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a b s t r a c t

The elapid genus, Micruroides, is considered the sister clade of all New World coral snakes (Genus
Micrurus), is monotypic, and is represented by Sonoran Coral Snakes, Micruroides euryxanthus. Coral
snakes of the genus Micrurus have been reported to have venoms that are predominantly composed of
phospholipases A2 (PLA2) or three finger toxins (3FTx), but the venoms of the genus Micruroides are
almost completely unstudied. Here, we present the first description of the venom of M. euryxanthus
including identification of some proteins as well as transcriptomic, and biological activity assays. The
most abundant components withinM. euryxanthus venom are 3FTxs (62.3%) and there was relatively low
proportion of PLA2s (14.2%). The venom phenotype supports the hypothesis that the common ancestor of
Micrurus and Micruroides had a 3FTx-dominated venom. Within the venom, there were two nearly
identical a-neurotoxins (a-Ntx), one of which was designated Eurytoxin, that account for approximately
60% of the venom’s lethality to mice. Eurytoxin was cloned, expressed in a soluble and active form, and
used to produce rabbit hyperimmune serum. This allowed the analysis of its immunochemical properties,
showing them to be different from the recombinant aNTx D.H., present in the venoms of some species of
Micrurus. Finally, we observed that the commercial antivenom produced in Mexico for coral snake en-
venomation is unable to neutralize the lethality from M. euryxanthus venom. This work allowed the
classification of Micruroides venom into the 3FTx-predominant group and identified the main compo-
nents responsible for toxicity to mice.

© 2021 Published by Elsevier B.V.
1. Introduction

New World coral snakes in the family Elapidae include two
genera: Micrurus, which includes 89 species and Micruroides with
only one species, Micruroides euryxanthus (hereafter
M. euryxanthus, Sonoran Coral Snakes [1]). The genus Micruroides
has been consistently placed as the sister group to all other New
World coral snakes (Micrurus) in phylogenetic analyses [2,3] with
the last common ancestor occurring around 36 million years ago
(Mya) [4].

Coral snakes generally cause few bites. In Mexico, between 2003
and 2018, an average of 3850 snake bites occurred per year [5] and
xo@gmail.com (A. Alag�on).
we estimate that fewer than 2% of these are caused by coral snakes.
Still, patients should be treated quickly because severe enveno-
mations pose a risk of death due to respiratory failure [6]. The
majority of coral snake bites are fromMicrurus sp. Only four cases of
bites byM. euryxanthus have been reported [7], and were generally
mild with no fatalities [8]. Studies on the venoms of Micrurus have
reported the presence of presynaptic and postsynaptic neurotoxins.
The former belong to the phospholipase A2 (PLA2) family and the
latter belong to the a-neurotoxic subtype of the three-finger toxin
(3FTx) family [9]. Presynaptic PLA2s act on the neuromuscular
endplate of skeletal muscle, inhibiting liberation of the neuro-
transmitter acetylcholine (ACh) and causing destruction of the
presynaptic button [10]. a-neurotoxic 3FTxs can also act on
neuromuscular junctions by binding with high affinity to nicotinic
ACh receptors (nAChRs) and inhibiting muscle contraction.

The relative abundance of PLA2s and 3FTxs in venom
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composition varies greatly from species to species amongMicrurus.
A dichotomy between PLA2-rich venoms in North American and
3FTx-rich venoms in South American Micrurus has been suggested
[9,11], although the mechanisms that generated this pattern and its
applicability to all coral snake species need further investigation
[12]. It has been suggested that 3FTx-dominated venoms are the
ancestral condition, while the appearance of presynaptic PLA2s is a
derived trait [9].

In contrast to the speciose genus Micrurus, Micruroides is rep-
resented by a single species with three subspecies: M. euryxanthus
euryxanthus distributed from southern Arizona and southwestern
New Mexico to northern Chihuahua and Sonora in Mexico, M. e.
australis distributed in southern Sonora and likely Chihuahua,
Mexico, and M. e. neglectus distributed near Mazatl�an, Sinaloa,
Mexico [13e16]. These are small to medium-sized snakes (between
300 and 400 mm [16]) that inhabit deserts and mesquite grass-
lands, though little is known about their natural history [17]. Like
Micrurus, Micruroides feeds on small snakes (e.g., Tantilla, Sonora,
Rena, and Ficimia) and some lizards (e.g., Elgaria, Cnemidophorus
and Plestiodon) [13,16,18,19].

Prior to the present study, M. euryxanthus venom has been little
investigated, although its neuromuscular action and neutralization
with antivenom have been reported [20]. Yang and coworkers
observed that Micruroides venom has postsynaptic blocking activ-
ity. Also, they found that the coral snake-specific antivenom, Cor-
almyn®, produced through immunization with Micrurus
nigrocinctus venom, is ineffective at neutralizing M. euryxanthus
venomwhen tested on isolated neuromuscular tissue preparations.
Due to the low venom yields (reported average venom yield per
individual is 0.12 mg [16]) and the difficulty of obtaining these
animals in the field [17], experiments that require modest to large
quantities of purified toxins are generally not possible. Heterolo-
gous expression of venom components has been previously ach-
ieved [21,22] and is an alternative that can be extremely useful for
analyzing the biochemical and immunochemical properties of coral
snake toxins.

The aim of this work was to perform a general analysis of the
composition of M. euryxanthus venom using protein sequencing
and transcriptomics and to characterize its biological activities.
Also, we specifically tested for heterologous expression of a lethal
ɑ-Ntx to use as a tool for further analysis. These data will make it
possible to classify Micruroides venom and test the hypothesis that
it is 3FTx-dominant, given the sister position of Micruroides to
Micrurus.

2. Materials and methods

2.1. Ethics statement

All animals and methods used in this study were approved by
the bioethics committee of the Instituto de Biotecnología, Uni-
versidad Nacional Aut�onoma de M�exico (IBt, UNAM) under project
# 385 “Caracterizaci�on functional y an�alisis de especificidad de ven-
enos de coralillos Norteamericanos”.

2.2. Experimental animals

Mice of both sexes (ICR strain) weighing 18e20 g and New
Zealand rabbits weighing approximately 2.5 kg were acquired from
the animal facility of the Institute of Biotechnology, UNAM (IBt,
UNAM). Mice and rabbits were maintained with food and water ad
libitum.

Venom was extracted from two M. euryxanthus of different
subspecies. The first was an adult male M. e. euryxanthus from
Hermosillo, Sonora with a total body length of 36 cm. The second
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was a juvenile M. e. australis of unknown sex from Los Mochis,
Sinaloa with a total body length of 25 cm. Venom from the juvenile
was only used to perform reverse phase HPLC and to analyze its
protein profile with SDS-PAGE, whereas venom of the adult M. e.
euryxanthus was used for all other experiments. These specimens
were wild-caught under scientific collector license number SGPA/
DGVS/8220/19 (SEMARNAT, Mexico).

Venom glands were obtained from two M. e. euryxanthus
collected near Hermosillo, Sonora and in Gila County, Arizona. The
first, used for transcriptomic analysis, was a juvenile of unknown
sex with a total body length of 21 cm. This specimen was collected
under scientific collector license number SGPA/DGVS/8220/19
(SEMARNAT, Mexico). The second was used for 3FTx cloning (See
section 2.11) and was a juvenile of unknown sex kindly donated by
Aaron Burk.

2.3. Venom extraction

Every ~20 days venom was manually extracted as follows.
Snakes were held by the head and allowed to bite a small plastic
spoon wrapped in parafilm. Venom was obtained by washing the
spoon with distilled water, collected in a 1.5 mL tube, and then
centrifuged at 17,600 g for 3 min. The soluble fraction was recov-
ered, and the absorbance units (AU) were measured at 280 nm. A
quartz cuvette of 1 cm in length (l) was used, assuming an
extinction coefficient (E) of 1 to estimate concentration ð½mg

ml � ¼
A280=El). Venoms were stored at 4 �C and used as soon as possible.

