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Abstract

Abstract
The current study examined the venoms of two groups of coral snakes; Old World coral
snakes that reside in parts of Asia, and the New World coral snakes that are endemic to North and
South America. The species of interest were Micrurus fulvius, Micrurus tener, Micrurus spixii,
Micrurus pyrrhocryptus and Micruroides euryxanthus as representatives of the New World coral
snakes and Calliophis bivirgata as the representative for the Old World coral snakes.
Symptoms following envenoming by coral snakes are typically neurotoxic. In the present
study, the relative neurotoxic potential of venoms from Old and New World coral snakes was
examined. The data indicated that the rank order of in vitro neurotoxicity of New World coral
snakes was: M. tener > M. spixii ≥ M. pyrrhocryptus > Micruroides euryxanthus > M. fulvius in
order of most potent to least potent. Moreover, the venoms were characterized as possessing postsynaptic neurotoxicity, indicating that their site of action is on the nicotinic receptors on the motor
end plate.
Studies on the venom of C. bivirgata revealed that the venom was unique in comparison
to New World coral snakes. A novel three finger toxin (3FTx), δ-elapitoxin-Cb1a, was isolated
from the venom and was found to impair sodium channel function, a feature similar to that of
toxins from scorpion and spider venoms, and not previously identified in snake venom.
Subsequent testing using Coralmyn® antivenom revealed that the antivenom was effective
in neutralizing the neurotoxic effects of M. fulvius venom but ineffective against the venoms of M.
tener, M. spixii, M. pyrrhocryptus, Micruroides euryxanthus and C. bivirgata. The findings of the
M. tener antivenom study were surprising given that past studies have demonstrated the
effectiveness of Coralmyn® against M. tener venom in a whole animal model. Pre-incubation of
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tetrodotoxin, a sodium channel blocker, was effective in neutralising the effects of C. bivirgata
venom, further substantiating the effect of the venom on sodium channels.
Proteomic analysis of the venoms revealed differences in protein composition between Old
World and New World coral snakes, in addition to identifying differences between species of
Micrurus based on geographical location (North cf. South America). The data suggests that North
American coral snakes possess phospholipase A2-predominant venoms and their counterparts in
South America contain predominantly 3FTx venoms. The venom of C. bivirgata was shown to be
heavily skewed to proteins of lower molecular weight, in contrast to the venoms of the New World
coral snakes. These findings suggest that geographical location may influence the evolution of
venom composition.
Phylogenetic analysis of Micrurus spp. and C. bivirgata 3FTx revealed a multitude of
toxins that were not closely related to any previously characterized toxins. Toxin sequences
identified from the venom glands of M. fulvius and M. tener were not closely related to any known
α-neurotoxins which suggests that the neurotoxicity is 3FTx-independent.
Overall, the results of this study provide important insights into the venoms of both Old
and New World coral snake venoms, in addition to identifying potential factors that influence the
evolution of venom composition.
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Chapter 1 – General Introduction
1.1. Snakes
The origin of snakes (Class: Reptilia; Order: Squamata; Suborder: Serpentes) remains an
unresolved mystery. This lack of clarity is primarily due to poor fossil records and the phylogenetic
analyses of snakes relying heavily on hypotheses (Kochva, 1987). However, a recent study by
Hsiang et al., (2015) shed further light on the ancestry of snakes. It was revealed via the analysis
of snake genomes and fossil records that the most recent common ancestor of snakes was believed
to be a nocturnal predator that inhabited a forested environment. The earliest known fossil
belonging to that of a snake is Lapparentophis defrenni which was located in the Sahara, dating
back to the Early Cretaceous period over 120 million years ago (Parker and Grandison, 1977).
Two primary hypotheses have been proposed pertaining to the ancestry of snakes; a marine
origin and that of a terrestrial (burrowing or land-dwelling) origin (Bellairs and Underwood, 1951;
Hsiang et al., 2015).
It was widely hypothesized that snakes were closely related, or even descended from, the
monitor lizards of the genus Varanus. A close relationship exists between the monitor lizards and
the now extinct Cretaceous marine lizards; mosasaurs (Lee et al., 1999), thereby giving rise to the
marine origin hypothesis. This relationship between snakes and monitor lizards was based on
osteological and dental studies, alongside studies which have revealed similarities in tongue
structure and function (McDowell, 1972), all of which indicate that both snakes and mosasaurs
possess loose jaws for the purpose of hunting larger prey. Fossil studies have also revealed that
the Cretaceous squamate, or a varanoid lizard; Pachyrhachis problematicus, is in fact a primitive
snake with a well-developed pelvis and hindlimbs (Caldwell and Lee, 1997). The specimen, which
was found in limestone quarries in Ein Yabrud, had a small and narrow skull with derived features
of modern snakes. However, the presence of a pelvis and hindlimb, which is characterized by a
femur, tibia, fibula and calcaneus, suggest a more lizard-like relation. Using this evidence,
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researchers have proposed that snakes may have arisen from an aquatic form and subsequently
emerged onto land. This theory of an aquatic origin would then suggest that the gradual loss of
limbs and elongation of the neck and body would be attributed to aquatic adaptation.
The alternate hypothesis; that snakes evolved from terrestrial lizards, was suggested by
Camp (1923). It wasn’t until years later that Mahendra (1938) suspected that the terrestrial
ancestors may have been fossorial or burrowers that lived underground. Further supported by
Walls (1942), both authors proposed the fossorial terrestrial hypothesis based on ophthalmological
studies. These studies indicate that the low-light environment gradually decreased the typical
burrowing lizard mechanism for image focusing, resulting in the functional and structural
degradation of their eyes. As they resurfaced and colonized in light-rich environments, they
gradually developed and evolved into the focusing mechanisms seen in present-day snakes. Walls
concluded that the origin of snakes could not have been from surface-dwelling lizards based on
the structure and functions of the eye, and that they must have evolved from eyes which have
undergone retrogressive change associated with burrowing life. Walls specified such changes as
the reduction of the retinal fovea, the iris muscle and scleral cartilage. Despite this, there is still no
conclusive evidence in which the origins of snakes can be determined as researchers have
identified various pieces of evidence which support both hypotheses.
1.2. Venomous Snakes
It is widely believed that venom originated much later in colubroid snakes during the
Miocene era, approximately 25 million years ago (O’Shea, 2008). The term ‘venom’ was defined
as modified saliva containing digestive enzymes with the primary function of digestion (Kardong,
1980). A secondary function of the immobilization, and subsequently death, of prey was also
recognized.
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Today, the superfamily Colubroidea (or “advanced snakes”) accounts for over 80% of the
~2900 currently identified venomous snakes (Greene, 1997). This superfamily, under the suborder
Serpentes, can be further subdivided into the main families; Viperidae, Elapidae and Colubridae
(Vidal, 2002).
1.2.1. Colubridae
The family Colubridae are the most diverse and wide-spread among the families under
Serpentes. Consisting of over 1800 species, colubrids can be found around the world in all areas
except for Antarctica and the coldest regions (Savitsky, 1980; Pough et al., 2004). Snakes of the
family Colubridae have been generalized as harmless as bites in humans have resulted in nothing
more than puncture wounds as their fangs are mounted at the rear of their upper jaw. Despite this,
colubrids are characterized as venomous due to the possession of the Duvernoy’s gland, a unique
gland found in some groups of colubrid snakes, which is recognized as a homologue of a venom
gland (O’Shea, 2008). Five genera (Dispholidus, Thelotornis, Rhabdophis, Philodryas and
Tachymenis) have been identified to contain species which have resulted in fatal human
envenomation (Mackessy, 2002). The only venomous colubrid found in Australia is the brown tree
snake (Boiga irregularis) (Lumsden et al., 2013). Despite their aggressive nature, their bite is not
known to be fatal in adult humans given their inability to deliver a sufficient yield of venom
(Mackessy et al., 2006).
1.2.2. Viperidae
Vipers account for approximately 270 species of venomous snakes, comprising 9% of all
snakes in the superfamily Colubroidea (O’Shea, 2008). Geographically, vipers are extremely
diverse as they can be found across all continents with the exception of Australia and Antarctica.
It is currently recognized that snakes of the family Viperidae consist of four main subfamilies;
Azemiopinae (Fea’s viper), Viperinae (Old World or pitless vipers), Crotalinae (pit vipers) and
4
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Causinae (night adders) (Heise et al., 1995; Wüster et al., 2008), with the Crotalinae being the
most species rich of the four.
Vipers are typically characterized by their complex venom apparatus which is positioned
in areas along the side of the head (Gans and Kochva, 1965). Its complexity is derived from its
four main units; the posteriorly positioned main gland, the primary duct extending from it, the
accessory gland which is comprised of tubules extending from the primary duct at the anterior
point, and the secondary duct that connects the gland to the fang sheath.
The occurrence of haemorrhaging is a common symptom following envenoming by a viper,
in particular viperid and crotalid venoms (Ohsaka, 1979). The severity of haemorrhaging varies,
with less severe cases being limited to the cutaneous and subcutaneous tissue at the site of
envenoming or, in more severe cases, covering a majority of the extremities. Apart from
haemorrhagic and potential systemic effects, local symptoms are also often apparent which include
necrosis and oedema.
1.2.3. Elapidae
Of the most venomous, medically relevant snakes in the world, a majority of species fall
under the family of Elapidae (Fry et al., 2003). This family consists of over 60 genera and
approximately 300 species (Golay et al., 1993), with the prominent families being the Elapinae,
Laticaudinae, Hydrophiinae, Ephalophiini and Hydrophiini (Underwood, 1979). Sea snakes are
all proteroglyphous and can be divided into the “true” sea snakes Hydrophiinae, who are
completely aquatic and are viviparous and the sea kraits Laticaudinae, which is represented by a
single genus; Laticauda, who are oviparous and is partially terrestrial.
Geographically, the distribution of elapids is worldwide although they are particularly
prevalent in Africa, Asia, the Americas, Australia and the smaller Oceanic islands. However,
terrestrial elapids are most abundant in the tropical and subtropical regions (Shine, 1994). Snakes
5
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of the family Hydrophiinae and other viviparous sea snakes are distributed around the waters
between Asia and Australia, and throughout the tropical waters to the Arabian Gulf. The species
Pelamis platurus (Yellow-bellied sea snake), the single species of the genus Pelamis, can be found
between the coastal areas of eastern Africa and the western regions of the Americas. The sea kraits,
which are partly terrestrial, populate the coastal waters between Papua New Guinea and Indonesia
through to Japan and India.
Bites by elapids generally cause a myriad of clinical symptoms which may include local
effects, systemic effects and, in some cases, a combination of both. Neurotoxic effects, due to
either post-synaptic or pre-synaptic neurotoxins present within the venom, can result in clinical
symptoms such as loss of muscle strength, eyelid ptosis, ophthalmoplegia, paralysis of the larynx
and pharynx and may even cause death due to respiratory paralysis (Brazil, 1987).
1.3. Coral Snakes
Coral snakes (Suborder: Serpentes, Family: Elapidae, Subfamily: Elapinae) constitute a
group of approximately 120 species and subspecies which can be divided into two groups: Old
World or Asian coral snakes, and New World or American coral snakes (da Silva and Sites, 2001).
Researchers have posited that New World and Old World coral snakes share a close relationship
on the basis of their morphology (McDowell and Cogger, 1967) and molecular data (Keogh, 1998).
1.3.1. New World coral snakes
Classification and Distribution
New World coral snakes (genera Leptomicrurus, Micruroides and Micrurus) account for
over 65 of the 120 species of coral snakes resulting in great diversity, evidenced by their varying
habitats ranging from deserts to forests (Campbell and Lamar, 1989; Castoe et al., 2007). They
possess proteroglyphous dentition, i.e. short fixed front fangs and, as a result, a poorly developed
6
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method of venom delivery (Peterson, 2006). Species belonging to the smallest genus of the three;
Leptomicrurus, are restricted to northern South America in close proximity to the Amazon basin
while species of the monotypic genus; Micruroides (Micruroides euryxanthus; Arizona coral
snake) are solely found in areas from south-western United States to Sinaloa in north-western
Mexico.
Micrurus, whose species account for the largest proportion of New World coral snakes, are
widely distributed between southern United States to Argentina (da Silva and Sites, 2001).
Micrurus fulvius (the Eastern coral snake) is the most represented Micrurus species in North
America as it can be found in the south of the United States extending into north-eastern Mexico
(Figure 1.1b) while the Argentinian coral snake; Micrurus pyrrhocryptus, is primarily distributed
in parts of Argentina, Paraguay, Bolivia and western Brazil (Ávila et al., 2010; Figure 1.3b).
Species within this genus have been divided on the basis of coloration; monodal, bicolour
or triadal (Campbell and Lamar, 2004). The most common colour pattern for the Micrurus triadal
species, such as Micrurus fulvius (Figure 1.1a) and Micrurus tener (Texas coral snake; Figure
1.1b), is a combination of three colours; red, yellow (or white) and black in the form of rings of
varying patterns.
Diet, Habitat and Ecology
The Eastern coral snake, Micrurus fulvius, is generally mild mannered and is not
considered to be aggressive towards humans. It can be found predominantly buried in the soil in
diverse habitats ranging from xerophytic shrubs, pine flatwoods, leaf litter, logs and, less often,
marshland (Jackson and Franz, 1981), which implies that the species prefers dry, open and bushy
areas. The Eastern coral snake is typically diurnal and expresses greater activity between the
months of March and May, and again from August to November (Ernst and Barbour, 1989). Their
diet primarily consists of lizards, birds, frogs, insects and other snakes, including their own species
7
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(Stebbins, 2003). As a result, they are considered to be solitary snakes with the exception when
breeding. Breeding of the Eastern coral snake occurs two times a year; around late spring to early
summer and late summer to early fall, with eggs being laid during the period between May and
July.
Current literature on the diet and ecology of Micrurus pyrrhocryptus, the Argentinian coral
snake, is scarce. However, Roze (1996) noted that the species may share common features of other
coral snakes, in that their diet may consist of amphisbaenians and other snakes in addition to their
activity being linked to the rainy season. Ávila et al. (2010) also observed that the activity of M.
pyrrhocryptus in western Brazil was seasonal, occurring between the wet season and early dry
season. Periods of high activity have been linked to optimal breeding conditions due to suitable
incubation temperatures and food availability (Shine, 2003). The clutch size for M. pyrrhocryptus
has been reported to be similar to that of closely related coral snakes, such as M. altirostris (one
to seven eggs) and M. ibiboboca (five eggs).
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a)

