for the B subunit.

Fig. 5. Multiple alignment conducted in Clustal Omega of the partial amino acid sequence of Sphenotoxin B with related homologs from Crotalus d. terrificus, Sistrurus
tergeminus, Bothriechis nigroviridis, and Gloydius intermedius. Undetermined amino acid residues in the Sphenotoxin B sequence are indicated by (−). The Uniprot
access codes for the proteins are indicated to the left and the identity values calculated with the partial sequence is shown to the right. Grey bars indicate the cysteines
conserved.
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possible that their diet is specialized and, through strong local adap-
tation, they have diverged in venom composition from their sister
species, O. undulatus.

On the basis of the discovery of a β-neurotoxic PLA2 heterodimeric
complex in Gloydius intermedius [17,29], it has been recently proposed
that Crotoxin originated in an Old World ancestor which migrated to
North America from Asia through the Bering Strait bridge ~22 mya
[3,53]. In silico studies on ancestor-state reconstructions have predicted
that a single nucleotide mutation could suffice to explain the complete
proteolytic processing of Mojave toxin A (Crotoxin A homolog) and its
subsequent association with the B subunit [54]. In addition, the scat-
tered pattern for the presence of Crotoxin among rattlesnake species has
been shown to originate on recent lineage-independent loss of genes
rather than on convergent evolution [53]. However, it is still unclear
why some species possess mRNA transcripts encoding for both subunits
of Crotoxin, yet in proteomic analyses do not show presence of this
neurotoxin in their venoms [11,25]. Recent research indicates the
presence of iRNA in the regulation mechanisms of protein expression in
snake venoms [25], could explain why certain populations within the
same species, for example C. tzabcan, produce venoms that contain
Crotoxin, determined by ELISA, whereas others lack this toxin [22].

The presence of Crotoxin-like molecules in non-rattlesnake genera,
as in the case of O. sphenophrys described here and B. nigriviridis [15], is
of interest from an evolutionary perspective because it adds to the
dataset for the presence and absence of heterodimeric β-neurotoxins. If
Crotoxin-like molecules are found in more taxa, this will further support
the hypothesis that Crotoxin genes were already present in venom
glands of the New World pitviper ancestor and, eventually, they were
lost in some lineages [53]. Therefore, it would be highly informative to
investigate other species of pitvipers in the New World [33]. Testing for
the presence of a homologous toxin to Sphenotoxin in the three species
ofMixcoatlus could help inform the gene gain vs gene loss hypotheses of
Crotoxin-like molecules in this lineage because Mixcoatlus is likely the
sister genus for Ophryacus. Additionally, now that Crotoxin-like mole-
cules have been found in two New World genera other than rat-
tlesnakes, it is possible that β-neurotoxins will be found in other Middle
American pitviper genera like Bothriechis and Ophryacus such as Atro-
poides, Cerrophidion or Porthidium, as more individuals and populations
are analyzed venomically.

Table 3
Functional characteristics of Sphenotoxin and its isolated subunits.

Sample LD50 PLA2 Neutralization

(μg/g) (U/mg) mg V/mL S

Sphenotoxin A >5.2 0 n.a.
Sphenotoxin B 0.49 (0.47–0.5) 174 ± 17.5 n.a.
Sphenotoxin (A+B) 0.16 (0.1–0.19) 34 ± 8.3 n.a.
C. simus venom 0.16 (0.12–0.18) n.a. 0.88
O. sphenophrys venom 0.88 (0.85–0.9) 55.2 ± 4.2 2.82

LD50: Median Lethal Dose - dose of venom that induces death in 50% of injected
mice (18–20 g) by intravenous (i.v.) route. Values in parentheses represent the
95% confidence limits.
PLA2: Phospholipase A2 activity on 4-nitro-3-(octanoyloxy)-benzoic acid sub-
strate.
Neutralization is expressed as the preincubated venom/serum ratio (mg V/
mL S) at which mice were protected from lethality.
Sphenotoxin (A+B) was reconstituted at a 1:1M ratio.
Values represent mean ± SD of three replicates.
n.a: not analyzed.