2.4. Electrophoretic analysis (SDS-PAGE)

Electrophoretic separation of whole venoms (15 mg) and frac-
tions (5 mg) was performed on a 15% acrylamide/bisacrylamide gel,
using the discontinuous system described by Laemmli [23] under
reducing conditions (2-mercaptoethanol). For molecular weight
estimation, 3 mL of protein standards fromMaestroGEN (AccuRuller
RGB PLUS Prestained Protein Ladder; 11e245 kDa) were loaded into
the first lane. Gels were fixed and stained with Coomassie Brilliant
Blue R-250 (Bio Rad).

2.5. Reverse phase high performance liquid chromatography (RP-
HPLC)

Five hundred micrograms of adultM. e. euryxanthus or 250 mg of
juvenile M. e. australis venom were separated using RP-HPLC on a
C18 column (4.6 � 250 mm, 5 mm; XChroma™). Before loading,
venom samples were dissolved in a final volume of 1 mL of solution
A (0.1% TFA inMilliQ H2O) and centrifuged at 17,600 g for 5min. The
columnwas equilibrated for 10minwith solution A and elutionwas
performed at 1 mL/min with a gradient toward solution B
(Acetonitrile þ 0.1% TFA), as follows: 5% B for 5 min, 5e15% B over
10 min, 15e45% B over 60 min, 45e70% B over 10 min, and 70% B
over 9 min [24]. Absorbance was monitored at 214 nm.

2.6. Mass spectrometry (ESI-MS) and N-terminal amino acid
sequencing

In order to classify venom components into protein families and
to identify their amino acid sequences, we performed mass spec-
trometry and N-terminal sequencing of the most abundant RP-
HPLC fractions. For mass spectrometry, samples were analyzed on
a Finnigan LCQFleet (Thermo Scientific, San Jose, CA) mass spec-
trometer with an electrospray ionization system (ESI). Samples
were injected by direct infusion using 60% acetonitrile and 0.1%
acetic acid as the mobile phase with a flow rate of 10 mL/min. The
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spray voltage was 1.9 kV and pseudo-molecular ions (MHþ) were
detected in positive ionizationmode. Mass spectrometric datawere
acquired manually using Tune Plus software (Thermo Fischer Sci-
entific) and deconvolution was performed with Xtract software
[25]. ESI-MSmolecular masses were calculated as isotope-averaged
molecular masses.

Amino acid sequencing was performed by Edman degradation
in a PPSQ-31 A Protein Sequencer from Shimadzu Scientific In-
struments, Inc. (Columbia, Maryland, USA). Each fraction (approx-
imately 250 pmol) was adsorbed on a Glass Fiber TFA-treated Disk
(Shimadzu).

2.7. Toxicity

Different amounts of whole venom and selected fractions were
injected intravenously (i.v.) in a final volume of 0.2 mL of phosphate
buffered saline (PBS) to groups of 3mice [26]. The number of deaths
was recorded 24 h after injection. The median lethal dose (LD50)
was determined using a non-linear regression as previously
described [27] using GraphPad Prism v6.0.

A maximum of 3 mg of fractions were injected, via the intra-
cranial (i.c.) route, to ICR mice (18e20 g of body weight) [28] to
screen for components that act on the central nervous system. This
allowed identification of possible toxin targets, but did not provide
information regarding their role in envenomation because, given
the molecular weights and proteinaceous nature of coral snake
venom components, it is unlikely that they are able to pass through
the blood-brain barrier [29]. Each fraction was injected into 1 to 3
mice in a maximum volume of 5 mL of PBS. A negative control
mouse was inoculated with 5 mL of PBS.

2.8. Neutralization of venom and aNTx lethality

The commercial antivenom, Coralmyn® (produced in Mexico
and manufactured by Bioclon, Batch #B5H-16, Expiration date: Jan
2018), as well as the rabbit hyperimmune serum produced during
this study (See section 2.12), were used to analyze neutralization of
M. e. euryxanthus lethal activity. The commercial antivenom is
composed of lyophilized F(ab’)2 fragments purified from equine
hyperimmune anti-Micrurus nigrocinctus sera. A mixture of 3
venom LD50s and 450 mL of antivenom were preincubated for
30 min at 37 �C and injected i. v. in a final volume of 0.5 mL to a
group of 3 mice. Additionally, rabbit hyperimmune anti-aNTx
serumwas tested against themain aNTxofM. e. euryxanthus venom
and a 3FTx designated rD.H. The latter was first described in the
venom glands of Micrurus diastema. It showed blocking activity on
nAChRs and was heterologously expressed in Escherichia coli [22].

2.9. Transcriptomic analysis of M. e. euryxanthus venom glands

Venom glands were excised from a single M. e. euryxanthus and
total RNA was extracted as previously described [22]. The speci-
men’s head had been placed in RNAlater™ (Thermo Scientific).
Excision or sampling of the venom gland of live individuals was not
attempted because the procedure would have caused suffering.

Construction of RNA-seq libraries and sequencing was done at
the University Unit of Massive Sequencing and Bioinformatics at
the Institute of Biotechnology of the National Autonomous Uni-
versity of Mexico (UUSMB, IBt-UNAM) as previously described [30].
Briefly, library preparationwas performed using a TruSeq Stranded
mRNA Library Prep Kit and RNA libraries were sequenced on a
Nextseq 500 Illumina sequencer, generating paired-end reads of 75
bp. Read quality was assessed using FastQC software (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/).

Transcriptome analysis was performed according to the
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methods of Strickland et al. [31]. Trimming and filtering of raw
readswas performedwith TrimGalore! v.0.5.0 and paired end reads
were merged using PEAR v.0.9.6. De novo transcriptome assembly
was done with both Trinity v.2.6.6 [32] and Extender [33]. Anno-
tation against the UniProt/SwissProt database was performed using
BlastX v.2.2.31þ searches with a minimum e-value of 10�4. Unan-
notated transcripts were manually checked for toxin matches using
BlastN. Identification and removal of duplicate and chimeric tran-
scripts as well as transcript quantification was performed as pre-
viously described [30].

2.10. Cloning and expression of an ɑ-NTx from M. e. euryxanthus
venom glands

Given the low relative abundance of ɑ-NTxs in the venom and
their contribution to overall lethality, the main ɑ-NTx, designated
Eurytoxin, was cloned and further expressed in Escherichia coli.
Total RNA was purified from venom glands of a single specimen of
M. e. euryxanthus from Sonora, M�exico, as previously described
[22]. The cDNAs encoding putative 3FTxs were generated using the
30RACE technique (Invitrogen). Briefly, total RNA was reverse-
transcribed using a poly(T) primer with an adapter following the
manufacturer’s instructions. The resulting cDNA was amplified by
PCR using an adapter primer and a specific antxPS primer encoding
the conserved 3FTx signal peptide (50ATGAAAACTCTGCTGCTGAC 30)
[21]. The double-stranded DNA was cloned into a pCR TOPO 2.1
vector (Invitrogen) using standard procedures, as previously
described [21]. DNA sequencing was performed using universal
primers and the Sanger chain termination method [34] on an ABI
3500 genetic analyzer (Thermo Fisher Scientific, Waltham MA,
USA) at the Massive Sequencing Unit of IBt-UNAM. The resulting
DNA sequences were analyzed using the software 4-picks and Gene
Construction Kit (Textco Biosoftware).

The sequence encoding the mature peptide of Eurytoxin was
determined and amplified by PCR using the respective pCR TOPO
2.1 plasmid as the template. The primers MicrurusFWBam (50 GGA
TCC ATG ATA TGT TAC AAC CAA CAG 3) and MicrurusRevHind (50

AAG CTT TCA AGC GTT GCA TTT GCC TGT TG 3’) [22], were used
because of sequence similarities between Eurytoxin and known
3FTx sequences. These primers included the restriction sites BamHI
and HindIII (shown respectively in boldface) to allow proper clon-
ing of the product in the expression vector pQE30 (Qiagen, Ger-
many). Competent E. coli SHuffle® T7 (Biolabs) were transformed
with the pQE30 vector containing the Eurytoxin clone. When the
bacterial culture (which contained 80 mg/mL ampicillin) had an
A600 of 0.6e0.8, protein expression was induced with 0.1 mM IPTG
for 24 h at 16 �C.