b)

Figure 1.1. (a) Photo of Micrurus fulvius (Eastern coral snake) and
(b) its distribution in the regions of North America (Hammerson, 2007).
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a)

b)

Figure 1.2. (a) Photo of Micrurus tener (Texas coral snake; Photo by Brad Glorioso) and
(b) its distribution in the regions of North America and Mexico (Hammerson, 2007).

10

Chapter 1 – General Introduction

a)

b)

Figure 1.3. (a) Photo of Micrurus pyrrhocryptus (Argentinian coral snake; Photo by Eduardo
Iztueta) and (b) its distribution in the regions of Brazil (Hammerson, 2007).
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Venom Studies
The venom of New World coral snakes has been reported to be neurotoxic and, as such,
envenoming in humans is generally of medical concern (Brazil, 1987). In 2007, of 22,763 reported
snake bites in Brazil, only 136 cases were attributed to the New World coral snake genus; Micrurus
(Pardal et al., 2010). Their reclusive nature and tendency to inhabit low population areas results in
a low incidence of bites. Signs and symptoms of envenoming by Micrurus spp. are typically
neurotoxic in nature, resulting in progressive blockade at the neuromuscular end-plate resulting in
respiratory arrest and death in severe cases. The recommended treatment for Micrurus spp.
envenoming is serotherapy with antivenom (Russel, 1983, Tanaka et al., 2010). Due to the rarity
of coral snake bites in the United States, the production of North American Coral Snake Antivenin
(CSAV; Wyeth, New Jersey) was halted in 2008 (Wood et al., 2013). A case study of 39 victims
bitten by M. fulvius was conducted by Kitchens and Van Mierop (1987). Of these victims, 20 were
clearly identified as bites by M. fulvius with the remaining 19 bites by Lampropeltis elapsoides
(Scarlet kingsnake), a species similar in coloration. The average time between the initial bite and
the first sign of envenoming was 140 minutes indicating that the venom has a slow onset of action.
In one case, a patient displayed symptoms of severe systemic envenoming (i.e. respiratory
paralysis) following a delay of 13 hours. No fatalities were reported among the 39 patients. It has
also been reported that the venom of the Eastern coral snake, Micrurus fulvius, causes a rapid fall
in blood pressure, followed by a gradual recovery to normal levels (Weis and McIsaak, 1971).
A study by Camargo et al. (2011) examined the neurotoxic effects of Micrurus
pyrrhocryptus venom. The study determined that the venom produced time- and concentrationdependent blockade of nerve-stimulated twitches in the chick biventer cervicis nerve-muscle
preparation and mouse phrenic nerve-diaphragm, in addition to inhibiting muscle contractures to
exogenous acetylcholine and carbachol with an absence of effect on potassium chloride; indicating
12
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a post-synaptic mode of action. Use of commercial antivenom was effective in neutralizing the
neurotoxic effects of M. pyrrhocryptus venom. Weis and McIsaak (1971) noted that M. fulvius
venom inhibited indirect twitches in the rat phrenic nerve diaphragm. The venom also produced
depolarization of muscle in addition to the degeneration of hyaline in the rat soleus, effects similar
to that of cobra cardiotoxins.
It was noted by Brazil (1987) that Micrurus corallinus venom caused irreversible
neuromuscular blockade in the rat phrenic nerve-diaphragm preparation while inducing a
spontaneous release of acetylcholine and inhibiting the evoked release of acetylcholine. The
behaviour of this venom is indicative of both a post-synaptic and pre-synaptic mode of action. This
is further supported by morphological changes in the tissue as it was discovered that the number
of synaptic vesicles had been reduced in addition to swelling and disruption of the motor nerve
terminal. Similar changes in morphology have been seen in a classical pre-synaptic neurotoxin; βbungarotoxin (Chen and Lee, 1970; Herkert et al., 2001). It is probable that the neurotoxic activity
observed for M. corallinus venom can be attributed to the actions of 3FTx (three finger toxins)
and phospholipase A2 (PLA2) related activity. Leão et al. (2009) used a transcriptomic approach
to construct a toxin profile from the venom gland of M. corallinus. The most abundant type of
toxin was 3FTx, accounting for approximately 52% of the total toxin clones. The mechanism of
action of 3FTx is generally associated with post-synaptic neurotoxicity due to selectivity for the
muscle α1 nicotinic acetylcholine receptor located at the neuromuscular junction (Kini and Doley,
2010). Conversely, 33.3% of the total toxin clones was found to be the enzyme; PLA2. PLA2 has
been implicated in pre-synaptic neurotoxicity; however, its mechanism of action still remains
elusive although it is believed that the enzyme helps facilitate neurotransmitter release via
phospholipid hydrolysis (Rigoni et al., 2004).
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Due to the diversity in species within the Micrurus genus, some species may possess
additional effects such as myotoxicity in addition to their neurotoxic components. Although
myotoxicity is not a clinical symptom associated with envenoming by Micrurus spp., myotoxic
activity can be induced under experimental conditions as evidenced by de Roodt et al. (2012).
Myotoxicity was measured via an increase in plasma creatine kinase activity following
intramuscular injection of the venom of six species of Micrurus; i.e. M. altirostris, M.
balyocoriphus, M. fulvius, M. nigrocintus, M. pyrrhocryptus and M. surinamensis into a murine
model. Significantly elevated levels of creatine kinase were detected for both M. fulvius and M.
nigrocintus. Nonetheless, histopathological analysis of the injected limb revealed muscular lesions
including oedema, disruption of muscular fibres and severe myofibrillar necrosis. In some cases
of human envenoming by Micrurus spp., an increase in plasma creatine kinase activity has been
reported (Manock et al., 2008) but myotoxic activity could not be ascertained due to the lack of
histological evidence.
1.3.2. Old World coral snakes
Classification and Distribution
It had been hypothesized that coral snakes originated in the Old World (Asia) and migrated
to the New World (United States) via the Bering Land Strait (Keogh, 1998), an ancient land bridge
that connected Asia and North America during the Pleistocene ice age. This gives rise to the notion
that New World coral snakes evolved from Old World coral snakes, suggesting that while some
similarities in morphology and venom composition may exist, there is a likelihood of evolutionary
divergence.
Asian, or Old World, coral snakes (Calliophis, formerly Maticora), are small to mediumsized elapids restricted to tropical areas around south-eastern Asia (Thailand, Malaysia, Indonesia,
Singapore, Vietnam, Cambodia and Laos) (Slowinski et al., 2001).
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Calliophis bivirgata (the Blue Malaysian coral snake, formerly Maticora bivirgata) can be
found in southern Thailand through to Indonesia (specifically Java, Kalimantan, and Sumatra),
Malaysia and Singapore (Figure 1.5b).

Figure 1.4. Morphological tree by Slowinski et al. (2001).
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Slowinski et al. (2001) was the first to examine the phylogeny of Asian coral snakes and
recommended the merging of the Maticora species; M. bivirgata, M. intestinalis, M. maculiceps
and M. nigrescens into the existing genus of Calliophis due to the notion that all Old and New
World coral snakes are monophyletic based on morphological features including the prolongation
of the venom gland posteriorly into the body and the loss of maxillary teeth behind the fangs. The
existence of Maticora rendered the genus Calliophis polyphyletic thus the synonymy of both
genera into one genus (Calliophis) was recommended. This detailed study also identified a clade
of Calliophis species closely related to the New World coral snakes, which then gave rise to the
genus Sinomicrurus consisting of S. hatori, S. japonicas, S. kelloggi, S. sauteri and S. macclellandi.
The morphological tree constructed by Slowinski et al. (2001) (Figure 1.4) and the existence of
the genus Sinomicrurus provides a valuable link between the Old and New World coral snakes.
Diet, Habitat and Ecology
Most species of Old World coral snake are found in humid temperatures on the forest floor.
They have a diet consisting of other snakes, including that of their own species, birds, lizards and
frogs. Due to the timid nature of most Asian coral snakes, habitat and nocturnal nature, encounter
rates are generally very low, with the snakes possessing a tendency to flee when seen or disturbed
(Chanhome et al., 2011). The dorsal body surface of Calliophis bivirgata is blue-black in colour
and the head, ventral surface and tail are red. Adult species of the snake vary from 1060 to 1570
mm with the longest recorded length of 1850 mm.
Current literature on the ecology of C. bivirgata including breeding habits and periods of
activity is extremely scarce due to the species being rarely seen.
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(a)

(b)