Fig. 6. Neurotoxic effect of Sphenotoxin and Crotoxin, at 3.5 μg/mL on the
mouse phrenic-hemidiaphragm neuromuscular preparation. Points represent
mean ± SD of three replicates.

Fig. 7. Cross-recognition screening assay by ELISA. Wells coated with crude venoms of either Ophryacus sphenophrys (■), O. undulatus (▼), or O. smaragdinus (▴)
were incubated with (A) mouse monoclonal 4F6 against C. d. terrificus Crotoxin, or (B) rabbit polyclonal antibodies raised against C. d. terrificus Crotoxin. The venom
of Crotalus atrox (♦), which lacks Crotoxin, was used as a negative control, whereas C. d. terrificus venom (●), containing Crotoxin, was a positive control. Bound
antibodies were detected with corresponding anti-IgG-HRP conjugates, as described in Section 2.10.

E. Neri-Castro et al. Journal of Proteomics xxx (xxxx) xxx–xxx

10



Conflict of interest statement

The authors declare no conflicts of interest in this study.

Acknowledgements

Edgar Neri Castro is a doctoral student from the Programa de
Doctorado en Ciencias Biomédicas, Universidad Nacional Autónoma de
México (UNAM) and a scholarship recipient from Consejo Nacional de
Ciencia y Tecnología (CONACyT) with registration number 254145.
This project was financed by Dirección General de Asuntos del Personal
Académico (DGAPA-PAPIIT: IN207218). Moreover, the authors deeply
thank the following: Eric Rivas, Gabriel del Valle and Pablo Berea for
support during field work and venom extraction. Alejandro Olvera for
fruitful discussions on this project. Iván Ahumada Carrillo for the
photograph of O. sphenophrys and Mario Reyna for editing. Juan
Manuel Hurtado Ramírez and David Castañeda Carreón for sharing
their rich computational knowledge and for diverse technical assis-
tance. César Ferreira Batista and Lorena Hernández Orihuela from the
University Proteomic Laboratory (LUP, IBt-UNAM) for partial protein
sequence determination and analysis. Eduardo Madrigal Bujaidar and
Rosa Isela Álvarez González from the Genetic Toxicology Laboratory of
the National School of Biological Sciences from Instituto Politécnico
Nacional, for their support and disposition during the project. Also, for
the direction and support for the master's degree thesis of Mariel Valdes
Arellanes, who is also a CONACyT scholarship recipient with registra-
tion number 703353.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2018.09.002.

References

[1] F.E. Russell, Venoms, Snake Venom Poisoning, Lippincott, Philadelphia, 1980.
[2] T. Tasoulis, G.K. Isbister, A Review and Database of Snake Venom Proteomes,

(2017), https://doi.org/10.3390/toxins9090290.
[3] J.J. Calvete, Venomics: integrative venom proteomics and beyond, Biochem. J. 474

(2017) 611–634, https://doi.org/10.1042/BCJ20160577.
[4] S.P. Mackessy, Venom composition in rattlesnakes: Trends and biological sig-

nificance, Biol. Ratt. (2008) 495–510.
[5] J.J. Calvete, L. Sanz, Y. Angulo, B. Lomonte, J.M. Gutiérrez, Venoms, venomics,

antivenomics, FEBS Lett. 583 (2009) 1736–1743, https://doi.org/10.1016/j.febslet.
2009.03.029.

[6] J.M. Gutiérrez, Comprendiendo los venenos de serpientes: 50 Años de in-
vestigaciones en América Latina, Rev. Biol. Trop. 50 (2002) 377–394.

[7] J.M. Gutiérrez, L. Sanz, M. Flores-Díaz, L. Figueroa, M. Madrigal, M. Herrera,
M. Villalta, G. León, R. Estrada, A. Borges, A. Alape-Girón, J.J. Calvete, Impact of
regional variation in Bothrops asper snake venom on the design of antivenoms:
Integrating antivenomics and neutralization approaches, J. Proteome Res. 9 (2010)
564–577, https://doi.org/10.1021/pr9009518.