After cell centrifugation, soluble proteins were isolated using
the BugBuster® protein extraction reagent (Novagen, Germany).
The soluble protein fractionwas then loaded into an agarose-NiNTA
histidine-tag purification matrix (Novagen®) and washed with
20 vols. of PBS (pH 7.2). Removal of non-specific proteins was
accomplished using PBS with 25 mM imidazole, while the elution
of recombinant Eurytoxin (rEury) was achieved with PBS contain-
ing 250 mM imidazole. Purified rEury was then dialyzed against
PBS (pH 7.2) and stored at �20 �C.

2.11. Generation of rabbit hyperimmune serum

Two New Zealand rabbits (Identification # 22 and 23) were
injected subcutaneously (s.c.) with increasing doses of the recom-
binant Eurytoxin (rEury). The first immunization was performed
with 50 mg/rabbit and subsequent immunizations were done once a
week in a total volume of 500 mL. The dose increased 50 mg each
week to 800 mg/rabbit in weeks 13 and 14. Freund’s incomplete

https://www.bioinformatics
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Table 1
M. e. euryxanthus venom yield.

Extraction date Venom yield (mg)

04-Dec-18 490
21-Jan-19 300
08-Feb-19 330
06-Mar-19 0
12-Apr-19 0
24-Jun-19 320
04-Sep-19 0
03-Oct-19 0
16-Dec-19 400
11-Feb-20 0
03-Mar-20 0
Total yield 1840
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adjuvant and aluminum hydroxide were alternated each week
during injections (250 mL of toxin þ250 mL of adjuvant). Blood
samples (1e2 mL) were obtained from the central ear vein of each
rabbit one week after the 4th, 8th and 13th immunizations. At the
end of the three-month immunization period, rabbits were
euthanized by exsanguination through cardiac puncture (under
ketamine/xylazine anesthesia) and serum was kept at �20 �C until
use.

2.12. Determination of anti-rEury antibody titers in hyperimmune
rabbit sera

Antibody titers against Eurytoxin were determined using
Enzyme-Linked Immunosorbent Assay (ELISA), as previously
described [22]. Briefly, 96-well plates (Nunc, Maxisorp) were
coated with 5 mg/mL of rEury in 0.1 M carbonate buffer (pH 9.6).
Rabbit serum was added starting with a 1:30 dilution and per-
forming serial 1:3 dilutions in reaction buffer (50 mM Tris/HCl pH
8.0, 0.5 M NaCl, 1 mg/mL gelatin, 0.05% Tween 20). Commercial
HRP-coupled Goat anti-rabbit IgGs (Millipore) were used as
detection antibodies at 1:6000 dilution and plates were developed
using 100 mL of substrate 2,20-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid (ABTS) (50 mg/mL) The colorimetric response was
detected using an ELISA plate reader (TECAN) at 405 nm and titers
were defined as the dilution at which 50% of the response was
obtained. Titer data were fit to a sigmoidal dose-response curve
(variable slope) using GraphPad Prism v. 8.0.

2.13. Determination of enzymatic activities

PLA2 activity of M. e. euryxanthus venom and RP-HPLC fractions
were analyzed with a titrimetric assay using 10% egg yolk (w/v in
standard solution: 100 mM NaCl, 10 mM CaCl2, 0.5% Triton X-100)
as substrate, as previously described [30,35]. Initial solution pHwas
adjusted to 8.05 and 1 mg of venom or fraction was added to the
sample. Fifty mM NaOH was used for titration. Enzymatic activity
units (U/mg) were defined as the amount of NaOH (mmoles)
consumed per minute per milligram of venom or fraction.

Proteolytic activity of M. e. euryxanthus venom was determined
using a modification of the method of [36] as described elsewhere
[37]. Briefly, azocasein at a concentration of 10 mg/mL in standard
solution (50 mM Tris-HCl, 150 mM NaCl and 5 mM CaCl2) was used
as a substrate and incubated for 30 min at 37 �C with 20 mg of
venom. The reaction was stopped with 200 mL of 5% trichloroacetic
acid. Samples were then centrifuged at 16,800 g and 150 mL of the
supernatant of each sample was added to 150 mL of 500 mM NaOH
in a 96-well plate (NUNC) to determine sample absorbance at
450 nm. Units of enzymatic activity (U) were defined as a change of
0.2 in the absorbance of the sample per minute.

3. Results

3.1. Venom yields

Venom was obtained on 45% of extractions from the adult M. e.
euryxanthus, generating 1840 mg of venom (Table 1). For the juve-
nile M. e. australis, 368 mg of venom was obtained from two
extractions.

3.2. Venom protein profile

In order to obtain an initial profile of venom composition of both
adults and juveniles, whole venoms were separated using RP-HPLC
(C18) and 15% SDS-PAGE (Fig. 1). Even though the samples represent
two different life stages and different subspecies, the RP-HPLC
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profiles share most of the abundant components. The M. e. euryx-
anthus profile is slightly more complex, showing approximately 20
peaks in total and more abundant components that elute between
30 and 40% acetonitrile. In SDS-PAGE, most components have
apparent molecular weights around 10 and 25 kDa and only 2e3
minor bands were observed >25 kDa. Unfortunately, there was not
enough venom fromM. e. australis to continue characterization and
further experiments were performed only for M. e. euryxanthus.

A pool of three venom extractions from a single M. e. euryx-
anthus was fractionated using RP-HPLC, yielding 13 major fractions
(A-M) that elute between 15 and 40% acetonitrile (Fig. 2A). Each
fraction was loaded on a 15% SDS-PAGE gel (Fig. 2B), which showed
that they are primarily composed of proteins with apparent mo-
lecular weights between 10 and 20 kDa.

Molecular weight determination (ESI-MS) of fractions showed
an abundance of components around 7 kDa (nine proteins)
(Table 2). Further determination of N-terminal sequences of the
most abundant fractions allowed their identification and assign-
ment to specific protein families (Table 2). We observed that the
most abundant venom components belong to the 3FTx family,
representing 62.3% of the total, with 18.7% belonging to the short-
chain aNTx subgroup of 3FTxs. PLA2s represent 14.2% of the venom
protein content (Fig. 2C).
3.3. Lethality and enzymatic activity

Venom of an adult M. e. euryxanthus had an i. v. LD50 of 26.2 mg/
mouse (CI95 ¼ 25.6 to 26.7) equivalent to 1.4 mg/g. Only the A and B
RP-HPLC fractions were lethal (Table 3).

When injected i.c., fractions E, F, and L were lethal to mice.
Fraction E was initially injected into 3 mice at a dose of 3 mg/mouse
and rapidly caused rigid paralysis of hind legs, whole body spasms
that looked like convulsions, and death at approximately 15 min.
Later, a mouse was injected with 0.5 mg of the same fraction, which
caused severe agitation and made it run in circles around the cage
for approximately 1 h, dying approximately 75 min after injection.
One mg of fraction F also caused rigid paralysis and generalized
spasms in the three injected mice. One of these mice died at 5 min
and a second at 25 min after injection. The third showed the same
symptoms but recovered approximately 1 h after the injection.
Finally, fraction L caused tremors in both injected mice that wors-
ened into spasms, dorso-ventral rotations, and death (45 min and
approximately 3 h after injection). The remaining fractions (A-D, G-
K, andM) caused no evident signs of envenomation at doses of 1 mg/
mouse (Table 3).

The whole venom had a PLA2 activity of 17.9 U/mg and showed
no protease activity on azocasein (maximum of 20 mg tested). Only
fractions A and B were lethal i.v. to mice using less than 20 mg/
mouse and only four of the twelve fractions had PLA2 activity



Fig. 1. Protein profiles of two M. euryxanthus subspecies are qualitatively similar. A) C18 RP-HPLC profile of the venom from 250 mg of juvenile M. e. australis (black) and 500 mg
of adultM. e. euryxanthus (blue). The line on both profiles indicates percentage of solution B: acetonitrile in 0.1% TFA. B) 15% SDS-PAGE ofMicruroides individual venoms (15 mg/lane)
with the molecular weight markers (M) in kDa. First extraction ofM. e. australis (1), second extraction ofM. e. australis (2), and a single extraction ofM. e. euryxanthus (3). Bands with
apparent molecular weight corresponding to PLA2 or 3FTx are indicated to the right of the gel.