Figure 1.5. (a) Photo of Calliophis bivirgata (Blue Malayan coral snake) and
(b) its distribution in the regions of South East Asia (Hammerson, 2007).
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Venom Studies
Calliophis bivirgata is considered the most clinically relevant of the genus with reported
fatalities; one of a child who died two hours after being bitten and one of a man who was fatally
bitten twice on his left foot (Lim and Lee, 1989). According to Chanhome et al. (2011), the dry
venom yield of C. bivirgata is 56.63 – 71.40 mg per snake with a lethal dose that will kill 50% of
a sample population of mice (i.e. LD50) of 0.81 µg/g and a venom gland that extends past the jaw
with a length into one-third of its body.
Venom studies on this species are scarce, with the sole study conducted by Takasaki et al.
(1991) which aimed to isolate components within the venom. Five fractions were isolated via gel
filtration; fractions S1 - S5. Two phospholipases A2; PLA2 I and PLA2 II were identified in fraction
S2 (reverse phase chromatography) with fraction S3 possessing maticotoxin A, C, D1 and D2 (ion
exchange chromatography followed by reverse phase chromatography). The terminal amino acid
sequence of both phospholipases A2 were close to that of the subfamily Bungarinae. The properties
of maticotoxin A, C, D1 and D2 were homologous with those of cytotoxins and cardiotoxins, with
maticotoxin D1 and D2 exhibiting weak indirect haemolytic activity in the presence of PLA 2.
Cardiotoxins are generally found in the venom of species from genera Naja or Hemachatus, both
of which belong to the subfamily Bungarinae. The venom also possesses purine nucleosides with
adenosine, inosine and guanosine found in fractions S4a, S4b and S5, respectively, and, in
conjunction with phospholipases A2 and the cytotoxin homologues, may be implicated in the
clinical symptoms of envenoming seen with bites by C. bivirgata.
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1.4. Components of snake venom
Snake venoms are a complex mixture of enzymes, toxins, proteins, carbohydrates, trace
amounts of metals and smaller low molecular weight compounds such as peptides. The main
function of snake venom revolves around the procuring of food and its digestion as well as defence
against predators (Karlsson, 1979). A common feature observed in envenomed prey is the
manifestation of symptoms associated with respiratory and circulatory failure, including but not
limited to paralysis, blood coagulation disturbances, renal damage and myolysis; the breakdown
of muscle tissue (Warrell, 1996). These symptoms are attributed to components found within the
venom of snakes, and are caused by the actions of neurotoxins, cardiotoxins, myotoxins,
coagulation factors and other substances either acting alone or synergistically. These toxins and
substances are designed to affect vital physiological processes such as the somatic nervous system
(with particular emphasis on the neuromuscular junction within skeletal muscle), the heart, and
blood coagulation amongst other targets.
1.4.1. Neurotoxins
Neurotoxins are the most toxic constituents found within venom, capable of inhibiting
neuromuscular transmission resulting in paralysis and death. On the basis of their site of action,
neurotoxins are classified as either post-synaptic (α) or pre-synaptic (β).
Post-synaptic (α) neurotoxins
Smaller neurotoxins in snake venoms, named α-neurotoxins, antagonise nicotinic
acetylcholine (nAChR) receptors on the motor end plate in skeletal muscle. They are often referred
to as ‘curaremimetic’ toxins due to the similarity in their actions to curare (Karlsson, 1979).
Curaremimetic toxins have only been isolated from snakes belonging to the families
Elapidae (including cobras, tiger snakes, coral snakes, kraits and mambas) and Hydrophiidae (sea
snakes). However, recent studies have shown that the family Colubridae contains various species
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possessing α-neurotoxins, which were found to be larger than elapid neurotoxins (Barber et al.,
2013). These include boigatoxin-A which is a 3FTx isolated from Boiga dendrophila (Mangrove
catsnake) with weak post-synaptic neurotoxicity (Lumsden et al., 2005a) and α-colubritoxin,
isolated from Coelognathus radiatus (Asian ratsnake) which was shown to be a potent αneurotoxin (Fry et al., 2003). Furthermore, the venom of the colubrid Rhamphiophis oxyrhynchus
(Rufous beaked snake) displayed in vitro post-synaptic neurotoxic activity (Lumsden et al., 2005b).
Their target site, the nAChR, is a ligand-gated cation channel consisting of four
homologous subunits; α1, β1, γ1 and δ1, in the stoichiometry 2α1, β1, γ1 and δ1 (Figure 1.6). Postsynaptic neurotoxins specifically target the two ACh binding sites located between the α1 and γ1
subunit, and between the δ1 and α1 subunit. These neurotoxins act as an antagonist, occupying the
binding site and inhibiting the opening of the ion channel, leading to the prevention of
depolarization which, in turn, results in neuromuscular blockade and paralysis (Karlsson, 1979;
Pedersen and Cohen, 1990).

Figure 1.6. Structure of the nicotinic receptor (Karlin, 2002).
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In vitro assays have been widely used to confirm the function of isolated post-synaptic
neurotoxins. An ideal preparation for use in these studies is the chick biventer cervicis nervemuscle preparation (CBCNM). This tissue contains both focally- and multiply-innervated fibres
which enables the differentiation between pre-synaptically- and post-synaptically-acting toxins.
Focal innervation is responsible for the twitch response observed following electrical stimulation
while the multiply-innervated fibres are responsible for the contractile response observed as a
result of exogenous administration of agonists such as acetylcholine and carbachol (Hodgson and
Wickramaratna, 2002). In contrast, the rat and mouse phrenic nerve diaphragm preparations only
contain focally-innervated fibres.
Addition of a post-synaptic neurotoxin to the electrically-stimulated CBCNM preparation
results in a decrease in twitch height. As the toxin competes with endogenous acetylcholine and
occupies the nAChR on the motor end plate, the amount of ACh-nAChR coupling reduces,
subsequently resulting in neuromuscular blockade. These neurotoxins also have a profound effect
on exogenous agonists (acetylcholine and carbachol) following the same mechanism of action.
Pharmacological activity of α-neurotoxins is often compared by determining t90 values; i.e. the
time in which the neurotoxin produces 90% inhibition of nerve-mediated twitches. Additionally,
a Schild plot analysis or modified Lew-Angus analysis, depending on the nature of the antagonism,
can be used to determine the pA2 of α-neurotoxins (Hodgson and Wickramaratna, 2002).
Post-synaptic neurotoxins can be further subdivided into two groups on the basis of their
structure; i.e. short- and long-chain neurotoxins. Short-chain neurotoxins typically consist of 6062 amino acid residues with four disulphide bridges whereas long-chain neurotoxins typically
consist of 66-74 amino acid residues and five disulphide bridges (Endo and Tamiya, 1991), with
the additional disulphide bridge in the long-chain neurotoxins situated between the Cys-30 and
Cys-34 residues. Both groups of neurotoxins also share a common three finger-loop structure.
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Figure 1.7. 3FTx structure of lapemis toxin displaying the three disulphide loops (Tu, 2012).

A majority of α-neurotoxins belong to the three-finger toxin family (3FTx; Nirthanan and
Gwee, 2004), denoted by three adjacent disulphide loops which resemble a ‘three-finger’
appearance emerging from a hydrophobic core formed from four disulphide bridges (Figure 1.7;
Tsetlin, 1999). Of the three loops, Loop II is considered to be the most significant as it is the means
by which the toxin binds to the nicotinic acetylcholine receptor (Tsetlin, 1999; Tu, 2012).
Short-chain neurotoxins associate with the nAChR in skeletal muscles at a rate of six- to
seven-fold faster, and dissociate five- to nine-fold times faster than long-chain neurotoxins
(Chicheportiche et al., 1975), which brings about significant differences between the two groups
of α-neurotoxins in terms of reversibility and irreversibility. Lee et al. (1972) observed that
neuromuscular blockade induced by long-chain neurotoxins was less reversible than that of short22
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chain neurotoxins in an in vitro preparation, and attributed it to the fact that the primary amino
acid sequence in long-chain neurotoxins contain a higher proportion of hydrophobic amino acid
residues.
Pre-synaptic (β) neurotoxins
Pre-synaptic (β) neurotoxins are toxins which act to inhibit the release of acetylcholine,
eventually resulting in the depletion of existing stores of the neurotransmitter leading to paralysis
(Karlsson, 1979; Lewis and Gutmann, 2004). These toxins have been isolated from the venoms of
the families Elapidae, Viperidae, Crotalidae and Hydrophiidae (Harris, 1984), in which the first
pre-synaptic neurotoxin isolated was β-bungarotoxin from the venom of Bungarus multicinctus
(Many-banded krait). Particular venoms such as that of some Australian snake neurotoxins,
interact with the pre-synaptic membrane to prevent the recycling of vesicles, leading to the
inability to release the neurotransmitter and subsequently resulting in paralysis (Sutherland, 1983;
Rossetto et al., 2006). Examples of such toxins include notexin from Notechis scutatus venom,
paradoxin from Oxyuranus microlepidotus venom and textilotoxin from Pseudonaja textilis
venom (Table 1.1).
Table 1.1 Representative pre-synaptic (β) neurotoxins from snake venoms
Toxin

Snake
Scientific name

Common name

Notexin

Notechis scutatus

Australian tiger snake

Paradoxin

Oxyuranus microlepidotus

Australian inland taipan

Textilotoxin

Pseudonaja textilis

Australian common brown snake

β-Bungarotoxin

Bungarus multicinctus

Many-banded krait

* Adapted from Hodgson and Wickramaratna (2002).
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The effects of pre-synaptic neurotoxins are severe, as they are irreversible due to their
mechanism of action. It is well understood that a majority of pre-synaptic neurotoxins inhibit
neurotransmitter release, however, some toxins have been identified to enhance neurotransmitter
release instead (Lewis and Gutmann, 2004). Studies have shown that the pre-synaptic neurotoxic
effect of these venoms is phospholipase-A2 related and not associated with enzymatic activity
(Rosenberg, 1997; Hodgson and Wickramaratna, 2002).
Despite this, Rosenberg (1997) acknowledges that there is only a partial correlation
between PLA2 activity and neurotoxicity which would then infer that other factors, including
distribution of toxin throughout the body and toxin binding affinity, are crucial in the neurotoxic
effects observed.
Comprehensive studies have been conducted on pre-synaptic neurotoxins in vitro and in
vivo in order to ascertain their role and function in neuromuscular transmission. In in vitro
preparations, such as the chick biventer cervicis nerve-muscle preparation, β-neurotoxins often
cause a triphasic effect on twitch height, signifying that a three phase effect is observed following
the addition of the neurotoxin. A decrease in twitch height is initially observed due to the cessation
of acetylcholine release, followed by a transient increase in twitch height as a result of enhanced
neurotransmitter release and eventually culminating in complete inhibition of neuromuscular
transmission (Su and Chang, 1984; Rowan, 2001). Rosenberg (1997) also noted that intravenous
and intraperitoneal administration of β-neurotoxin in vivo resulted in respiratory failure of the
subject animal one hour following administration. This lag period could be correlated to the effects
observed in vitro. Given the timeframe, it highlights the importance of early administration of
antivenom to patients who have been envenomed by snakes possessing pre-synaptic neurotoxins
who display systemic effects. Phase 1, referring to the initial decrease in twitch height in vitro, has
been suggested to be the result of the neurotoxin binding to its respective receptor site. A study by
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Lambeau et al. (1990) identified M-type receptors in skeletal muscle and N-type receptors in
neurons which are recognized by two monochain toxins isolated from Oxyuranus scutellatus; OS1
and OS2, suggesting that receptor sites are present in skeletal muscle that can be targeted by these
toxins. The decrease in twitch height during Phase 1 and the transient increase in Phase 2 have
been characterized as being phospholipase A2 independent (Harvey, 1990; Ueno and Rosenberg,
1996; Rowan, 2001), as evidenced by the in vitro experiments in which the first two phases were
apparent in the presence of the PLA2 inhibitor; p-bromophenacyl bromide (Chang and Su, 1982).
The transient increase in twitch height in Phase 2 has been suggested to be the result of
repolarization after an action potential, resulting in an influx of Ca2+ leading to an influx of
acetylcholine into the synapse (Hodgson and Wickramaratna, 2002).
In addition to depleting existing stores of acetylcholine from nerve terminals, pre-synaptic
neurotoxins such as β-bungarotoxin can also cause morphological changes in skeletal muscle
(Dixon and Harris, 1999). Electron microscopy and immunocytochemical labelling studies
revealed that paralysis induced by β-bungarotoxin is associated with the depletion of synaptic
vesicles from the motor nerve terminal, followed by the destruction and degeneration of the nerve
terminal and intramuscular axons. These morphological changes to the motor nerve terminal are
not isolated to the exposure of β-bungarotoxin, but occur to other pre-synaptic neurotoxins as well
including notexin and taipoxin (Harris et al., 2000). Similar to β-bungarotoxin, many nerve
terminals exhibited signs of physical damage after exposure of the rat soleus muscle to notexin
and taipoxin one hour after administration, leaving approximately 70% of muscle fibres
denervated. Non-damaged nerve terminals were devoid of synaptic vesicles and possessed
clathrin-coated Ω-shaped pits. There are several hypotheses which aim to explain how exposure
to β-neurotoxins leads to the destruction of synaptic vesicles. Strong and Kelly (1977) proposed
that the toxins bind to receptors on the motor nerve terminal and, in turn, are internalized to gain
direct access to synaptic vesicles. However, further studies have shown that phospholipases are
25