[8] B. Lomonte, J.J. Calvete, Strategies in “snake venomics” aiming at an integrative
view of compositional, functional, and immunological characteristics of venoms, J.
Venom. Anim. Toxins Incl. Trop. Dis. 23 (2017) 1–12, https://doi.org/10.1186/
s40409-017-0117-8.

[9] B. Fry, From genome to “venome”: molecular origin and evolution of the snake
venom proteome inferred from phylogenetic analysis of toxin sequences and related
body proteins, Genome Res. 15 (2005) 403–420, https://doi.org/10.1101/gr.
3228405.

[10] T.N.W. Jackson, K. Sunagar, E.A.B. Undheim, I. Koludarov, A.H.C. Chan,
K. Sanders, S.A. Ali, I. Hendrikx, N. Dunstan, B.G. Fry, Venom down under:
Dynamic evolution of Australian elapid snake toxins, Toxins (Basel). 5 (2013)
2621–2655, https://doi.org/10.3390/toxins5122621.

[11] E.N. Castro, B. Lomonte, M. del Carmen Gutiérrez, A. Alagón, J.M. Gutiérrez,
Intraspecies variation in the venom of the rattlesnake Crotalus simus from Mexico:
different expression of crotoxin results in highly variable toxicity in the venoms of
three subspecies, J. Proteome 87 (2013) 103–121, https://doi.org/10.1016/j.jprot.
2013.05.024.

[12] M. Madrigal, D. Pla, L. Sanz, E. Barboza, C. Arroyo-Portilla, C. Corrêa-Netto,
J.M. Gutiérrez, A. Alape-Girón, M. Flores-Díaz, J.J. Calvete, Cross-reactivity, anti-
venomics, and neutralization of toxic activities of Lachesis venoms by polyspecific
and monospecific antivenoms, PLoS Negl. Trop. Dis. 11 (2017) 1–21, https://doi.
org/10.1371/journal.pntd.0005793.

[13] R. Teixeira-Araújo, P. Castanheira, L. Brazil-Más, F. Pontes, M. Leitão De Araújo,

M.L. Machado Alves, R.B. Zingali, C. Correa-Netto, Antivenomics as a tool to im-
prove the neutralizing capacity of the crotalic antivenom: a study with crotamine, J.
Venom. Anim. Toxins Incl. Trop. Dis. 23 (2017) 1–8, https://doi.org/10.1186/
s40409-017-0118-7.

[14] J. Fernández, B. Lomonte, L. Sanz, Y. Angulo, J.M. Gutiérrez, J.J. Calvete, Snake
venomics of bothriechis nigroviridis reveals extreme variability among palm pit-
viper venoms: different evolutionary solutions for the same trophic purpose, J.
Proteome Res. 9 (2010) 4234–4241, https://doi.org/10.1021/pr100545d.

[15] B. Lomonte, D. Mora-Obando, J. Fernández, L. Sanz, D. Pla, J. María Gutiérrez,
J.J. Calvete, First crotoxin-like phospholipase A2 complex from a New World non-
rattlesnake species: Nigroviriditoxin, from the arboreal Neotropical snake
Bothriechis nigroviridis, Toxicon 93 (2015) 144–154, https://doi.org/10.1016/J.
TOXICON.2014.11.235.

[16] Z.M. Yang, Q. Guo, Z.R. Ma, Y. Chen, Z.Z. Wang, X.M. Wang, Y.M. Wang, I.H. Tsai,
Structures and functions of crotoxin-like heterodimers and acidic phospholipases
A2from Gloydius intermedius venom: Insights into the origin of neurotoxic-type
rattlesnakes, J. Proteome 112 (2015) 210–223, https://doi.org/10.1016/j.jprot.
2014.09.009.