Fig. 2. M. e. euryxanthus venom is dominated by 3FTx. A) C18 RP-HPLC profile of 0.9 mg of venom from an adult M. e. euryxanthus. Pool of four extractions, monitored at 214 nm
(mAU). Fractions are labeled as A-M. B) 15% SDS-PAGE of 15 mg of whole venom (V) and each of the RP-HPLC fractions (5 mg/lane) and the molecular marker (MPM). C) Relative
abundance of protein families. ND: Not determined. Low MW: Low Molecular Weight. PLA2: Phospholipases A2. 3FTx: Three finger toxins. aNTx: a-neurotoxins.
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(Table 3).

3.4. Analysis of venom gland transcripts

14,137,216CHECK CHARACTER NOT SUPPORTED reads were
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obtained from venom glands of M. e. euryxanthus and are now
available at the SRA database (https://www.ncbi.nlm.nih.gov/sra/
PRJNA679946). From de novo assembly, we obtained 395 unique
annotated transcripts, 38 of which were identified as toxins.
Expression in the venom gland was biased towards venom
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Table 2
Identification of M. e. euryxanthus venom fractions after N-terminal sequencing.

Fraction RT
(min)

% in
venom

MW
(Da)

N-terminal sequence BLAST annotationa

(accession #; species)
Protein
familyb

A 22.1 7.4 6618.0 MIXYNQQSSEPPTTK MS1 (P86095.1; M. surinamensis) 3FTx (aNTx)
B 26.7 11.3 6620.93; 6524.0 MIXH(Y)N(F)QQSSEPPTTKTXPDGQXYKKNWSDH Frontoxin 1 (P86420.1; M. frontalis) 3FTx (aNTx)
C 27.8 4.7 6808.0 nd 3FTx
D 29 to 35 5.5 nd nd
E 36.2 9.2 6512.3 LMXKKGSXNDYPNSESXPVGQNIXY Micrurotoxin 2 (C0HJR2.1; M. mipartitus) 3FTx
F* 38.4 13.2 7269.3; 7374.9 NLIQFGNMITXSNSRSEGDNLDYGI Basic PLA2 (P20256.1; Pseudechis australis) 3FTx/PLA2

G* 39.1 6.0
H 42.1 1.4 3460.0 nd Low MW
I 43.0 10.9 13,078.6 SLIHFGNMIHXTTNNSPLVFFNYGG PLA2 MALT0035C (F5CPF1.1; M. altirostris) PLA2

J 44.1 3.3 NI NLIQFGNMIXDTNNR PLA2 MALT0026C (F5CPF0.1; M. altirostris) PLA2

K 45.6 3.9 7320.4 nd 3FTx
L 47.9 2.4 NI nd
M 52.6 6.6 7502.9 LMXKKGSDNRKPNSEAXPVGQNYTY Micrurotoxin 2 (C0HJR2.1; M. mipartitus) 3FTx

*These fractions were analyzed as one for N-terminal sequence and MW determination.
RT. Retention time.
nd. Not determined.
NI. Not identified.

a Protein family inferred using MW, N-terminal sequence and presence/absence of PLA2 activity.
b Identity search against UniprotKB/Swissprot database.

Table 3
Lethality and enzymatic activity of whole venom and each RP-HPLC fraction.

Lethalitya PLA2

i.v.b i.c.c (U/mg ± SD)

M.e.e. LD50 ¼ 1.39 mg/g nd 17.9 ± 2.4
A LD50 ¼ 0.4e0.5 mg/g 0/1 0
B LD50 < 0.5 mg/g nd 0
C nd 0/2 0
D nd 0/2 0
E 0/1 3/3 (0.025 mg/g) 0
F 0/1 2/3 0
G 0/3
H nd 0/2 0
I 0/1 0/3 38.1 ± 1.7
J nd 0/2 69.2 ± 1.7
K nd 0/2 9.3
L nd 2/2 nd
M 0/1 0/1 23.3 ± 2.2

U/mg ± SD. Units of enzymatic activity per milligram ± Standard Deviation.
M.e.e. Micruroides euryxanthus euryxanthus whole venom.
LD50. Median lethal Dose.

0. No enzymatic activity detected with a maximum concentration of 10 mg/mL.
nd. Not determined.

a Number of dead over total injected mice.
b Intravenous injection 1 mg/g of each fraction (unless other dose is stated).
c Intracraneal injection with 0.05 mg/g of each fraction (unless other dose is

stated).
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transcripts with these representing 47.5% of transcripts per million
reads (TPMs) (Fig. 3A).

The most abundant individual transcripts and the most abun-
dant toxin family were 3FTxs, including long chain neurotoxins
(3FTx: 64.1%), followed by Kunitz protease inhibitor-like peptides
(KUN:15.6%). PLA2s are significantly less abundant (PLA2: 12.3%;
Fig. 3B and C). Translated sequences for assembled transcripts of
3FTxs, including LCNs, as well as KUN and PLA2s are presented in
Fig. 4.

3.5. Cloning and heterologous expression of eurytoxin

Using a primer specific for the conserved signal peptide of
Micrurus 3FTxs, 12 transcripts were isolated. Eurytoxin was
expressed in soluble and active formwith a final yield of 2.6mg/L of
culture (Fig. 5). The recombinant protein, designated rEury, had an
LD50 of 8.3 mg/mouse (IC95 ¼ 8.3 to 8.3), equivalent to 0.4 mg/g.
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rEury caused flaccid paralysis which is characteristic of post-
synaptic neurotoxin envenomation.
3.6. Recognition and neutralization of lethal activity by anti-rEury
sera

Serum from rabbit 22 showed an antibody titer of 72,335 against
rEury and was able to neutralize its lethal activity with an EC50 of
224.3 mL/3DL50. Conversely, serum from rabbit 23 showed only
partial neutralization with 450 mL/3DL50 and had an antibody titer
of 37,783. Serum 22 was tested for its ability to neutralize the
lethality of whole M. e. euryxanthus venom and the recombinant
short chain ɑ-neurotoxin rD.H. (DL50 ¼ 0.15 mg/g) [22]. No
neutralization was observed against either whole venom or rD.H.
using the maximumvolume of serum possible (450 mL); however, a
delay in time of death of 30 min was observed in mice enveno-
mated with rD.H.

Finally, the commercial antivenom, Coralmyn®, was unable to
neutralize 3LD50s of M. e. euryxanthus venom, even with the
maximum amount used (450 mL of AV). No delay in time of death or
amelioration of envenomation signs was observed.
4. Discussion

This is the first characterization of M. euryxanthus venom. We
found that it has low lethality (i.v. LD50 ¼ 1.4 mg/g) compared to the
venoms of other North American coral snakes, such as Micrurus
fulvius (0.3 mg/g [38]), Micrurus tener (1.2 mg/g [39]), Micrurus
browni (0.2 mg/g [30]) and Micrurus laticollaris (0.5 mg/g [21]). The
venom has a predominance of 3FTx, like venoms of many Central
and South American Micrurus venoms, LD50s of which range be-
tween 0.23 and 1.38 mg/g [40]. The relatively low lethality, together
with the observed low venom yields (Table 1), likely explain the
low severity of the few reported cases of human envenomation [8].
The commercial antivenom, Coralmyn®, had been reported unable
to neutralize the neurotoxicity of M. euryxanthus venom in chick
biventer cervicis neuromuscular preparations [20]. Here, we
observed that it was also unable to neutralize the lethal activity of
M. e. euryxanthus venom when 3LD50s of venom and 3.5 mg of
antivenom were preincubated and injected into mice. This is not
unexpected because Micrurus nigrocinctus is the species used to
generate the antivenom and it contains a low proportion of a-NTx



Fig. 3. mRNA expression in venom glands ofM. e. euryxanthus shows a preponderance of 3FTxs and PLA2s. A) Proportion of expression per toxin family based on total TPM. LCN
(3FTx): Long-chain Neurotoxins, belonging to the 3FTx family. 3FTx: Three-finger toxins. KUN: Kunitz-type serine protease inhibitors. PLA2: Phospholipases A2. CTL: C-type Lectins.
CRISP: Cysteine-Rich Secretory Peptides. NGF: Nerve Growth Factor. B) Expression of each toxin transcript colored by toxin family. C) Expression of toxins and non-toxins in the
venom glands. Numbers in parentheses represent relative transcript abundance. TPM: Transcripts per million reads.
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[41], which are prevalent in M. e. euryxanthus venom.
Due to the limited amount of venom,wewere unable to perform

a complete proteomic analysis of M. e. euryxanthus venom, so we
focused on identification and characterization of the most abun-
dant components. The general protein profiles of the two in-
dividuals from different subspecies are similar, but differences,
especially regarding component abundance, are evident in chro-
matographic profiles (Fig. 1). A deeper analysis, including in-
dividuals from all three subspecies and different localities is
necessary to assess the extent of intraspecific variation.