Chapter 1 – General Introduction
not internalized as PLA2 neurotoxins did not exhibit the conformational changes typical of
endocytosed proteins (Simpson et al., 1993). It is also possible that that a cascade of events
involving the uncontrolled influx of Ca2+ ions leading to the enhanced acetylcholine release (Phase
2) could damage mitochondria and induce the degradation of neurofilaments proteins (Harris et
al., 2000).
1.4.2. Phospholipases
Phospholipase A2 (PLA2) is the most studied phospholipase enzyme due to its significant
role in biological activities (Kini, 2003). Venom PLA2 enzymes share a similar structure and
function to that of mammalian enzymes with the key difference being that many are toxic and may
produce a range of undesirable pharmacological effects, including neurotoxicity (pre-synaptic and
post-synaptic), myotoxicity (local and systemic), cardiotoxicity, anticoagulant effects, platelet
aggregation disturbances, haemolytic activity, haemorrhaging, hypotension and organ damage
(Gutierrez and Lomonte, 1995; Kini, 2003). The primary role of PLA2 is the selective hydrolysis
of the 2-acyl group from sn-3-phosphoglycerides to free fatty acids and lysophospholipids
(Iwanaga and Suzuki, 1979). Additional studies have been conducted which have identified other
classes of phospholipases, such as A1, C and D, depending on the point of hydrolysis of ester bonds
from sn-3-phosphoglycerides (Harris, 1991). However, the role and function of these other
phospholipases are relatively insignificant compared to the significance of PLA2.
These enzymes are the most pharmacologically active and potent components found
within snake venom, with the prime example being the fact that all pre-synaptic neurotoxins are
PLA2 enzymes (Kini, 2003). Notable snake toxins that utilize PLA2 enzymes as a core component
include notexin, ammodytoxin, β-bungarotoxin, crotoxin, taipoxin, textilotoxin and mojave toxin,
all of which exhibit signs of pre-synaptic neurotoxicity (Gubenšek et al., 1997). It is important to
note that some toxins exhibit their pharmacological effect alone and without the actions of other
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substances. For example, notexin and ammodytoxin exert their effects alone whereas toxins such
as β-bungarotoxin and crotoxin are toxins formed within a complex of two subunits held together
by covalent bonds (Bon, 1997; Rowan, 2001). It had been suggested that the primary role for these
secondary subunits is to facilitate the binding between the toxin and the pre-synaptic receptor site.
In the case of β-bungarotoxin, the PLA2 subunit is covalently linked via a disulphide bond to a
second subunit that is homologous to a proteinase inhibitor. Crotoxin, in addition to its potent
neurotoxic effects, also exhibits signs of local myotoxicity and necrosis which have been attributed
to PLA2 activity (Gopalakrishnakone, 1984). Furthermore, myotoxic PLA2 toxins have been
isolated from the venom of Pseudechis australis (Mulga snake), with the four components; Pa-1G,
Pa-5, Pa-12C and Pa-15 displaying myotoxic effects in vitro (Geh et al., 1992).
1.5. Focus of this study
Due to a lack of clarity regarding the relationship between Old World and New World coral
snakes, further research is required. In particular, the Asian coral snakes have been very poorly
studied in terms of their venom composition, partially due to their elusive nature; therefore, such
research would prove extremely valuable in elucidating their biological role in nature. As
researchers have postulated the relationship between the American and Asian coral snakes on the
basis of their morphology (McDowell and Cogger, 1967) and molecular data (Keogh, 1998), it
would prove useful to further evaluate their potential relationship. The focus of this study, by way
of a combined proteomics and bioinformatics approach, would allow the full characterization of
venom components found within these coral snakes. Furthermore, it will also allow the potential
identification of novel toxins and compounds which may be of biodiscovery potential. Due to the
reclusive nature of the Asian coral snake, Calliophis bivirgata, it is unknown whether C. bivirgata
venom possesses components of particular interest. The results of this study will also shed light

27

Chapter 1 – General Introduction
on the evolutionary similarities and differences between the Asian and American coral snakes and
as a result, will prove a useful resource for further studies.

28

Chapter 1 – General Introduction
1.6. References
Ávila RW, Kawashita-Ribeiro RA, Ferreira VL, Strüssmann C (2010). Natural history of the coral
snake Micrurus pyrrhocryptus Cope 1862 (Elapidae) from semideciduous forests of Western
Brazil. South American Journal of Herpetology 5: 97-101.
Barber CM, Isbister GK, Hodgson WC (2013). Alpha neurotoxins. Toxicon 66: 47-58.
Bellairs AD’A, Underwood G (1951). The origin of snakes. Biological Reviews 26: 193-237.
Bon C (1997). Multicomponent neurotoxic phospholipases A2. In: Kini RM (ed.). Venom
Phospholipase A2 Enzymes: Structure, Function and Mechanism. John Wiley & Sons
Limited: West Sussex.
Brazil OV (1987). Coral snake venoms: mode of action and pathophysiology of experimental
envenomation. Revista do Instituto de Medicina Tropical de São Paulo 29: 119-126.
Caldwell MW, Lee MSY (1997). A snake with legs from the marine cretaceous of the Middle East.
Nature 386: 705-708.
Camargo TM, de Roodt AR, da Cruz-Höfling MA, Rodrigues-Simioni L (2011). The
neuromuscular activity of Micrurus pyrrhocryptus venom and its neutralization by
commercial and specific coral snake antivenoms. Journal of Venom Research 2: 24-31.
Camp CL (1923). Classification of lizards. Bulletin of the American Museum of Natural History.
48: 289-481.
Campbell JA, Lamar WW (1989). The Venomous Reptiles of Latin America. Custom Publishing
Associates: New York.
Campbell JA, Lamar WW (2004). The Venomous Reptiles of the Western Hemisphere. Cornell
University Press: New York.
29

Chapter 1 – General Introduction
Castoe TA, Smith EN, Brown RM, Parkinson CL (2007). Higher-level phylogeny of Asian and
American coral snakes, their placement within the Elapidae (Squamata), and the systematic
affinities of the enigmatic Asian coralsnake Hemibungarus calligaster (Wiegmann, 1834).
Zoological Journal of the Linnean Society 151: 809-831.
Chang CC, Su MJ (1982). Pre-synaptic toxicity of the histidine-modified phospholipase A2inactive, β-bungarotoxin, crotoxin and notexin. Toxicon 20: 895-905.
Chanhome L, Cox MJ, Vasaruchapong T, Chaiyabutr N, Sitprija V (2011). Characterization of
venomous snakes of Thailand. Asian Biomedicine 5: 311-328.
Chen IL, Lee CY (1970). Ultrastructural changes in the motor nerve terminals caused by betabungarotoxin. Virchows Archiv. B, Cell Pathology 6: 318-325.
Chicheportiche R, Vincent JP, Kopeyan C, Schweitz H, Lazdunski M (1975). Structure-function
relationship in the binding of snake neurotoxins to the torpedo membrane receptor.
Biochemistry 14: 2081-2091.
da Silva Jr NJ, Sites Jr JW (2001). Phylogeny of South American triad Coral Snakes (Elapidae:
Micrurus) based on molecular characters. Herpetologica 57: 1-22.
de Roodt AR, Lago NR, Stock RP (2012). Myotoxicity and nephrotoxicity by Micrurus venoms
in experimental envenomation. Toxicon 59: 356-364.
Dixon RW, Harris JB (1999). Nerve terminal damage by β-bungarotoxin: its clinical significance.
American Journal of Pathology 154: 447-455.
Endo T, Tamiya N (1991). Structure-function relationships of post-synaptic neurotoxins from
snake venoms. In: Harvey AL (ed.). Snake Toxins. Pergamon Press: New York.

30

Chapter 1 – General Introduction
Ernst CH, Barbour RW (1989). Snakes of Eastern North America. George Mason University Press:
Virginia.
Fry BG, Lumsden NG, Wüster W, Wickramaratna JC, Hodgson WC, Kini RM (2003). Isolation
of a neurotoxin (α-neurotoxin) from a nonvenomous colubrid: evidence for early origin of
venom in snakes. Journal of Molecular Evolution 57: 446-452.
Fry BG, Wuster W, Kini RM, Brusic V, Khan A, Venkataraman D, Rooney AP (2003). Molecular
evolution and phylogeny of elapid snake venom three-finger toxins. Journal of Molecular
Evolution 57: 110-129.
Gans CG, Kochva E (1965). The accessory gland in the venom apparatus of viperid snakes.
Toxicon 3: 61-63.
Geh SL, Rowan EG, Harvey AL (1992). Neuromuscular effects of four phospholipase A2 from the
venom of Pseudechis australis, the Australian king brown snake. Toxicon 30: 1051-1057.
Golay P, Smith HM, Broadley DG, Dixon JR, McCarthy C, Rage JC, Schätti B, Toriba M (1993).
Endoglyphs and other major venomous snakes of the world. A checklist. Azemiops:
Switzerland.
Gopalakrishnakone P, Dempster DW, Hawgood BJ, Elder HY (1984). Cellular and mitochondrial
changes induced in the structure of murine skeletal muscle by crotoxin, a neurotoxic
phospholipase A2 complex. Toxicon 22: 85-98.
Greene HW (1997). Snakes: the evolution of mystery in nature. University of California Press:
Berkley, California.
Gutierrez JM, Lomonte B (1995). Phospholipase A2 myotoxins from Bothrops snake venoms.
Toxicon 33: 1405-1424.

31

Chapter 1 – General Introduction
Hammerson GA (2007). Micrurus fulvius. The IUCN Red List of Threatened Species. Available
at: http://www.iucnredlist.org (accessed 05 April 2015).
Harris JB (1984). Polypeptides from snake venoms which act on nerve and muscle. Progress in
Medicinal Chemistry 21: 63-110.
Harris JB (1991). Phospholipases in snake venoms and their effects on nerve and muscle. In:
Harvey AL (ed.). Snake Toxins. Pergamon Press: New York.
Harris JB, Grubb BD, Maltin CA, Dixon R (2000). The neurotoxicity of the venom phospholipases
A2, notexin and taipoxin. Experimental Neurology 161: 517-526.
Harvey AL (1990). Pre-synaptic effects of toxins. International Review of Neurobiology 32: 201239.
Heise PJ, Maxson LR, Dowling HG, Hedges SB (1995). Higher-level snake phylogeny inferred
from mitochondrial NA sequences of 12S rRNA and 16S rRNA genes. Molecular Biology
and Evolution 12: 259-65.
Herkert M, Shakhman O, Schweins E, Becker CM (2001). Beta-bungarotoxin is a potent inducer
of apoptosis in cultured rat neurons by receptor-mediated internalization. The European
Journal of Neuroscience 14: 821-828.
Hodgson WC, Wickramaratna JC (2002). In vitro neuromuscular activity of snake venoms.
Clinical and Experimental Pharmacology & Physiology 29: 807-814.
Hsiang AY, Field DJ, Webster TH, Behlke ADB, Davis MB, Racicot RA, Gauthier JA (2015).
The origin of snakes: revealing the ecology, behaviour, and evolutionary history of early
snakes using genomics, phenomics, and the fossil record. BMS Evolutionary Biology 15: 87.