[17] Z.M. Yang, Y.E. Yang, Y. Chen, J. Cao, C. Zhang, L.L. Liu, Z.Z. Wang, X.M. Wang,
Y.M. Wang, I.H. Tsai, Transcriptome and proteome of the highly neurotoxic venom
of Gloydius intermedius, Toxicon 107 ( (2015) 175–186, https://doi.org/10.1016/j.
toxicon.2015.08.010.

[18] K.H. Slotta, H.L. Fraenkel-Conrat, Reinigung und Krystallisation des
Klapperschlangen-Giftes, Berichte Der Dtsch. Chem. Gesellschaft 71 (1938)
1076–1081, https://doi.org/10.1002/cber.19380710527.

[19] C.C. Chang, J.D. Lee, Crotoxin, the neurotoxin of south American rattlesnake
venom, is a presynaptic toxin acting like β-bungarotoxin, Naunyn Schmiedeberg's
Arch. Pharmacol. 296 (1977) 159–168, https://doi.org/10.1007/BF00508469.

[20] G. Faure, A.L. Harvey, E. Thomson, B. Saliou, F. Radvanyi, C. Bon, Comparison of
crotoxin isoforms reveals that stability of the complex plays a major role in its
pharmacological action, Eur. J. Biochem. 214 (1993) 491–496, https://doi.org/10.
1111/j.1432-1033.1993.tb17946.x.

[21] G. Faure, V. Choumet, C. Bouvhier, L. Camoin, J.-L. Guillaume, B. Monegier,
M. Vuilhorgne, C. Bon, The origin of the diversity of crotoxin isoforms in the venom
of Crotalus durissus terrificus, Eur. J. Biochem. 223 (1994) 161–164, https://doi.
org/10.1111/j.1432-1033.1994.tb18978.x.

[22] A.I. Hernánez-Dávila, Thesis. Crotoxina en el veneno de la serpiente de cascabel
Crotalus simus en México: su relación con la toxicidad y distribución geográfica,
Universidad Nacional autónoma de México, 2015, http://132.248.9.195/ptd2015/
enero/512028189/Index.html.

[23] Y.-H. Chen, Y.-M. Wang, M.-J. Hseu, I.-H. Tsai, Molecular evolution and struc-
ture–function relationships of crotoxin-like and asparagine-6-containing phospho-
lipases a 2 in pit viper venoms, Biochem. J. 381 (2004) 25–34, https://doi.org/10.
1042/BJ20040125.

[24] J.J. Calvete, L. Sanz, P. Cid, P. de la Torre, M. Flores-Díaz, M.C. Dos Santos,
A. Borges, A. Bremo, Y. Angulo, B. Lomonte, A. Alape-Girón, J.M. Gutiérrez, Snake
Venomics of the central American Rattlesnake Crotalus simus and the South
American Crotalus durissus Complex Points to Neurotoxicity as an Adaptive
Paedomorphic Trend along Crotalus Dispersal in South America, J. Proteome Res. 9
(2010) 528–544, https://doi.org/10.1021/pr9008749.

[25] J. Durban, L. Sanz, D. Trevisan-Silva, E. Neri-Castro, A. Alagón, J.J. Calvete,
Integrated Venomics and Venom Gland Transcriptome Analysis of Juvenile and
Adult Mexican Rattlesnakes Crotalus simus, C. tzabcan, and C. culminatus Revealed
miRNA-modulated Ontogenetic Shifts, J. Proteome Res. 16 (2017) 3370–3390,
https://doi.org/10.1021/acs.jproteome.7b00414.

[26] E. Rivas, E. Neri-Castro, M. Bénard-Valle, A.I. Hernánez-Dávila, F. Zamudio,
A. Alagón, General characterization of the venoms from two species of rattlesnakes
and an intergrade population (C. lepidus x aquilus) from Aguascalientes and
Zacatecas, Mexico, Toxicon 138 (2017) 191–195, https://doi.org/10.1016/j.
toxicon.2017.09.002.