The protein profile shows a clear predominance of 3FTxs, spe-
cifically short chain a-NTxs (Type I) [42]. A single short-chain a-
NTx, designated Eurytoxin, appears to be responsible for most of
the i.v. lethality inM. euryxanthus venom. Two isoforms of this toxin
(fractions A and B) which have different retention times, but very
similar lethality and MWs, as well as identical N-terminal se-
quences, were identified in the venom (Table 3). Both in the tran-
scriptome and during cloning of Eurytoxin, we found transcripts
encoding this toxin with single amino acid differences. Unfortu-
nately, with the available data, we are unable to be sure which ones
are expressed in the venom. Together, fractions A and B represent
18.7% of venom proteins and account for between 50 and 70% of
venom i.v. lethality. Alpha-NTxs in North American Micrurus
venoms contribute little to venom lethality [30,39], whereas this is
untrue for many South American Micrurus, such as Micrurus
mipartitus [43] and Micrurus surinamensis [44], where a-NTxs are
the main components responsible for venom lethality. It is inter-
esting that Eurytoxin was not lethal when tested at 1 mg/mouse, i.c
(Table 2).

In the present work we performed heterologous expression of
Eurytoxin in an active, soluble form and used it to produce hyper-
immune sera in rabbits. Neutralizing serumwas only obtained from
one of the immunized rabbits and this neutralization capacity only
appeared after 13 weeks of immunization. The absence of cross
neutralization with recombinant aNTx rD.H. shows that both pro-
teins are immunochemically different, which could be explained by
the relatively low sequence identity between Eurytoxin and other
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aNTx sequences (Approximately 70%). Fig. 6 shows an alignment
with other proteins of the group from North and South American
Micrurus venoms, as well as two other elapid snake venoms, most
of which have been experimentally shown to have aNTx activity
[21,22,44e50]. Even though M. euryxanthus is not of medical
importance, the report of immunochemical variations between
lethal 3FTxs in coral snakes could contribute to generation of
antivenoms with wider neutralization spectra.

Furthermore, the obtained serum was not able to neutralize
whole venom, indicating that there are other proteins, apart from
Eurytoxin, that contribute to venom toxicity. These proteins could
act synergistically, as has been previously reported for Micrurus
[30] or additively, with several low lethality proteins accounting for
venom lethality.

Our data show that transcripts belonging to the 3FTx family are
extremely diverse in Micruroides venom glands (Fig. 4A). First, a
3FTx (Fraction E; Table 3) which has an 86% sequence identity with
Micrurotoxin 2 (Accession #C0HJR2.1), was identified in the venom.
Micrurotoxin 2 was reported in the venom of Micrurus mipartitus
and modulates activity on GABAA receptors [51]. Fraction E causes
apparent convulsions and death when injected i.c. (0.5 mg/mouse)
in mice, but has no evident toxicity when injected i.v. (20 mg/
mouse), providing evidence that this protein targets a receptor in
the central nervous system. A similar, though not identical tran-
script that shares 75% sequence identity with Micrurotoxin 2, was
identified in the venom glands. Electrophysiological tests of this
fraction on various neuronal receptors are currently being per-
formed in order to identify its possible biological target, though
preliminary experiments showed no activity on GABAA receptors
(Data not shown).

Even though short-chain a-NTxs have been reported as themost
important 3FTxs for mammal envenomation by coral snakes
[43,45], several a-NTxs that block neuronal nAChRs with varying
affinities have been described in elapid venoms [52]. Three tran-
scripts for long chain a-NTxs (Type II) [42] were also assembled,
though these proteins could not be clearly identified in the venom.
Further purification and N-terminal sequence determinationwould



Fig. 4. Alignment of assembled transcripts. A) 3FTxs. B) KUN and C) PLA2s. Signal peptides are shown in grey letters and cysteines are shown in blue. Underlined sequences were
identified in the proteome using Edman degradation sequencing. Theoretical MWs of proteins that were identified in the venom are shown in green numbers (less than 2 Da
difference) or red numbers (less than 20 Da difference). Conservation and consensus sequences were calculated with the software Jalview 2.10.4.
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be necessary to corroborate their presence and testing with higher
doses on mice might indicate that they contribute to venom
lethality. Another 3FTx, with 74% identity to Bucandin (Bungarus
candidus, accession #P81782.1), was assembled (Fig. 4) and iden-
tified in the venom based on its MW, though no N-terminal
sequence was obtained (Fraction F, Table 3). Bucandin belongs to
the non-conventional subgroup of the 3FTx family (Orphan group
XIX) [42] and reportedly enhances acetylcholine release from pre-
synaptic terminals [53]. This protein could therefore contribute to
overall venom lethality.
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Some non-conventional 3FTxs have proven lethal to non-
mammal prey, such as reptiles or birds [54] and it is possible that
some of the venom components hereby described possess reptilian
specificity. Studies regarding the effect of coral snake toxins in
natural prey are scarce, but higher lethal potency of various
Micrurus venoms on natural prey models, mostly reptiles, has been
previously reported [55]. To date, only one reptile-specific toxin has
been described from the venom of Micrurus tener [39].

Unlike other North American coral snake venoms [21,30,38,39],
PLA2s represent a relatively low portion ofM. e. euryxanthus venom



Fig. 5. Heterologous expression of Eurytoxin. A) Expression of Eurytoxin in E. coli. M: Molecular weight markers. Numbers to the left represent molecular weights of markers in
kDa. Lanes 1e7: Supernatant from induced culture of different E. coli Shuffle clones. Lane 8: Recombinant a-neurotoxin rD.H. (for comparison). B) Western Blot with alkaline
phosphatase-coupled, anti-Histidine antibody.M: Molecular weight markers. Lanes 1e2: Supernatant from induced culture of E. coli Shuffle clones. Lane 3: Positive control (rD.H). C)
Nucleotide sequence of recombinant toxin rEury obtained using Sanger chain termination method (colored letters) and amino acid sequence deduced using Gene Construction Kit
(black letters). Histidine tag and adapter sequence (light blue), mature peptide sequence (blue) and restriction sites (red) are marked in the nucleotide sequence.

Fig. 6. Alignment of Eurytoxin to its best matching sequences available on GenBank after BlastN searches. Identity percentage (%ID), conservation and consensus were
calculated with the software Jalview 2.10.4. Cysteines are highlighted in blue.
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proteins and none of them were lethal to mice at 1 mg/g i.v. Other
North American coral snake venoms, such as those of Micrurus
tener,Micrurus nigrocinctus, andMicrurus fulvius, have between two
and six components that account for most of venom lethality. In
these cases, most of the lethal components were PLA2s [38,39,56].
Even though some presynaptic PLA2s could have higher LD50s, most
have high lethal potency [57]; therefore, it is likely that those
present inM. e. euryxanthus venom have no presynaptic action and
little role in venom lethality. PLA2 activity of M. e. euryxanthus
whole venom is lower than that observed for the previously
mentioned North American coral snakes (Table 2). This could be
due to variation in catalytic activity of venom PLA2s, to the presence
of non-catalytic PLA2s (which have been described in Micrurus
venoms [58]), or simply to the lower abundance of this protein
family in the venom (Fig. 2). However, none of the PLA2s identified
that were individually tested had high enzymatic activity, as
opposed to some described in the venoms of Micrurus browni and
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Micrurus tener. Using the same titrimetric assay performed in the
present work, these two venoms have PLA2s with enzymatic ac-
tivity over 1000 U/mg [30,39]. PLA2s with high enzymatic activity
have been speculated to have roles in digestion of prey in other
snake venoms [59].