32

Chapter 1 – General Introduction
Iwanaga S, Suzuki T (1979). Enzymes in Snake Venom. In: Lee C-Y (ed.). Snake Venoms.
Springer-Verlag Berlin Heidelberg: New York.
Jackson DR, Franz R (1981). Ecology of the Eastern Coral Snake (Micrurus fulvius) in Northern
Peninsula Florida. Herpetologica 37: 213-228.
Kardong KV (1980). Evolutionary Patterns in Advanced Snakes. American Zoologist 20: 269-282.
Karlin A (2002). Emerging structure of the nicotinic acetylcholine receptors. Nature Reviews
Neuroscience 3: 102-114.
Karlsson E (1979). Chemistry of Protein Toxins in Snake Venoms. In: Lee C-Y (ed.). Snake
Venoms. Springer-Verlag Berlin Heidelberg: New York.
Keogh JS (1998). Molecular phylogeny of elapid snakes and a consideration of their biogeographic
history. Biological Journal of the Linnean Society 63: 177-203.
Kini RM (2003). Excitement ahead: structure, function and mechanism of snake venom
phospholipase A2 enzymes. Toxicon 42: 827-840.
Kini RM, Doley R (2010). Structure, function and evolution of three-finger toxins: Mini proteins
with multiple targets. Toxicon 56: 855-867.
Kitchens CS, Van Mierop LH (1987). Envenomation by the Eastern coral snake (Micrurus fulvius
fulvius). A study of 39 victims. The Journal of the American Medical Association 258: 16151618.
Kochva E (1987). The origin of snakes and evolution of the venom apparatus. Toxicon 25: 65-106.
Lambeau G, Schmid-Alliana A, Lazdunski M, Barhanin J (1990). Identification and purification
of a very high affinity binding protein for toxic phospholipases A2 in skeletal muscle. The
Journal of Biological Chemistry 265: 9526-9532.
33

Chapter 1 – General Introduction
Leão LI, Ho PL, de Junqueira-de-Azevedo ILM (2009). Transcriptomic basis for an antiserum
against Micrurus corallinus (coral snake) venom. BioMedCentral Genomics 10:112.
Lee C-Y, Chang CC, Chen YM (1972). Reversibility of neuromuscular blockade by neurotoxins
from elapid and sea snake venoms. Journal of the Formosan Medical Association 71: 344349.
Lee MSY, Bell Jr. GL, Caldwell MW (1999). The origins of snake feeding. Nature 400: 655-658.
Lewis RL, Gutmann L (2004). Snake venoms and the neuromuscular junction. Seminars in
Neurology 24: 175-179.
Lim FLK, Lee MTM (1989). Fascinating snakes of Southeast Asia: An Introduction. Tropical
Press: Kuala Lampur.
Lumsden NG, Fry BG, Kini MR, Hodgson WC (2004). In vitro neuromuscular activity of ‘colubrid’
venoms: clinical and evolutionary implications. Toxicon 43: 819-827.
Lumsden NG, Fry BG, Ventura S, Kini RM, Hodgson WC (2005a). Pharmacological
characterisation of a neurotoxin from the venom of Boiga dendrophila (Mangrove catsnake).
Toxicon 45: 329-334.
Lumsden NG, Ventura S, Dauer R, Hodgson WC (2005b). A biochemical and pharmacological
examination of Rhamphiophis oxyrhynchus (Rufous beaked snake) venom. Toxicon 45: 219231.
Mackessy SP (2002). Biochemistry and pharmacology of colubrid snake venoms. Journal of
Toxicology – Toxin Reviews 21: 45-83.
Mackessy SP, Sixberry NM, Heyborne WH, Fritts T (2006). Venom of the brown treesnake, Boiga
irregularis: ontogenic shifts and taxa-specific toxicity. Toxicon 47: 537-548.
34

Chapter 1 – General Introduction
Mahendra BC (1938). Some remarks on the phylogeny of the Ophidia. Anatomischer Anzeiger 86:
347-356.
Manock SR, Suarez G, Graham D, Avila-Aguero ML, Warrell DA (2008). Neurotoxic
envenoming by South American coral snake (Micrurus lemniscatus helleri): A case report
from eastern Ecuador and review. Transactions of the Royal Society of Tropical Medicine
and Hygiene 102: 1127-1132.
McDowell SB, Cogger HG (1967). Aspidomorphus, a genus of New Guinea snakes of the family
Elapidae, with notes on related genera. Journal of Zoology 151: 497-543.
McDowell SB (1972). The evolution of the tongue of snakes, and its bearing on snake origins. In:
Evolutionary Biology. Appleton-Century-Crofts: New York.
Nirthanan S, Gwee MCE (2004). Three-Finger 𝛼-Neurotoxins and the Nicotinic Acetylcholine
Receptor, Forty Years On. Journal of Pharmacological Sciences 94: 1-17.
Ohsaka A (1979). Hemorrhagic, Necrotizing and Edema-Forming Effects of Snake Venoms. In:
Lee C-Y (ed.). Snake Venoms. Springer-Verlag Berlin Heidelberg: New York.
O’Shea M (2008). Venomous Snakes of the World. New Holland Publishers: London.
Pardal PP, Pardal JS, Gadelha MA, Rodrigues LdaS, Feitosa DT, Prudente AL, Fan HW (2010).
Envenomation by Micrurus coral snakes in the Brazilian Amazon Region: Report of two
cases. Revista do Instituto de Medicina Tropical de São Paulo 52: 333-337.
Parker HW, Grandison AGC (1977). Snakes – A Natural History. University of Queensland Press:
St. Lucia, Queensland.

35

Chapter 1 – General Introduction
Pederson SE, Cohen JB (1990) d-Tubocurarine binding sites are located at α-γ and α-δ subunit
interfaces of the nicotinic acetylcholine receptor. Proceedings of the National Academy of
Sciences of the United States of America 87: 2785-2789.
Peterson ME (2006). Snake Bite: Coral snakes. Clinical Techniques in Small Animal Practice 21:
183-186.
Pough HF, Andrews RM, Cadle JE, Crump ML, Savitsky AH, Wells KD (2004). Herpetology.
Pearson Prentice Hall: New Jersey.
Rigoni M, Schiavo G, Weston AE, Caccin P, Allegrini F, Pennuto M, Valtorta F, Montecucco C,
Rossetto O (2004). Snake pre-synaptic neurotoxins with phospholipase A2 activity induce
punctate swellings of neurites and exocytosis of synaptic vesicles. Journal of Cell Science
117: 3561-3570.
Rosenberg P (1997). Lethal potency of snake venom Phospholipase A2 enzymes. In: Kini RM (ed.).
Venom Phospholipase A2 Enzymes: Structure, Function and Mechanism. John Wiley & Sons
Limited: West Sussex.
Rossetto O, Morbiato L, Caccin P, Rigoni M, Mointecucco C (2006). Pre-synaptic enzymatic
neurotoxins. Journal of Neurochemistry 97: 1534-1545.
Rowan EG (2001). What does β-bungarotoxin do at the neuromuscular junction? Toxicon 39: 107118.
Roze JA (1996). Coral snakes of the Americas: Biology, Identification and Venoms. Krieger
Publishing Company: Florida.
Russel FE (1983). Snake Venom Poisoning. Scholium: New York.

36

Chapter 1 – General Introduction
Savitsky AH (1980). The role of venom delivery strategies in snake evolutions. Evolution 34:
1194-1204.
Shine R (1993). Reproductive strategies in snakes. Proceedings of the Royal Society 270: 9951004.
Shine R (1994). Australian Snakes: A Natural History. Reed Books: Sydney.
Simpson LL, Lautenslager GT, Kaiser II, Middlebrook JL (1993). Identification of the site at
which the phospholipase A2 neurotoxins act to produce their neuromuscular blocking effects.
Toxicon 31: 13-26.
Slowinski JB, Boundy J, Lawson R (2001). The phylogenetic relationships of Asian coral snakes
(Elapidae: Calliophis and Maticora) based on morphological and molecular characters.
Herpetologica 57: 233-245.
Stebbins RC (2003). A Field Guide to Western Reptiles and Amphibians. Houghton Mifflin
Company: New York.
Strong PN, Kelly RB (1977). Membranes undergoing phase transitions are preferentially
hydrolyzed by beta-bungarotoxin. Biochimica et Biophysica Acta 469: 231-235.
Su MJ, Chang CC (1984). Pre-synaptic effects of snake venom toxins which have phospholipase
A2 activity (β-bungarotoxin, taipoxin, crotoxin). Toxicon 22: 631-640.
Sutherland SK (1983). Australian Animal Toxins: The creatures, their toxins and care of the
poisoned patient. Oxford University Press: Melbourne.
Takasaki C, Yoshida H, Shimazu T, Teruuchi T, Toriba M, Tamiya N (1991). Studies on the
venom components of the long-glanded coral snake, Maticora bivirgata. Toxicon 29: 191200.
37

Chapter 1 – General Introduction
Tanaka GD, Furtado Mde F, Portaro FC, Sant'Anna OA, Tambourgi DV (2010). Diversity of
Micrurus snake species related to their venom toxic effects and the prospective of antivenom
neutralization. PLoS Neglected Tropical Diseases 4: e622.
Tsetlin V (1999). Snake venom α-neurotoxins and other ‘three-finger’ proteins. European Journal
of Biochemistry 264: 281-286.
Tu AT (2012). Overview of Snake Venom Chemistry. In: Singh BR, Tu AT (ed.). Natural Toxins
2: Structure, Mechanism of Action, and Detection. Springer Science & Business Media: New
York.
Ueno E, Rosenberg P (1996). Mechanism of action of beta-bungarotoxin, a pre-synaptically acting
phospholipase A2 neurotoxin: its effect on protein phosphorylation in rat brain synaptosomes.
Toxicon 34: 1219-1227.
Underwood G (1979). Classification and Distribution of Venomous Snakes in the World. In: Lee
C-Y (ed.). Snake Venoms. Springer-Verlag Berlin Heidelberg: New York.
Vidal N (2002). Colubroid systematics: Evidence for an early appearance of the venom apparatus
followed by extensive evolutionary thinking. Journal of Toxicology – Toxin Reviews 21: 2141.
Walls GL (1942). The vertebrate eye and its adaptive radiation. Cranbrook Institute of Science:
Michigan.
Warrell DA (1996). Clinical features of envenoming from snake bites. In: Bon C, Goyffon M (ed.).
Envenomings and Their Treatments. Fondation Marcel Merieux: Lyon.
Weis R, McIssak RJ (1971). Cardiovascular and muscular effects of venom from coral snake,
Micrurus fulvius. Toxicon 9: 219-228.

38

Chapter 1 – General Introduction
Wood A, Schauben J, Thundiyil J, Kunisaki T, Sollee D, Lewis-Younger C, Bernstein J, Weisman
R (2013). Review of Eastern coral snake (Micrurus fulvius fulvius) exposures managed by
the Florida Poison Information Center Network: 1998–2010. Clinical Toxicology 51: 783–
788.
Wüster W, Peppin L, Pook CE, Walker DE (2008). A nesting of vipers: Phylogeny and historical
biogeography of the Viperidae (Squamata: Serpentes). Molecular Phylogenetics and
Evolution 49: 445-459.
Yang CC (1999). Cobrotoxin: Structure and Function. Journal of Natural Toxins 8: 221-233.

39

Chapter 2 – The Snake with the Scorpion’s Sting

Chapter 2 – The Snake with the Scorpion’s Sting:
Novel Three-Finger Toxin Sodium Channel Activators
from the Venom of the Long-Glanded Blue Coral
Snake (Calliophis bivirgatus)