[27] M. Borja, E. Neri-Castro, G. Castañeda-Gaytán, J.L. Strickland, C.L. Parkinson,
J. Castañeda-Gaytán, R. Ponce-López, B. Lomonte, A. Olvera-Rodríguez, A. Alagón,
R. Pérez-Morales, Biological and proteolytic variation in the venom of crotalus
scutulatus scutulatus from Mexico, Toxins (Basel). 10 (2018) 1–19, https://doi.org/
10.3390/toxins10010035.

[28] J. Dobson, D.C. Yang, B. op den Brouw, C. Cochran, T. Huynh, S. Kurrupu,
E.E. Sánchez, D.J. Massey, K. Baumann, T.N.W. Jackson, A. Nouwens, P. Josh,
E. Neri-Castro, A. Alagón, W.C. Hodgson, B.G. Fry, Rattling the border wall:
Pathophysiological implications of functional and proteomic venom variation be-
tween Mexican and US subspecies of the desert rattlesnake Crotalus scutulatus,
Comp. Biochem. Physiol. Part - C Toxicol. Pharmacol. 205 (2018) 62–69, https://
doi.org/10.1016/j.cbpc.2017.10.008.

[29] Z.-M. Yang, Y.-E. Yang, Y. Chen, J. Cao, C. Zhang, L.-L. Liu, Z.-Z. Wang, X.-M. Wang,
Y.-M. Wang, I.-H. Tsai, Transcriptome and proteome of the highly neurotoxic
venom of Gloydius intermedius, Toxicon 107 ( (2015) 175–186, https://doi.org/10.
1016/J.TOXICON.2015.08.010.

[30] N.L. Dowell, M.W. Giorgianni, V.A. Kassner, J.E. Selegue, E.E. Sanchez, S.B. Carroll,
The Deep Origin and recent loss of Venom Toxin Genes in Rattlesnakes, Curr. Biol.
26 (2016) 2434–2445, https://doi.org/10.1016/j.cub.2016.07.038.

[31] S.A. Scherr, C. Ja, L. Ww, The Venomous Reptiles of the Western Hemisphere,
Volumes I-II Color Atlas of Emergency Department Procedures the Venomous
Reptiles of the Western Hemisphere, Volumes I-II Color Atlas of Emergency
Department Procedures, English. 45 (2005) 7216, https://doi.org/10.1016/j.
annemergmed.2004.11.029.

[32] R.C. Jadin, E.N. Smith, J.A. Campbell, Unravelling a tangle of Mexican serpents: a
systematic revision of highland pitvipers, Zool. J. Linnean Soc. 163 (2011)