Our findings regarding M. e. euryxanthus venom composition
accord with the hypothesis of a common ancestor of Micruroides
and Micrurus having a 3FTx-dominant venom [9]. After diverging
from Micruroides, ancestors of Micrurus are thought to have colo-
nized South America during the early Tertiary period, with the
greatest speciation events occurring there, partly generated by the
uplift of the Andeanmountain range. Interestingly, a recolonization
of North America is thought to have occurred later, around 11 Mya,
making other North American coral snakes a consequence of the
most recent speciation events of the clade [4,9]. The evolutionary
history of Micruroides is comparatively simple [4]; thus, it is plau-
sible that Micruroides has an ancestral venom phenotype. The
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absence of neurotoxic PLA2s in the venom of M. e. euryxanthus as
well as several South American triadal Micrurus venoms, suggests
that these proteins appeared after the split of triadal and monadal
Micrurus. Finally, the presence of abundant type II aNTx transcripts,
which are considered plesiomorphic forms within the 3FTx family
[60], is further evidence that this venom has ancestral
characteristics.

5. Conclusions

The most abundant proteins inM. euryxanthus venom belong to
the 3FTx family. The phenotype supports the hypothesis that the
common ancestor ofMicrurus andMicruroides had a predominately
3FTx venom, and that the PLA2-predominant venoms of northern
Micrurus species represent a derived phenotype. M. euryxanthus
venom has a high diversity of non a-neurotoxic 3FTxs, some of
which are lethal when tested i.c. Further work is necessary to
analyze potential activities of these proteins. Even though it is
relatively low in abundance, an a-NTx designated Eurytoxin, with
two identified isoforms, accounts for approximately 60% of the
venom’s lethality. Eurytoxin was cloned and expressed in E. coli, in
soluble, active form (rEury). Cross neutralization experiments using
rabbit serum anti-rEury evidenced the presence of different
immunochemical properties among 3FTxs. Finally, the commercial
antivenom, Coralmyn®, is unable to neutralize the lethality of M. e.
euryxanthus venom.
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J.J. Silva-Haad, M. Sasa, B. Lomonte, J.J. Calvete, New insights into the phylo-
geographic distribution of the 3FTx/PLA2 venom dichotomy across genus
Micrurus in South America, J. Proteomics. 200 (2019) 90e101, https://doi.org/
10.1016/j.jprot.2019.03.014.

[13] J.A. Campbell, W.W. Lamar, The Venomous Reptiles of the Western Hemi-
sphere, vol. II, 2004.

[14] C. Cochran, D. Duerre, Micruroides euryxanthus (sonoran coralsnake).
Geographic distribution, Herpetol. Rev. 47 (2016) 630e631.

[15] A. D�avalos-Martínez, D. Cruz-S�aenz, J.A. Najar-S�anchez, F.J. Mu~noz-Nolasco,
A new southern-most record of the sonoran coralsnake, Micruroides euryx-
anthus kennicott, 1860, (squamata: Elapidae) from the state of jalisco, Mexico,
herpetol, Notes 12 (2019) 681e683.

[16] J.A. Roze, Coral Snakes of the Americas Biology Identification and Venoms,
Krieger Publishing Company, Malabar, USA, 1996.

[17] R.D. Babb, T.C. Brennan, Micruroides euryxanthus (Sonoran coral snake),
Behavior, Herpetol. Rev. 49 (2018) 550, https://doi.org/10.3233/978-1-61499-
289-9-1124.

[18] L.J. Vitt, A.C. Hulse, Observations on Feeding Habits and Tail Display of the
Sonoran Coral Snake, Micruroides, 1973 (consultado el 29 de marzo de 2020),
https://about.jstor.org/terms.

[19] T.R. Jones, K. Krahn, Micruroides euryxanthus. Diet, Herpetol. Rev. 45 (2014)
339e340.

[20] D.C. Yang, J. Dobson, C. Cochran, D. Dashevsky, K. Arbuckle, M. Benard,
L. Boyer, A. Alag�on, I. Hendrikx, W.C. Hodgson, B.G. Fry, The bold and the
beautiful: a neurotoxicity comparison of new World coral snakes in the
Micruroides and Micrurus genera and relative neutralization by antivenom,
Neurotox. Res. 32 (2017) 487e495, https://doi.org/10.1007/s12640-017-
9771-4.

[21] A. Carbajal-Saucedo, E. L�opez-Vera, M. B�enard-Valle, E.N. Smith, F. Zamudio,
A.R. de Roodt, A. Olvera-Rodríguez, Isolation, characterization, cloning and
expression of an alpha-neurotoxin from the venom of the Mexican coral
snake Micrurus laticollaris (Squamata: Elapidae), Toxicon 66 (2013) 64e74,

http://www.reptile-database.org
http://www.reptile-database.org
https://doi.org/10.1111/j.1096-3642.2007.00350.x
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref3
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref3
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref3
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref3
https://doi.org/10.1111/zsc.12346
http://www.gob.mx/salud/documentos/boletinepidemiologico-sistema-nacional-de-vigilancia-epidemiologica-sistema-unico-de-informacion-141143
http://www.gob.mx/salud/documentos/boletinepidemiologico-sistema-nacional-de-vigilancia-epidemiologica-sistema-unico-de-informacion-141143
http://www.gob.mx/salud/documentos/boletinepidemiologico-sistema-nacional-de-vigilancia-epidemiologica-sistema-unico-de-informacion-141143
https://doi.org/10.3109/15563650.2015.1135337org/10.3109/15563650.2015.1135337
https://doi.org/10.3109/15563650.2015.1135337org/10.3109/15563650.2015.1135337
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref7
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref7
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref7
http://www.aafp.org/afp
http://www.aafp.org/afp
https://doi.org/10.1016/j.toxicon.2016.09.008
https://doi.org/10.1111/j.1471-4159.2006.03965.x
https://doi.org/10.1111/j.1471-4159.2006.03965.x
https://doi.org/10.1016/j.toxicon.2015.08.016
https://doi.org/10.1016/j.jprot.2019.03.014
https://doi.org/10.1016/j.jprot.2019.03.014
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref13
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref13
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref14
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref14
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref14
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref15
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref16
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref16
https://doi.org/10.3233/978-1-61499-289-9-1124
https://doi.org/10.3233/978-1-61499-289-9-1124
https://about.jstor.org/terms
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref19
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref19
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref19
https://doi.org/10.1007/s12640-017-9771-4
https://doi.org/10.1007/s12640-017-9771-4


M. B�enard-Valle, E. Neri-Castro, N. Elizalde-Morales et al. Biochimie 182 (2021) 206e216
https://doi.org/10.1016/j.toxicon.2013.02.006.
[22] J.F. Guerrero-Garz�on, M. B�enard-Valle, R. Restano-Cassulini, F. Zamudio,

G. Corzo, A. Alag�on, A. Olvera-Rodríguez, Cloning and sequencing of three-
finger toxins from the venom glands of four Micrurus species from Mexico
and heterologous expression of an alpha-neurotoxin from Micrurus diastema,
Biochimie 147 (2018) 114e121, https://doi.org/10.1016/J.BIOCHI.2018.01.006.

[23] U.K. Laemmli, Cleavage of structural proteins during the assembly of the head
of bacteriophage T4, Nature 227 (1970) 680e685, https://doi.org/10.1038/
227680a0.

[24] E.N. Castro, B. Lomonte, M. del C. Guti�errez, A. Alag�on, J.M. Guti�errez, Intra-
species 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. Proteomics. 87 (2013) 103e121, https://
doi.org/10.1016/j.jprot.2013.05.024.

[25] T. Walzthoeni, L.A. Joachimiak, G. Rosenberger, H.L. R€ost, L. Malmstr€om1,
A. Leitner, J. Frydman, R. Aebersold, xTract: software for characterizing
conformational changes of protein complexes by quantitative cross-linking
mass spectrometry, Nat. Methods 12 (2015) 1185e1190, https://doi.org/
10.1038/nmeth.3631.

[26] D. Lorke, A new approach to practical acute toxicity testing, Arch. Toxicol. 54
(1983) 275e287, https://doi.org/10.1007/BF01234480.

[27] A. Casasola, B. Ramos-Cerrillo, A.R. de Roodt, A.C. Saucedo, J.P. Chippaux,
A. Alag�on, 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) 602e608, https://doi.org/10.1016/
j.toxicon.2009.01.011.