40

Chapter 2 – The Snake with the Scorpion’s Sting

41

Chapter 2 – The Snake with the Scorpion’s Sting

42

Chapter 2 – The Snake with the Scorpion’s Sting

43

Chapter 2 – The Snake with the Scorpion’s Sting

44

Chapter 2 – The Snake with the Scorpion’s Sting

45

Chapter 2 – The Snake with the Scorpion’s Sting

46

Chapter 2 – The Snake with the Scorpion’s Sting

47

Chapter 2 – The Snake with the Scorpion’s Sting

48

Chapter 2 – The Snake with the Scorpion’s Sting

49

Chapter 2 – The Snake with the Scorpion’s Sting

50

Chapter 2 – The Snake with the Scorpion’s Sting

51

Chapter 2 – The Snake with the Scorpion’s Sting

52

Chapter 2 – The Snake with the Scorpion’s Sting

53

Chapter 2 – The Snake with the Scorpion’s Sting

54

Chapter 2 – The Snake with the Scorpion’s Sting

55

Chapter 2 – The Snake with the Scorpion’s Sting

56

Chapter 2 – The Snake with the Scorpion’s Sting

57

Chapter 2 – The Snake with the Scorpion’s Sting

58

Chapter 2 – The Snake with the Scorpion’s Sting

59

Chapter 2 – The Snake with the Scorpion’s Sting

60

Chapter 2 – The Snake with the Scorpion’s Sting

61

Chapter 2 – The Snake with the Scorpion’s Sting

Chapter 2 – Additional Experiments

62

Chapter 2 – The Snake with the Scorpion’s Sting
2.1. Introduction
This section contains additional work not included in the published manuscript. Further
experiments outlined in this chapter provide supplementary results which are complementary to
the findings in the published manuscript.
2.2. Materials and Methods (continued)
2.2.1. Drugs and Chemicals
The following drugs and chemicals were used: acetylcholine chloride (Sigma),
carbamylcholine chloride (Sigma), potassium chloride (Ajax Finechem), (+)-tubocurarine chloride
(Sigma), tetrodotoxin (TTX; Sapphire Bioscience), Coralmyn® coral snake antivenom (Bioclon,
Mexico, Batch #B-2D-06/2004). Stock solutions of drugs were made up MilliQ-H2O unless
otherwise specified.
2.2.2. Reverse-phase high performance liquid chromatography (RP-HPLC)
Calliophis bivirgata venom (150 µg) was fractionated using a Shimadzu SPD-10A VP UVVis Detector high performance liquid chromatography system in conjunction with a Shimadzu
LC-8A Solvent Delivery Unit. The venom was loaded onto a ThermoScientific Hypersil BDS C18
column (200 mm, 5 µm) using a linear gradient from 5-70% solvent B over 60 min (solvent A,
H2O/0.05% TFA; solvent B, 90% acetonitrile/0.05 % TFA) with a flow rate of 7 mL/min. Fractions
were collected automatically via a fraction collector at 2 min intervals.
2.2.3. Neurotoxicity studies
Male chicks (4–10 days) were sacrificed by CO2 and exsanguination. Both chick biventer
cervicis nerve-muscle preparations were isolated and mounted on wire tissue holders under 1 g
resting tension in 5 ml organ baths containing physiological salt solution (NaCl, 118.4 mM; KCl,
4.7 mM; MgSO4, 1.2 mM; KH2PO4, 1.2 mM; CaCl2, 2.5 mM; NaHCO3, 25 mM and glucose, 11.1
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mM), maintained at 34°C and bubbled with 95% O2 / 5% CO2. Indirect twitches were evoked by
electrical stimulation of the motor nerve (supramaximal voltage, 0.2 ms, 0.1 Hz) using a Grass
S88 stimulator (Grass Instruments, Quincy, MA). d-Tubocurarine (10 μM) was added, and the
subsequent abolition of twitches confirmed selective stimulation of the motor nerve, after which
thorough washing with physiological salt solution was applied to re-establish twitches. In the
absence of electrical stimulation, contractile responses to acetylcholine (ACh; 1 mM for 30 s),
carbachol (CCh; 20 μM for 60 s) and potassium (KCl; 40 mM for 30 s) were obtained prior to the
addition of the venoms and at the conclusion of the experiment. The preparation was equilibrated
for 30 min before the addition of peptide. Venoms were left in contact with the preparation for a
maximum of 3 h to test for slow developing effects. Efficacy of Coralmyn® coral snake antivenom
(10 units/mL) and tetrodotoxin (TTX; 0.1 μM) was assessed via a 10 min pre-incubation in the
organ bath.
2.2.4. Proteomics
2.2.4.1. 1D Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis (1D SDS-PAGE)
1D SDS-PAGE was conducted on a 12% polyacrylamide gel and cast using a Bio-Rad
electrophoresis system (Bio-Rad Laboratories; Hercules, CA, USA). The resolving gel was made
up to 10 mL (3.3 mL MilliQ-H2O, 4.0 mL 30% acrylamide mix, 2.5 mL 1.5M Tris pH 8.8, 100
µL 10% SDS, 100 µL 10% ammonium persulfate) with 4 µL of TEMED prior to casting.
Isobutanol was added to the top of the resolving gel layer via a transfer pipette to prevent the gel
from drying out. The stacking gel was made up to 2 mL (1.4 mL MilliQ-H2O, 330 µL 30%
acrylamide mix, 250 µL 0.5M Tris pH 6.8, 20 µL 10% SDS, 20 µL 10% ammonium persulfate)
with 2 µL TEMED added afterwards. The stacking gel was added to the cast after the resolving
gel had set and the isobutanol removed. The 10-well comb was inserted on top of the stacking
layer and left to set for 30 – 45 min. The electrophoresis chamber was assembled and 800 mL of
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electrode buffer (80 mL 10x running buffer, 720 mL MilliQ-H2O) was added to the chamber. The
10-well comb was then removed.
C. bivirgata venom (20 µg) was reconstituted in 10 µL MilliQ-H2O with 5 µL buffer added,
making up 15 µL of sample. For samples running reducing conditions, 3 µL of DTT was added to
the buffer. The sample was incubated at 100ºC for 15 min for reducing conditions. Standard protein
ladder (3 µL) was added via a transfer pipette into the first well of the gel, followed by the samples
in an appropriate order. The gel was run at 60V for one hour or until the samples reached the
resolving gel layer below, then the voltage was increased to 80V for the remainder of the run. The
gel was then removed from the chamber and cast via MilliQ-H2O and a scraper and carefully
placed in a container. Coomassie Brilliant Blue Dye was then added and the container was left on
an orbital shaker for the gel to stain overnight.
2.2.4.2. 2D Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis (2D SDS-PAGE)
C. bivirgata venom (300 µg) was added to 125 µL of solubilisation buffer (8M urea,
100mM DTT, 4% CHAPS, 110mM DTT and 0.01% bromophenol blue), followed by the addition
of 0.75 µL Biolytes Ampholytes. A sterile 7 cm IPG strip (ReadyStrip IPG Strips pH 3-10; BioRad Laboratories; Hercules, CA, USA) was prepared and was left to absorb the sample solution
overnight. IPG strips were removed and placed gel side up on an Isoelectric Focusing (IEF)
machine (PROTEAN i12 IEF CELL; Bio-Rad Laboratories; Hercules, CA, USA). IPG strips were
covered in mineral oil and was left to run overnight. Running conditions were: 100V for one hour,
500V for one hour, 1000V for one hour and 8000V for 98400 V/hr.
The resolving gel was prepared using the same protocol for 1D SDS-PAGE with a casting
gel (1mL gel overlay buffer) added after the resolving gel was set. IPG strips were then placed for
10 minutes in 2.5 mL equilibration buffer (50mM Tris-HCl, pH 8.8, 6M urea, 2% SDS, 30%
glycerol) with 37.5 mg dithiothreitol (DTT). A second solution of 2.5 mL equilibration buffer and
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50 mg iodoacetamide (IAA) was prepared and the IPG strips were added and incubated for 20
minutes while being mixed gently. The gel overlay buffer was removed and a casting gel (agarose)
was added above the resolving gel. IPG strips were then added to the agarose gel layer with the
positive end to the left. A molecular marker was then added to the negative end (to the right). The
gel was placed in the Bio-Rad electrophoresis chamber with 800 mL electrode buffer added in and
was then run at 20 mA per gel for one hour. Gels were then removed via MilliQ-H2O and a scraper
and carefully placed in a container. Coomassie Brilliant Blue Dye was then added and the container
was left on an orbital shaker for the gel to stain overnight.
2.2.5. Phylogeny
Molecular phylogenetic analyses of toxin transcripts were conducted using the translated
amino acid sequences as per the submitted manuscript. Phylogenetic analyses of the recovered
transcripts were performed to allow reconstruction of the molecular evolutionary history of each
toxin type. MrBayes v3.2.5 was run for each data set with the following conditions: lset rates =
invgamma; prset aamodelpr = mixed; mcmc ngen = 15,000,000; printfreq = 500; samplefreq =
100; nchains = 4; nruns = 2; savebrlens = yes; sumt burnin = 37500; contype=halfcompat.
2.2.6. Data analysis and statistics
Twitch tension was measured from the baseline in 2 min intervals. Responses were
expressed as a percentage of twitch tension prior to the addition of the venom. Contractile
responses to agonists obtained at the conclusion of the experiment were measured and expressed
as a percentage of the response obtained prior to the addition of venom. Where indicated, a oneway analysis of variance (ANOVA) or paired t-test was used to determine statistical significance
of responses. Statistical analysis was performed using the Prism 5 (GraphPad Software, San Diego,
CA, USA) software package. Unless otherwise indicated, data are expressed as mean ± S.E.M.
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2.2.7. Animal Ethics
All animal experiments used in this study were approved by the SOBS-B Monash
University Animal Ethics Committee.
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2.3. Results (continued)
2.3.1. Neurotoxicity studies
Calliophis bivirgata venom (10 μg/mL) produced a triphasic effect in the indirectly
stimulated chick biventer preparation consisting of a transient decrease in nerve-stimulated
twitches followed by an increase in twitches, and then a subsequent progressive decrease in twitch
height over a period of 22 min (Figure 1a). The venom did not have a significant effect on the
contractile responses to exogenous acetylcholine (ACh; 1mM), carbachol (CCh; 20µM), or
potassium chloride (KCl; 40mM) (Figure 1b, P > 0.05).
C. bivirgata venom (10 μg/mL) also induced large muscle contracture and fasciculations
(Figure 2), which were not significantly impeded by the pre-incubation of Coralmyn® coral snake
antivenom (10 units/ml) but were significantly inhibited by the addition of the sodium channel
antagonist; tetrodotoxin (TTX; 0.1 μM).
Individual fractions of crude venom obtained via RP-HPLC exhibited varying effects in
the chick biventer preparation. Peaks 10-12 (0.5 µM) and 17 (0.5 µM) had no observable effects
on nerve-mediated twitches (Figure 4a, b) whereas Peaks 13-16 (0.5 µM) exhibited varying levels
of time-dependent inhibition of indirect twitches (Figure 4b). Peaks 18-22 (0.5 µM) caused a
pronounced muscle contracture in addition to fasciculations (Figure 4c) as seen previously with
the crude venom. The increase in baseline tension in response to Peak 20 was less pronounced
than Peaks 18, 19, 21 and 22.
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Fig. 1 Effect of Calliophis bivirgata venom (10 μg/mL, n = 3) on (a) nerve-mediated twitches in
the isolated chick biventer cervicis nerve-muscle preparation and (b) responses to exogenous ACh
(1mM), CCh (20µM) and KCl (40mM). P > 0.05, paired t-test, compared to initial response.
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Fig. 2 Effect of C. bivirgata venom (10 μg/mL, n = 3) on the resting tension of the chick biventer
cervicis muscle in the absence and presence of Coralmyn® coral snake antivenom
(10 units/mL, n = 3) or tetrodotoxin (0.1 μM, n = 3). *P < 0.05, one-way ANOVA, compared to
venom alone.
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Fig. 3 RP-HPLC (semi-prep) trace of C. bivirgata venom (150 µg) indicating individual fractions
(numbered 1-27).
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Fig. 4 Effect of RP-HPLC fractions of C. bivirgata (0.5 µM, n = 3) on (a, b) nerve-mediated
twitches and (c) resting muscle tension in the isolated chick biventer cervicis nerve-muscle
preparation.
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(a)

(b)

(c)

(d)

Fig. 5 Representative traces of (a) Peak 18 (b) Peak 19 (c) Peak 21 or (d) Peak 22 fractions in the
isolated chick biventer cervicis nerve-muscle preparation.
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2.3.2. Proteomics
1D SDS-PAGE analysis of C. bivirgata venom revealed a range of components of low and
high molecular weights. A noticeable density of proteins was detected between 10-15 kDa and 5075 kDa (Figure 6).
Analysis of the 2D SDS-PAGE (Figure 7) shows that a large density of proteins was
observed between 10-15 kDa, as also shown in the 1D SDS-PAGE, in addition to the presence of
acidic, neutral and basic proteins.
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Fig. 6 1D SDS-PAGE profile under (a) non-reducing and (b) reducing conditions of
Calliophis bivirgata venom.
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Fig. 7 2D SDS-PAGE profile of Calliophis bivirgata venom. pI range is 3-10 (left to right).
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2.3.3. Phylogeny
Phylogenetic analysis of three finger toxins (3FTx) sequenced from the venom gland of
C. bivirgata revealed multiple sequences that display varying degrees of homology with
previously characterized toxins. Some Calliophis 3FTx show some closeness to various toxins
belonging to Bungarus and Naja spp. in addition to a multigene family of 3FTx (denoted in red)
not closely related to any previously characterized functional types (Figure 8).
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Fig. 8 Phylogenetic reconstruction of Calliophis bivirgata 3FTx. Toxins highlighted in red denote
novel sodium channel toxins. Other toxins obtained in this study are in blue.
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2.4. Discussion (continued)
Discussion of data presented in this addendum will be included in the General Discussion
(Chapter 4).
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3.1. Introduction
The New World coral snakes consist of three genera: Leptomicrurus (5 species),
Micruroides (1 species), and Micrurus (approx. 70 species) (Roze, 1996). The two less speciose
genera are restricted in their geographic range; Leptomicrurus is only found close proximity to the
Amazon basin (Campbell and Lamar, 1989) while Micruroides is limited to a small area that
crosses the border between the southwestern United States and north-western Mexico. In contrast,
snakes of the genus Micrurus are continuously distributed from the south-eastern United States to
Argentina (Jorge da Silva and Sites, 2001).
Bites from any of these snakes are considered potentially life-threatening due to deaths
reported from species across their range (Bucharetchi et al., 2016; Mancock et al., 2008; Morgan
et al., 2007). The venom is considered to be primarily neurotoxic and paralysis leading to hypoxia
is the most common cause of death (Brazil, 1987). Therefore, it is necessary for countries that
contain coral snakes to be able to treat envenomed patients. As with all other snake envenomings,
the most effective treatment is the administration of a specific antivenom coupled with direct
treatment of symptoms that are not neutralised by antivenom (Peterson, 2006). However,
antivenom is produced by inoculating livestock (generally sheep or horses) against a particular
species or selection of species and purifying the resulting antibodies (Angulo et al., 1997; Rojas
et al., 1994). Unfortunately, some symptoms of snakebite such as myotoxicity, necrosis, and presynaptic neurotoxicity are often not reversed by the administration of antivenom, and antivenoms
can be partially or wholly ineffective against the venom from species not included in the
production (Tanaka et al., 2010; Boyer et al., 2015).
There are currently three main antivenoms used for the treatment of New World coral snake
bites (Table 1).
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Table 1. Currently available coral snake antivenoms

Name

Producer

Country

Venoms used in production

of origin
North American coral snake Wyeth

U.S.A.