E. Neri-Castro et al. Journal of Proteomics xxx (xxxx) xxx–xxx

11

https://doi.org/10.1016/j.jprot.2018.09.002
https://doi.org/10.1016/j.jprot.2018.09.002
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0005
https://doi.org/10.3390/toxins9090290
https://doi.org/10.1042/BCJ20160577
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0020
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0020
https://doi.org/10.1016/j.febslet.2009.03.029
https://doi.org/10.1016/j.febslet.2009.03.029
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0030
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0030
https://doi.org/10.1021/pr9009518
https://doi.org/10.1186/s40409-017-0117-8
https://doi.org/10.1186/s40409-017-0117-8
https://doi.org/10.1101/gr.3228405
https://doi.org/10.1101/gr.3228405
https://doi.org/10.3390/toxins5122621
https://doi.org/10.1016/j.jprot.2013.05.024
https://doi.org/10.1016/j.jprot.2013.05.024
https://doi.org/10.1371/journal.pntd.0005793
https://doi.org/10.1371/journal.pntd.0005793
https://doi.org/10.1186/s40409-017-0118-7
https://doi.org/10.1186/s40409-017-0118-7
https://doi.org/10.1021/pr100545d
https://doi.org/10.1016/J.TOXICON.2014.11.235
https://doi.org/10.1016/J.TOXICON.2014.11.235
https://doi.org/10.1016/j.jprot.2014.09.009
https://doi.org/10.1016/j.jprot.2014.09.009
https://doi.org/10.1016/j.toxicon.2015.08.010
https://doi.org/10.1016/j.toxicon.2015.08.010
https://doi.org/10.1002/cber.19380710527
https://doi.org/10.1007/BF00508469
https://doi.org/10.1111/j.1432-1033.1993.tb17946.x
https://doi.org/10.1111/j.1432-1033.1993.tb17946.x
https://doi.org/10.1111/j.1432-1033.1994.tb18978.x
https://doi.org/10.1111/j.1432-1033.1994.tb18978.x
http://132.248.9.195/ptd2015/enero/512028189/Index.html
http://132.248.9.195/ptd2015/enero/512028189/Index.html
https://doi.org/10.1042/BJ20040125
https://doi.org/10.1042/BJ20040125
https://doi.org/10.1021/pr9008749
https://doi.org/10.1021/acs.jproteome.7b00414
https://doi.org/10.1016/j.toxicon.2017.09.002
https://doi.org/10.1016/j.toxicon.2017.09.002
https://doi.org/10.3390/toxins10010035
https://doi.org/10.3390/toxins10010035
https://doi.org/10.1016/j.cbpc.2017.10.008
https://doi.org/10.1016/j.cbpc.2017.10.008
https://doi.org/10.1016/J.TOXICON.2015.08.010
https://doi.org/10.1016/J.TOXICON.2015.08.010
https://doi.org/10.1016/j.cub.2016.07.038
https://doi.org/10.1016/j.annemergmed.2004.11.029
https://doi.org/10.1016/j.annemergmed.2004.11.029


943–958, https://doi.org/10.1111/j.1096-3642.2011.00748.x.
[33] I.T.A.-C. Grünwald, I. Christoph, Jason M. Jones, A New Species of Ophryacus

(Serpentes : Viperidae : Crotalinae) from Eastern Mexico, with comments on the
taxonomy of related pitvipers (2010), pp. 387–416.

[34] R.D.G. Theakston, H.A. Reid, Development of Simple Standard Assay Procedures for
the Characterization of Snake Venoms, vol. 61, (1983), pp. 949–956.

[35] J.M. Gutiérrez, A. Gené, G. Rodas, L. Cerdas, I.C. Picado, F. De Microbiologia,
U.D.C. Rica, S. José, C. Rica, I.N.C. Rica, Neutralization of Proteolytic and
Hemorragic Activities of Costa Rican Snake Venoms by a Polyvalent Antivenom,
(1985).

[36] M. Holzer, S.P. Mackessy, An aqueous endpoint assay of snake venom phospholi-
pase A2, Toxicon 34 (1996) 1149–1155, https://doi.org/10.1016/0041-0101(96)
00057-8.

[37] B. Lomonte, P. Rey-Suárez, W.C. Tsai, Y. Angulo, M. Sasa, J.M. Gutiérrez,
J.J. Calvete, Snake venomics of the pit vipers Porthidium nasutum, Porthidium
ophryomegas, and Cerrophidion godmani from Costa Rica: Toxicological and tax-
onomical insights, J. Proteome 75 (2012) 1675–1689, https://doi.org/10.1016/j.
jprot.2011.12.016.

[38] E. Bulbring, Observations on the isolated phrenic nerve diaphragm preparation of
the rat, Br. J. Pharmacol. Chemother. 1 (1946) 38–61, https://doi.org/10.1111/j.
1476-5381.1946.tb00025.x.

[39] D. Lorke, A new approach to practical acute toxicity testing, Arch. Toxicol. 54
(1983) 275–287, https://doi.org/10.1007/BF01234480.

[40] A. Casasola, B. Ramos-Cerrillo, A.R. de Roodt, A.C. Saucedo, J.P. Chippaux,
A. Alagón, R.P. Stock, Paraspecific neutralization of the venom of African species of
cobra by an equine antiserum against Naja melanoleuca: a comparative study,
Toxicon 53 (2009) 602–608, https://doi.org/10.1016/j.toxicon.2009.01.011.