[28] S. Shimizu, The laboratory mouse, in: Hans Hedrich (Ed.), Lab. Mouse, first ed.,
Elsevier, Academic Press, 2004 https://doi.org/10.1201/9781315155807-1,
2004.

[29] A. Osipov, Y. Utkin, Effects of snake venom polypeptides on central nervous
system, Cent. Nerv. Syst. Agents Med. Chem. 12 (2012) 315e328, https://
doi.org/10.2174/187152412803760618.

[30] M. B�enard-Valle, E.E. Neri-Castro, M.F. Ya~nez-Mendoza, B. Lomonte, A. Olvera,
F. Zamudio, R. Restano-Cassulini, L.D. Possani, E. Jim�enez-Ferrer, A. Alag�on,
Functional, proteomic and transcriptomic characterization of the venom from
Micrurus browni browni: identification of the first lethal multimeric neuro-
toxin in coral snake venom, J. Proteomics. 225 (2020) 1e16, https://doi.org/
10.1016/j.jprot.2020.103863.

[31] J.L. Strickland, A.J. Mason, D.R. Rokyta, C.L. Parkinson, Phenotypic variation in
Mojave Rattlesnake (Crotalus scutulatus) venom is driven by four toxin fam-
ilies, Toxins (2018) 1e23, https://doi.org/10.3390/toxins10040135.

[32] M.G. Grabherr, B.J. Haas, M. Yassour, J.Z. Levin, D.A. Thompson, I. Amit,
X. Adiconis, L. Fan, R. Raychowdhury, Q. Zeng, Z. Chen, E. Mauceli, N. Hacohen,
A. Gnirke, N. Rhind, F. Di Palma, B.W. Birren, C. Nusbaum, K. Lindblad-Toh,
N. Friedman, A. Regev, Full-length transcriptome assembly from RNA-Seq data
without a reference genome, Nat. Biotechnol. 29 (2011) 644e652, https://
doi.org/10.1038/nbt.1883.

[33] D.R. Rokyta, A.R. Lemmon, M.J. Margres, K. Aronow, The Venom-Gland Tran-
scriptome of the Eastern Diamondback Rattlesnake (Crotalus adamanteus),
2012. http://www.biomedcentral.com/1471-2164/13/312 (consultado el 26
de marzo de 2020.

[34] F. Sanger, S. Nicklen, A.R. Coulson, DNA sequencing with chain-terminating
inhibitors, Proc. Natl. Acad. Sci. U. S. A 74 (1977) 5463e5467, consultado el
21 de diciembre de 2017, http://www.ncbi.nlm.nih.gov/pubmed/271968.

[35] J. Shiloah, C. Klibansky, A. de Vries, A. Berger, Phospholipase B activity of a
purified phospholipase A from Vipera pahstinae venom, J. Lipid Res. 14 (1973)
267e278. www.jlr.org (consultado el 17 de octubre de 2018).

[36] J.M. Guti�errez, L. Alberto Ponce-Soto, S. Marangoni, B. Lomonte, Systemic and
local myotoxicity induced by snake venom group II phospholipases A2:
comparison between crotoxin, crotoxin B and a Lys49 PLA2 homologue,
Toxicon 51 (2008) 80e92, https://doi.org/10.1016/j.toxicon.2007.08.007.

[37] L. Rom�an-Domínguez, E. Neri-Castro, H. V�azquez L�opez, B. García-Osorio,
I.G. Archundia, J.A. Ortiz-Medina, V.L. Petricevich, A. Alag�on, M. B�enard-Valle,
Biochemical and Immunochemical Characterization of Venoms from Snakes of
the Genus Agkistrodon, Toxicon X, 2019, https://doi.org/10.1016/
j.toxcx.2019.100013.

[38] I. Vergara, M. Pedraza-Escalona, D. Paniagua, R. Restano-Cassulini, F. Zamudio,
C.V.F. Batista, L.D. Possani, A. Alag�on, Eastern coral snake Micrurus fulvius
venom toxicity in mice is mainly determined by neurotoxic phospholipases
A2, J. Proteomics 105 (2014) 295e306, https://doi.org/10.1016/
j.jprot.2014.02.027.

[39] M. B�enard-Valle, A. Carbajal-Saucedo, A. De Roodt, E. L�opez-Vera, A. Alag�on,
Biochemical characterization of the venom of the coral snake Micrurus tener
and comparative biological activities in the mouse and a reptile model, Tox-
icon 77 (2014) 6e15, https://doi.org/10.1016/j.toxicon.2013.10.005.

[40] L. Sanz, D. Pla, A. P�erez, Y. Rodríguez, A. Zavaleta, M. Salas, B. Lomonte,
J.J. Calvete, Venomic analysis of the poorly studied desert coral snake,
Micrurus tschudii tschudii, supports the 3FTx/PLA2 dichotomy across Micrurus
venoms, Toxins 8 (2016) 9e12, https://doi.org/10.3390/toxins8060178.

[41] A. Alape-Gir�on, B. Stiles, J. Schmidt, M. Gir�on-Cortes, M. Thelestam, H. J€ornvall,
216
T. Bergman, Characterization of multiple nicotinic acetylcholine receptor-
binding proteins and phospholipases A 2 from the venom of the coral snake
Micrurus nigrocinctus nigrocinctus, FEBS Lett. (1996) 29e32, https://doi.org/
10.1016/0014-5793(95)01543-4.

[42] B.G. Fry, W. Wüster, R.M. Kini, V. Brusic, A. Khan, D. Venkataraman,
A.P. Rooney, Molecular evolution and phylogeny of elapid snake venom three-
finger toxins, J. Mol. Evol. 57 (2003) 110e129, https://doi.org/10.1007/
s00239-003-2461-2.

[43] P. Rey-Su�arez, R.S. Floriano, S. Rostelato-Ferreira, M. Saldarriaga-C�ordoba,
V. Nú~nez, L. Rodrigues-Simioni, B. Lomonte, Mipartoxin-I, a novel three-finger
toxin, is the major neurotoxic component in the venom of the redtail coral
snake Micrurus mipartitus (Elapidae), Toxicon 60 (2012) 851e863, https://
doi.org/10.1016/j.toxicon.2012.05.023.

[44] T. Olamendi-Portugal, C.V.F. Batista, R. Restano-Cassulini, V. Pando, O. Villa-
Hernandez, A. Zavaleta-Martínez-Vargas, M.C. Salas-Arruz, R.C. Rodríguez de
la Vega, B. Becerril, L.D. Possani, Proteomic analysis of the venom from the fish
eating coral snake Micrurus surinamensis: novel toxins, their function and
phylogeny, Proteomics 8 (2008), https://doi.org/10.1002/pmic.200700668,
1919e32.

[45] J.-P. Rosso, O. Vargas-Rosso, J.M. Guti�errez, H. Rochat, P.E. Bougis, Character-
ization of a-neurotoxin and phospholipase A, activities from Micrurus venoms
Determination of the amino acid sequence and receptor-binding ability of the
major or-neurotoxin from Micrurus nigrocinctus nigrocinctus, Eur. J. Biochem.
238 (1996) 231e239.

[46] K.G. Moreira, M. V Prates, F.A.C. Andrade, L.P. Silva, P.S.L. Beir~ao,
C. Kushmerick, L.A. Naves, C. Bloch, Frontoxins, three-finger toxins from
Micrurus frontalis venom, decrease miniature endplate potential amplitude at
frog neuromuscular junction, Toxicon 56 (2010) 55e63, https://doi.org/
10.1016/j.toxicon.2010.02.030.

[47] T.M. Camargo, A.R. de Roodt, M.A. da Cruz-H€ofling, L. Rodrigues-Simioni, The
neuromuscular activity of Micrurus pyrrhocryptus venom and its neutraliza-
tion by commercial and specific coral snake antivenoms, J. Venom Res. 2
(2011) 24e31.

[48] D.P. Botes, D.J. Strydom, A Neurotoxin, Toxin alpha, from Egyptian cobra (Naja
haje haje ) Venom, J. Biol. Chem. 244 (1969) 4147e4157.

[49] L. St Pierre, H. Fischer, D.J. Adams, M. Schenning, N. Lavidis, J. De Jersey,
P.P. Masci, M.F. Lavin, Distinct activities of novel neurotoxins from Australian
venomous snakes for nicotinic acetylcholine receptors, Cell. Mol. Life Sci. 64
(2007) 2829e2840, https://doi.org/10.1007/s00018-007-7352-z.