Micrurus fulvius

antivenom (NACSA)
Soro Antielapidico

Instituto Butantan

Brazil

M. corallinus and M. frontalis

Coralmyn

Instituto Bioclon

Mexico

M. nigrocinctus

The production of NACSA was halted in 2008 and remaining stocks have dwindled while
repeatedly having their effectiveness tested and expiry dates extended (Wood et al., 2013). While
a new U.S.-based coral snake antivenom is under development, there is still the possibility of
hospitals experiencing a gap between the last of their remaining product and the availability of the
new product. Coupled with the fact that the diversity of coral snakes is greater than the diversity
used in production of antivenom for every country in which they are found, testing the cross
reactivity of antivenom on species that were not part of its manufacture remains medically
important.
Studying venom through phylogenetics and proteomics can also provide insight into which
venoms share similar active components. While testing the efficacy of antivenom directly is
obviously more relevant, these in vitro and in vivo tests require much more resources (e.g. venom,
laboratory animals, etc.) to conduct. Various coral snake venoms have been found to more closely
resemble, in terms of enzymatic activity, the venoms of distantly related snakes such as cobras,
kraits, or lancehead vipers than other coral snakes (Jorge da Silva and Aird, 2001). This study
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found that coral snakes whose venom showed similar enzymatic activity also tended to have
similar diets. However, it is worth noting that the lethal neurotoxicity of coral snake venoms is not
a result of enzymatic proteins. Recent proteomic analyses across the coral snakes has given rise to
the idea that a distinct clade has evolved a venom composition dominated by phospholipase A2
(PLA2) proteins whereas the ancestral state is a more typical elapid venom where the most
abundant components are 3FTx (Fernández et al., 2015; Rey-Suárez et al., 2016).
In the present study, we examined the neurotoxicity and antivenom cross reactivity of
venoms from Micrurus spixii, M. pyrrhocryptus, M. fulvius, M. tener, and Micruroides
euryxanthus. Of these species, the latter three are found in the United States. We used the Mexican
coral snake antivenom, Coralmyn®, in our experiments as it is the most readily available substitute
should the remaining supplies of NACSA prove insufficient. Given the distinction between PLA2
and 3FTx dominated venoms, we would expect Coralmyn® to be more effective against M. fulvius
and M. tener venoms than the other venoms. This is due to M. fulvius, M. tener, and M.
nigrocinctus (the species used in the production of Coralmyn®) all belonging to the PLA2abundant group. We also examined, through proteomic and phylogenetic analyses, the similarities
and differences between species endemic to both North and South America.
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3.2. Methods
3.2.1. Venom preparation and storage
Freeze-dried venoms of Micrurus spp. and Micruroides euryxanthus were prepared in
MilliQ-H2O and stored at -80ºC until required. All venom samples were sourced by Bryan G Fry
from an existing cryocollection.
3.2.2. Drugs and Chemicals
The following drugs and chemicals were used: acetylcholine chloride (Sigma),
carbamylcholine chloride (Sigma), potassium chloride (Ajax Finechem), (+)-tubocurarine chloride
(Sigma), Coralmyn® coral snake antivenom (Bioclon, Mexico; Batch #B-2D-06/2004). Stock
solutions of drugs were made up MilliQ-H2O unless otherwise specified.
3.2.3. Reverse-phase high performance liquid chromatography (RP-HPLC)
Micrurus tener (150 µg) and Micrurus spixii (150 µg) venoms were fractionated using a
Shimadzu SPD-10A VP UV-Vis Detector high performance liquid chromatography system in
conjunction with a Shimadzu LC-8A Solvent Delivery Unit. The venoms were loaded onto a
ThermoScientific Hypersil BDS C18 column (200 mm, 5 µm) using a linear gradient from 5-70%
solvent B over 60 min (solvent A, H2O/0.05% TFA; solvent B, 90% acetonitrile/0.05 % TFA) with
a flow rate of 7 mL/min. Fractions were collected automatically via a fraction collector at 2 min
intervals.
3.2.4. Neurotoxicity and antivenom studies
Male chicks (4–10 days) were sacrificed by CO2 and exsanguination. Both chick biventer
cervicis nerve-muscle preparations were isolated and mounted on wire tissue holders under 1 g
resting tension in 5 ml organ baths containing physiological salt solution (NaCl, 118.4 mM; KCl,
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4.7 mM; MgSO4, 1.2 mM; KH2PO4, 1.2 mM; CaCl2, 2.5 mM; NaHCO3, 25 mM and glucose, 11.1
mM), maintained at 34°C and bubbled with 95% O2 / 5% CO2. Indirect twitches were evoked by
electrical stimulation of the motor nerve (supramaximal voltage, 0.2 ms, 0.1 Hz) using a Grass
S88 stimulator (Grass Instruments, Quincy, MA). d-Tubocurarine (10 μM) was added, and the
subsequent abolition of twitches confirmed selective stimulation of the motor nerve, after which
thorough washing with physiological salt solution was applied to re-establish twitches. In the
absence of electrical stimulation, contractile responses to acetylcholine (ACh; 1 mM for 30 s),
carbachol (CCh; 20 μM for 60 s) and potassium (KCl; 40 mM for 30 s) were obtained prior to the
addition of the venoms and at the conclusion of the experiment. The preparation was equilibrated
for 30 min before the addition of peptide. Venoms were left in contact with the preparation for a
maximum of 3 h to test for slow developing effects. Efficacy of Coralmyn® coral snake antivenom
(10 units/mL) was assessed via a 10 min pre-incubation in the organ bath.
3.2.5. Proteomics
3.2.5.1 1D Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis (1D SDS-PAGE)
1D SDS-PAGE was conducted on a 12% polyacrylamide gel and cast using a Bio-Rad
electrophoresis system (Bio-Rad Laboratories; Hercules, CA, USA). The resolving gel was made
up to 10 mL (3.3 mL MilliQ-H2O, 4.0 mL 30% acrylamide mix, 2.5 mL 1.5M Tris pH 8.8, 100
µL 10% SDS, 100 µL 10% ammonium persulfate) with 4 µL of TEMED prior to casting.
Isobutanol was added to the top of the resolving gel layer via a transfer pipette to prevent the gel
from drying out. The stacking gel was made up to 2 mL (1.4 mL MilliQ-H2O, 330 µL 30%
acrylamide mix, 250 µL 0.5M Tris pH 6.8, 20 µL 10% SDS, 20 µL 10% ammonium persulfate)
with 2 µL TEMED added afterwards. The stacking gel was added to the cast after the resolving
gel had set and the isobutanol removed. The 10-well comb was inserted on top of the stacking
layer and left to set for 30 – 45 min. The electrophoresis chamber was assembled and 800 mL of
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electrode buffer (80 mL 10x running buffer, 720 mL MilliQ-H2O) was added to the chamber. The
10-well comb was then removed.
M. fulvius, M. tener, M. pyrrhocryptus, M. spixii, C. bivirgata and S. macclellandi venoms
(20 µg) were reconstituted separately in 10 µL MilliQ-H2O with 5 µL buffer added, making up 15
µL of sample. For samples running reducing conditions, 3 µL of DTT was added to the buffer.
The sample was incubated at 100ºC for 15 min for reducing conditions. Standard protein ladder (3
µL) was added via a transfer pipette into the first well of the gel, followed by the samples in an
appropriate order. The gel was run at 60V for one hour or until the samples reached the resolving
gel layer below, then the voltage was increased to 80V for the remainder of the run. The gel was
then removed from the chamber and cast via MilliQ-H2O and a scraper and carefully placed in a
container. Coomassie Brilliant Blue Dye was then added and the container was left on an orbital
shaker for the gel to stain overnight.
3.2.5.2. 2D Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis (2D SDS-PAGE)
M. fulvius, M. tener, M. pyrrhocryptus, M. spixii and S. macclellandi venoms (300 µg)
were added separately to 125 µL of solubilisation buffer (8M urea, 100mM DTT, 4% CHAPS,
110mM DTT and 0.01% bromophenol blue), followed by the addition of 0.75 µL Biolytes
Ampholytes. A sterile 7 cm IPG strip (ReadyStrip IPG Strips pH 3-10; Bio-Rad Laboratories;
Hercules, CA, USA) was prepared and was left to absorb the sample solution overnight. IPG strips
were removed and placed gel side up on an Isoelectric Focusing (IEF) machine (PROTEAN i12
IEF CELL; Bio-Rad Laboratories; Hercules, CA, USA). IPG strips were covered in mineral oil
and was left to run overnight. Running conditions were: 100V for one hour, 500V for one hour,
1000V for one hour and 800V for 98400 V/hr.
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The resolving gel was prepared using the same protocol for 1D SDS-PAGE with a casting
gel (1mL gel overlay buffer) added after the resolving gel was set. IPG strips were then placed for
10 minutes in 2.5 mL equilibration buffer (50mM Tris-HCl, pH 8.8, 6M urea, 2% SDS, 30%
glycerol) with 37.5 mg dithiothreitol (DTT). A second solution of 2.5 mL equilibration buffer and
50 mg iodoacetamide (IAA) was prepared and the IPG strips were added and incubated for 20
minutes while being mixed gently. The gel overlay buffer was removed and a casting gel (agarose)
was added above the resolving gel. IPG strips were then added to the agarose gel layer with the
positive end to the left. A molecular marker was then added to the negative end (to the right). The
gel was placed in the Bio-Rad electrophoresis chamber with 800 mL electrode buffer added in and
was then run at 20 mA per gel for one hour. Gels were then removed via MilliQ-H2O and a scraper
and carefully placed in a container. Coomassie Brilliant Blue Dye was then added and the container
was left on an orbital shaker for the gel to stain overnight.
3.2.6. Bioinformatics (as per Low et al., 2013)
3.2.5.1. Phylogenetics
Phylogenetic analyses were performed to allow reconstruction of the molecular
evolutionary history of each toxin type for which transcripts were bioinformatically recovered.
Toxin sequences were identified by comparison of the translated DNA sequences with previously
characterized toxins using a BLAST search (Altschul et al., 1997) of the UniProtKB protein
database. Molecular phylogenetic analyses of toxin transcripts were conducted using the translated
amino acid sequences. Comparative sequences from physiological gene homologs identified from
non-venom gland transcriptomes were included in each dataset as outgroup sequences. To
minimize confusion, all sequences obtained in this study are referred to by their GenBank
accession numbers (http://www.ncbi.nlm.nih.gov/sites/entrez?db=Nucleotide) and sequences
from