[41] C.I. Grünwald, J.M. Jones, A new species of Ophryacus (Serpentes: Viperidae:
Crotalinae) from eastern Mexico with comments of the taxonomy of related pitvi-
pers, Mesoamerican Herpetol 2 (2015) 388–416 http://www.herp.mx/pubs/2015-
Grunwald-et-al-Ophryacus.pdf.

[42] J. White, Snake venoms and coagulopathy, Toxicon 45 (2005) 951–967, https://
doi.org/10.1016/j.toxicon.2005.02.030.

[43] Y. Yamazaki, T. Morita, Snake venom components affecting blood coagulation and
the vascular system: structural similarities and marked diversity, Curr. Pharm. Des.
13 (2007) 2872–2886, https://doi.org/10.2174/138161207782023775.

[44] P. Yadav, V.M. McLeod, C.J. Nowell, L.I. Selby, A.P.R. Johnston, L.M. Kaminskas,

N.L. Trevaskis, Distribution of therapeutic proteins into thoracic lymph after in-
travenous administration is protein size-dependent and primarily occurs within the
liver and mesentery, J. Control. Release 272 (2018) 17–28, https://doi.org/10.
1016/j.jconrel.2017.12.031.

[45] J.L. Glenn, R.C. Straight, T.B. Wolt, Regional variation in the presence of canebrake
toxin in Crotalus horridus venom, Comp. Biochem. Physiol. Part C Pharmacol. 107
(1994) 337–346, https://doi.org/10.1016/1367-8280(94)90059-0.

[46] D.G. Beghini, L. Rodrigues-Simioni, M.H. Toyama, J.C. Novello, M.A. Da Cruz-
Höfling, S. Marangoni, Neurotoxic and myotoxic actions of crotoxin-like and
Crotalus durissus cascavella whole venom in the chick biventer cervicis prepara-
tion, Toxicon 43 (2004) 255–261, https://doi.org/10.1016/j.toxicon.2003.12.001.

[47] J.A. Pereañez, V. Núñez, S. Huancahuire-Vega, S. Marangoni, L.A. Ponce-Soto,
Biochemical and biological characterization of a PLA2 from crotoxin complex of
Crotalus durissus cumanensis, Toxicon 53 (2009) 534–542, https://doi.org/10.
1016/j.toxicon.2009.01.021.

[48] J.J. Calvete, A. Pérez, B. Lomonte, E.E. Sánchez, L. Sanz, Snake venomics of
Crotalus tigris: the minimalist toxin arsenal of the deadliest neartic rattlesnake
venom. Evolutionary clues for generating a pan-specific antivenom against crotalid
type II venoms, J. Proteome Res. 11 (2012) 1382–1390, https://doi.org/10.1021/
pr201021d.

[49] G. Faure, F. Saul, Crystallographic characterization of functional sites of crotoxin
and ammodytoxin, potent β-neurotoxins from Viperidae venom, Toxicon 60 (2012)
531–538, https://doi.org/10.1016/j.toxicon.2012.05.009.

[50] W.L.G. Cavalcante, L.A. Ponce-Soto, S. Marangoni, M. Gallacci, Neuromuscular
effects of venoms and crotoxin-like proteins from Crotalus durissus ruruima and
Crotalus durissus cumanensis, Toxicon 96 (2015) 46–49, https://doi.org/10.1016/
j.toxicon.2015.01.006.

[51] C.L. Ho, C.Y. Lee, Presynaptic actions of Mojave toxin isolated from Mojave rat-
tlesnake (Crotalus scutulatus) venom, Toxicon 19 (1981) 889–892, https://doi.org/
10.1016/0041-0101(81)90086-6.