[50] J.C. Dokmetjian, S. Del Canto, S. Vinz�on, M.B. de Jim�enez Bonino, Biochemical
characterization of the Micrurus pyrrhocryptus venom, Toxicon 53 (2009)
375e382, https://doi.org/10.1016/j.toxicon.2008.12.015.

[51] J.-P. Rosso, P.E. Bougis, M. Kneussel, J.M. Guti�errez, B. C�eard, M. Diaz-Busta-
mante, J.R. Schwarz, O. Pongs, F. Bosmans, MmTX1 and MmTX2 from coral
snake venom potently modulate GABA A receptor activity, Proc. Natl. Acad.
Sci. Unit. States Am. 112 (2015), https://doi.org/10.1073/pnas.1415488112.
E891eE900.

[52] R.M. Kini, R. Doley, Structure, function and evolution of three-finger toxins:
mini proteins with multiple targets, Toxicon 56 (2010) 855e867, https://
doi.org/10.1016/j.toxicon.2010.07.010.

[53] A.M. Torres, R.M. Kini, N. Selvanayagam, P.W. Kuchel, NMR structure of
bucandin, a neurotoxin from the venom of the Malayan krait (Bungarus can-
didus), Biochem. J. 360 (2001) 539e548, https://doi.org/10.1042/0264-6021:
3600539.

[54] J. Pawlak, S.P. Mackessy, N.M. Sixberry, E.A. Stura, M. He, L. Du, C.S. Foo,
Irditoxin, A novel covalently linked heterodimeric three-finger toxin with
high taxon-specific neurotoxicity, Faseb. J. 23 (2009) 534e545, https://
doi.org/10.1096/fj.08-113555.

[55] N.J. da Silva Jr., S.D. Aird, Prey specificity , comparative lethality and compo-
sitional differences of coral snake venoms, Comp. Biochem. Physiol., C 128
(2001) 425e456.

[56] P. Rey-Su�arez, V. Nú~nez, J. Fern�andez, B. Lomonte, Integrative characterization
of the venom of the coral snake Micrurus dumerilii (Elapidae) from Colombia:
proteome, toxicity, and cross-neutralization by antivenom, J. Proteomics 136
(2016) 262e273, https://doi.org/10.1016/j.jprot.2016.02.006.

[57] O. Rossetto, C. Montecucco, Presynaptic neurotoxins with enzymatic activ-
ities, Handb. Exp. Pharmacol. 184 (2008) 129e170, https://doi.org/10.1007/
978-3-540-74805-2-6.

[58] S.D. Aird, N. da Silva, L. Qiu, A. Villar-Briones, V. Saddi, M. Pires de Campos
Telles, M. Grau, A. Mikheyev, Coralsnake venomics: analyses of venom gland
transcriptomes and proteomes of six Brazilian taxa, Toxins 9 (2017) 187,
https://doi.org/10.3390/toxins9060187.

[59] M. Van der Laat, J. Fern�andez, J. Durban, E. Villalobos, E. Camacho, J.J. Calvete,
B. Lomonte, Amino acid sequence and biological characterization of BlatPLA2,
a non-toxic acidic phospholipase A2 from the venom of the arboreal snake
Bothriechis lateralis from Costa Rica, Toxicon 73 (2013) 71e80, https://doi.org/
10.1016/j.toxicon.2013.07.008.

[60] B.G. Fry (Ed.), Venomous Reptiles and Their Toxins, 2015, https://doi.org/
10.1017/CBO9781107415324.004.

https://doi.org/10.1016/j.toxicon.2013.02.006
https://doi.org/10.1016/J.BIOCHI.2018.01.006
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1016/j.jprot.2013.05.024
https://doi.org/10.1016/j.jprot.2013.05.024
https://doi.org/10.1038/nmeth.3631
https://doi.org/10.1038/nmeth.3631
https://doi.org/10.1007/BF01234480
https://doi.org/10.1016/j.toxicon.2009.01.011
https://doi.org/10.1016/j.toxicon.2009.01.011
https://doi.org/10.1201/9781315155807-1
https://doi.org/10.2174/187152412803760618
https://doi.org/10.2174/187152412803760618
https://doi.org/10.1016/j.jprot.2020.103863
https://doi.org/10.1016/j.jprot.2020.103863
https://doi.org/10.3390/toxins10040135
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nbt.1883
http://www.biomedcentral.com/1471-2164/13/312%20(consultado%20el%2026%20de%20marzo%20de%202020
http://www.biomedcentral.com/1471-2164/13/312%20(consultado%20el%2026%20de%20marzo%20de%202020
http://www.ncbi.nlm.nih.gov/pubmed/271968
https://www.jlr.org
https://doi.org/10.1016/j.toxicon.2007.08.007
https://doi.org/10.1016/j.toxcx.2019.100013
https://doi.org/10.1016/j.toxcx.2019.100013
https://doi.org/10.1016/j.jprot.2014.02.027
https://doi.org/10.1016/j.jprot.2014.02.027
https://doi.org/10.1016/j.toxicon.2013.10.005
https://doi.org/10.3390/toxins8060178
https://doi.org/10.1016/0014-5793(95)01543-4
https://doi.org/10.1016/0014-5793(95)01543-4
https://doi.org/10.1007/s00239-003-2461-2
https://doi.org/10.1007/s00239-003-2461-2
https://doi.org/10.1016/j.toxicon.2012.05.023
https://doi.org/10.1016/j.toxicon.2012.05.023
https://doi.org/10.1002/pmic.200700668
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref45
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref45
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref45
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref45
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref45
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref45
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref45
https://doi.org/10.1016/j.toxicon.2010.02.030
https://doi.org/10.1016/j.toxicon.2010.02.030
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref47
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref47
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref47
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref47
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref47
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref47
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref48
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref48
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref48
https://doi.org/10.1007/s00018-007-7352-z
https://doi.org/10.1016/j.toxicon.2008.12.015
https://doi.org/10.1073/pnas.1415488112
https://doi.org/10.1016/j.toxicon.2010.07.010
https://doi.org/10.1016/j.toxicon.2010.07.010
https://doi.org/10.1042/0264-6021:3600539
https://doi.org/10.1042/0264-6021:3600539
https://doi.org/10.1096/fj.08-113555
https://doi.org/10.1096/fj.08-113555
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref55
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref55
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref55
http://refhub.elsevier.com/S0300-9084(21)00005-5/sref55
https://doi.org/10.1016/j.jprot.2016.02.006
https://doi.org/10.1007/978-3-540-74805-2-6
https://doi.org/10.1007/978-3-540-74805-2-6
https://doi.org/10.3390/toxins9060187
https://doi.org/10.1016/j.toxicon.2013.07.008
https://doi.org/10.1016/j.toxicon.2013.07.008
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004

	Protein composition and biochemical characterization of venom from Sonoran Coral Snakes (Micruroides euryxanthus)
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement
	2.2. Experimental animals
	2.3. Venom extraction
	2.4. Electrophoretic analysis (SDS-PAGE)
	2.5. Reverse phase high performance liquid chromatography (RP-HPLC)
	2.6. Mass spectrometry (ESI-MS) and N-terminal amino acid sequencing
	2.7. Toxicity
	2.8. Neutralization of venom and αNTx lethality
	2.9. Transcriptomic analysis of M. e. euryxanthus venom glands
	2.10. Cloning and expression of an ɑ-NTx from M. e. euryxanthus venom glands
	2.11. Generation of rabbit hyperimmune serum
	2.12. Determination of anti-rEury antibody titers in hyperimmune rabbit sera
	2.13. Determination of enzymatic activities

	3. Results
	3.1. Venom yields
	3.2. Venom protein profile
	3.3. Lethality and enzymatic activity
	3.4. Analysis of venom gland transcripts
	3.5. Cloning and heterologous expression of eurytoxin
	3.6. Recognition and neutralization of lethal activity by anti-rEury sera

	4. Discussion
	5. Conclusions
	Funding
	Author contributions
	Declaration of interests
	Acknowledgments
	References