[52] AOP, Crotalus Durissus Collilineatus, vol. 97, (1990), pp. 695–699.
[53] N.L. Dowell, M.W. Giorgianni, V.A. Kassner, J.E. Selegue, E.E. Sanchez, S.B. Carroll,

The Deep Origin and recent loss of Venom Toxin Genes in Rattlesnakes, Curr. Biol.
26 (2016) 2434–2445, https://doi.org/10.1016/j.cub.2016.07.038.

[54] A.C. Whittington, A.J. Mason, D.R. Rokyta, A single mutation unlocks cascading
exaptations in the origin of a potent pitviper neurotoxin, Mol. Biol. Evol. 35 (2018)
887–898, https://doi.org/10.1093/molbev/msx334.

E. Neri-Castro et al. Journal of Proteomics xxx (xxxx) xxx–xxx

12

https://doi.org/10.1111/j.1096-3642.2011.00748.x
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0165
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0165
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0165
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0170
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0170
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0175
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0175
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0175
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0175
https://doi.org/10.1016/0041-0101(96)00057-8
https://doi.org/10.1016/0041-0101(96)00057-8
https://doi.org/10.1016/j.jprot.2011.12.016
https://doi.org/10.1016/j.jprot.2011.12.016
https://doi.org/10.1111/j.1476-5381.1946.tb00025.x
https://doi.org/10.1111/j.1476-5381.1946.tb00025.x
https://doi.org/10.1007/BF01234480
https://doi.org/10.1016/j.toxicon.2009.01.011
http://www.herp.mx/pubs/2015-Grunwald-et-al-Ophryacus.pdf
http://www.herp.mx/pubs/2015-Grunwald-et-al-Ophryacus.pdf
https://doi.org/10.1016/j.toxicon.2005.02.030
https://doi.org/10.1016/j.toxicon.2005.02.030
https://doi.org/10.2174/138161207782023775
https://doi.org/10.1016/j.jconrel.2017.12.031
https://doi.org/10.1016/j.jconrel.2017.12.031
https://doi.org/10.1016/1367-8280(94)90059-0
https://doi.org/10.1016/j.toxicon.2003.12.001
https://doi.org/10.1016/j.toxicon.2009.01.021
https://doi.org/10.1016/j.toxicon.2009.01.021
https://doi.org/10.1021/pr201021d
https://doi.org/10.1021/pr201021d
https://doi.org/10.1016/j.toxicon.2012.05.009
https://doi.org/10.1016/j.toxicon.2015.01.006
https://doi.org/10.1016/j.toxicon.2015.01.006
https://doi.org/10.1016/0041-0101(81)90086-6
https://doi.org/10.1016/0041-0101(81)90086-6
http://refhub.elsevier.com/S1874-3919(18)30343-9/rf0260
https://doi.org/10.1016/j.cub.2016.07.038
https://doi.org/10.1093/molbev/msx334

	Venom characterization of the three species of Ophryacus and proteomic profiling of O. sphenophrys unveils Sphenotoxin, a novel Crotoxin-like heterodimeric β-neurotoxin
	Introduction
	Materials and methods
	Ethics statement
	Venoms and crotoxin control
	Protein concentration
	Hemorrhagic activity
	Coagulant activity
	Proteolytic activity
	Phospholipase A2 (PLA2) activity
	Mouse phrenic nerve–hemidiaphragm neuromuscular preparation
	Lethality of venoms
	ELISA assay
	RP-HPLC (reversed-phase high-performance liquid chromatography) fractionation
	Proteomic profiling of O. sphenophrys venom
	Crotoxin-like purification
	Reconstitution of the Crotoxin-like A + B complex
	Mass spectrometry and N-terminal amino acid sequencing
	Crotoxin neutralization assay

	Results
	Toxic and enzymatic activities of Ophryacus venoms
	RP-HPLC profiles of Ophryacus venoms
	Proteomic profiling of O. sphenophrys venom
	Purification of Sphenotoxin
	Functional characterization of Sphenotoxin
	Immunological cross-reactivity and neutralization by anti-Crotoxin antibodies

	Discussion
	Conflict of interest statement
	Acknowledgements
	Supplementary data
	References