previous

studies

are

referred

to

by

their

UniProtKB

accession

numbers
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(http://www.expasy.org/cgi-bin/sprot-search-ful). Resultant sequence sets were aligned using
CLC Mainbench. Datasets were analyzed using the Bayesian inference implemented in MrBayes,
version 3.0b4 (Ronquist et al., 2012), using lset rates=gamma with prset aamodelpr=mixed
command to optimize between the nine amino acid substitution matrices implemented in MrBayes.
The analysis was performed by running a minimum of 1 × 107 generations in four chains, and
saving every 100th tree. The log-likelihood score of each saved tree was plotted against the number
of generations to establish the point at which the log likelihood scores reached their asymptote,
and the posterior probabilities for clades established by constructing a majority-rule consensus tree
for all trees generated after completion of the burn-in phase
3.2.5.2. Test for recombination
To overcome the effects of recombination on phylogenetic and evolutionary interpretations
(Posada and Crandall, 2002), we employed Single Breakpoint algorithms implemented in the
HyPhy package and assessed recombination on all the toxin forms examined in this study
(Kosakovsky Pond et al., 2006; Delport et al., 2010). When potential breakpoints were detected
using the small sample Akaike information Criterion (AICc), the sequences were
compartmentalized before conducting the selection analyses.
3.2.5.3. Selection Analyses
We evaluated selection pressures on Micrurus venom components using maximumlikelihood models (Goldman and Yang, 1994; Yang, 1998) implemented in CODEML of the
PAML (Yang, 2007). We first employed the one-ratio model that assumes a single ω for the entire
phylogenetic tree. This model tends to be very conservative and can only detect positive selection
if the ω ratio averaged over all the sites along the lineage is significantly greater than one. As such
lineage-specific models assume a single ω for the entire tree, they often fail to identify regions in
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proteins that might be affected by episodic selection pressures and ultimately, underestimate the
strength of selection. Hence, we employed site-specific models which estimate positive selection
statistically as a non-synonymous-to-synonymous nucleotide-substitution rate ratio (ω)
significantly greater than 1. We compared likelihood values for three pairs of models with different
assumed ω distributions as no a priori expectation exists for the same: M0 (constant ω rates across
all sites) versus M3 (allows the ω to vary across sites within ‘n’ discrete categories, n ≥ 3); M1a
(a model of neutral evolution) where all sites are assumed to be either under negative (ω < 1) or
neutral selection (ω = 1) versus M2a (a model of positive selection) which in addition to the site
classes mentioned for M1a, assumes a third category of sites; sites with ω > 1 (positive selection)
and M7 (Beta) versus M8 (Beta and ω), and models that mirror the evolutionary constraints of M1
and M2 but assume that ω values are drawn from a beta distribution (Nielsen and Yang, 1998).
Only if the alternative models (M3, M2a and M8: allow sites with ω > 1) show a better fit in
Likelihood Ratio Test (LRT) relative to their null models (M0, M1a and M8: do not show allow
sites ω > 1), are their results considered significant. LRT is estimated as twice the difference in
maximum likelihood values between nested models and compared with the χ2 distribution with
the appropriate degree of freedom — the difference in the number of parameters between the two
models. The Bayes empirical Bayes (BEB) approach (Yang et al., 2005) was used to identify
amino acids under positive selection by calculating the posterior probabilities that a particular
amino acid belongs to a given selection class (neutral, conserved or highly variable). Sites with
greater posterior probability (PP ≥ 95%) of belonging to the ‘ω > 1 class’ were inferred to be
positively selected.
Fast, Unconstrained Bayesian AppRoximation (FUBAR) implemented in HyPhy (Murrell
et al., 2013) was employed to provide additional support to codeml analyses and to detect sites
evolving under the influence of pervasive diversifying and purifying selection pressures. Mixed
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Effects Model Evolution (MEME) (Murrell et al., 2012) was also used to detect episodic
diversifying selection. Further support for the results of the selection analyses was obtained using
a complementary amino acid-level approach implemented in TreeSAAP (Woolley et al., 2003).
We assessed selection pressures shaping multi-domain proteins by employing the option G test
(with Mgene = 4) (Yang, 1996). We further employed branch-site REL (Kosakovsky Pond et al.,
2011) to identify lineages undergoing episodic adaptations.
3.2.7. Data analysis and statistics
Twitch tension was measured from the baseline in 2 min intervals. Responses were
expressed as a percentage of twitch tension prior to the addition of the venom. Contractile
responses to agonists obtained at the conclusion of the experiment were measured and expressed
as a percentage of the response obtained prior to the addition of venom. The time taken to inhibit
90% of twitch contractions (i.e. t90) was measured as a quantitative means of measuring
neurotoxicity. Values for t90 were measured by the time elapsed to reach 10% twitch tension
amplitude following addition of venom. Where indicated, a two-way analysis of variance
(ANOVA) or paired t-test was used to determine statistical significance of responses. Statistical
analysis was performed using the Prism 5 (GraphPad Software, San Diego, CA, USA) software
package. Unless otherwise indicated, data are expressed as mean ± S.E.M.
3.2.8. Animal Ethics
All animal experiments used in this study were approved by the SOBS-B Monash
University Animal Ethics Committee.
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3.3 Results
3.3.1. Neurotoxicity and antivenom studies
The venoms of Micruroides euryxanthus, M. fulvius, M. pyrrhocryptus, M. tener and M.
spixii (10 μg/mL) caused a concentration-dependent blockade of nerve-mediated twitches in the
chick biventer cervicis nerve-muscle preparation (Figures 3.1a – 3.7a, n = 3). The time required to
inhibit 90% of the twitch contractions (t90) at 10 μg/mL were 45.7 ± 3.0 min, 67.3 ± 1.5 min, 39.7
± 3.2 min, 31.3 ± 2.2 min and 38.3 ± 3.3 min, respectively (n = 3). At a concentration of 5 μg/mL,
the time required to inhibit 90% of twitch contractions were 84 ± 3.8 min, 106.3 ± 6.9 min, 75.3 ±
6.4 min, and 78.7 ± 2.4 min, respectively (n = 3) with the t90 value of M. spixii being unable to be
calculated as the twitch inhibition was insufficient. All venoms (10 µg/mL) significantly inhibited
contractile responses to exogenous ACh (1 mM) and CCh (20 µM), but not KCl (40 mM) (Figures
3.2b – 3.7b, n = 3, P < 0.05).
Prior incubation of Coralmyn® coral snake antivenom (10 units/mL) did not significantly
neutralize the neurotoxic effects of M. tener, M. pyrrhocryptus, M. spixii and Micruroides
euryxanthus venoms (Figures 3.3 – 3.7, n = 3, P > 0.05). However, Coralmyn® coral snake
antivenom significantly neutralized the effects of M. fulvius venom (Figure 3.2a, n = 3, P < 0.05),
and prevented the inhibition of contractile responses to exogenous ACh and CCh (Figure 3.2b, n
= 3, P < 0.05).
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(a)

(b)

Figure. 3.1 RP-HPLC traces of (a) Micrurus spixii (b) Micrurus tener venoms (150 µg) on an
analytical ThermoScientific Hypersil BDS C18 column.
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Figure. 3.2 Effects of M. fulvius, M. pyrrhocryptus, M. tener, M. spixii or Micruroides euryxanthus
venoms (10 µg/mL) on nerve-mediated twitches in the chick biventer cervicis nerve-muscle
preparation (n = 3).
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Table 2.
A comparison of neurotoxicity as indicated by t90 values of Micrurus spp. and Micruroides
euryxanthus venoms in the chick biventer cervicis nerve-muscle preparation.
Common Name

Scientific Name

t90 @ 10 μg/mL (min)

Texas coral snake
Amazon coral snake
Argentinian coral snake
Arizona coral snake
Eastern coral snake

Micrurus tener
Micrurus spixii
Micrurus pyrrhocryptus
Micruroides euryxanthus
Micrurus fulvius

31.3 ± 2.2
38.3 ± 3.3
39.7 ± 3.2
45.7 ± 3.0
67.3 ± 1.5

Snake venoms ranked by t90 at 10 μg/mL. Data shown are represented as mean ± SEM. n = 3.
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Figure. 3.3 Effects of M. fulvius venom (5 - 10 µg/mL, n = 3) on (a) nerve-mediated twitches and
(b) responses to exogenous ACh (1 mM), CCh (20 µM) and KCl (40 mM) of the isolated chick
biventer cervicis nerve-muscle preparation in the presence and absence of Coralmyn® coral snake
antivenom (10 units/mL, n = 3). *P < 0.05, significantly different from 10 µg/mL venom alone,
two-way ANOVA. ** P < 0.05, significantly different from contractile response of the initial,
paired t-test.
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Figure. 3.4 Effects of M. tener venom (5-10 µg/mL, n = 3) on (a) nerve-mediated twitches and (b)
responses to exogenous ACh (1 mM), CCh (20 µM) and KCl (40 mM) of the isolated chick
biventer cervicis nerve-muscle preparation in the presence and absence of Coralmyn® coral snake
antivenom (10 units/mL, n = 3). **P < 0.05, significantly different from contractile response of
the initial, paired t-test.
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Figure. 3.5 Effects of M. pyrrhocryptus venom (5-10 µg/mL, n = 3) on (a) nerve-mediated
twitches and (b) responses to exogenous ACh (1 mM), CCh (20 µM) and KCl (40 mM) of the
isolated chick biventer cervicis nerve-muscle preparation in the presence and absence of
Coralmyn® coral snake antivenom (10 units/mL, n = 3). **P < 0.05, significantly different from
contractile response of the initial, paired t-test.
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Figure. 3.6 Effects of M. spixii venom (5-10 µg/mL, n = 3) on (a) nerve-mediated twitches and (b)
responses to exogenous ACh (1 mM), CCh (20 µM) and KCl (40 mM) of the isolated chick
biventer cervicis nerve-muscle preparation in the presence and absence of Coralmyn® coral snake
antivenom (10 units/mL, n = 3). **P < 0.05, significantly different from contractile response of
the initial, paired t-test.
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Figure. 3.7 Effects of Micruroides euryxanthus venom (5-10 µg/mL, n = 3) on (a) nerve-mediated
twitches and (b) responses to exogenous ACh (1 mM), CCh (20 µM) and KCl (40 mM) of the
isolated chick biventer cervicis nerve-muscle preparation in the presence and absence of
Coralmyn® coral snake antivenom (10 units/mL, n = 3). **P < 0.05, significantly different from
contractile response of the initial, paired t-test.
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3.3.2. Proteomics
3.3.2.1. 1D SDS-PAGE
1D-SDS PAGE analysis of the venoms of Calliophis bivirgata, Sinomicrurus macclellandi,
Micrurus fulvius, Micrurus pyrrhocryptus, Micrurus spixii and Micrurus tener revealed a high
density of proteins of both low (10 – 15 kDa) and high (50 – 75 kDa) molecular weight (Figure
3.8). Under non-reducing conditions, a more pronounced presence of low molecular weight
proteins between 15 and 20 kDa was observed in the venoms of the two North American coral
snakes; Micrurus fulvius and Micrurus tener, while the venom of the two South American coral
snakes; Micrurus pyrrhocryptus and Micrurus spixii possessed proteins of a higher molecular
weight (> 20 kDa).
Analysis of the SDS-PAGE of Calliophis bivirgata and Sinomicrurus macclellandi
venoms under reducing conditions revealed a different protein range than that of Micrurus spp,
with S. macclellandi venom possessing a range of low to high molecular weight proteins (10 – 75
kDa) and C. bivirgata venom possessing primarily low (10 – 15 kDa) or high (50 – 75 kDa)
molecular weight components. Under non-reducing conditions, no difference was observed
between the SDS-PAGE under reducing conditions for the venom of C. bivirgata whereas the
components of S. macclellandi venom were more apparent at low (10 - 15 kDa) and high (> 37
kDa) molecular weights.
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Figure. 3.8 1D SDS-PAGE profile of (a) Calliophis bivirgata (b) Sinomicrurus macclellandi (c) Micrurus fulvius (d) Micrurus pyrrhocryptus (e)
Micrurus spixii (f) Micrurus tener venoms under reducing and non-reducing conditions.
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3.3.2.2. 2D SDS-PAGE
Analysis of the 2D SDS-PAGE for Micrurus fulvius venom displayed a concentrated
presence of proteins of low (15 kDa), medium (25 kDa) and high (75 kDa) molecular weights
(Figure 3.9). Based on the isoelectric point (pI), the proteins detected were of neutral to acidic pH
with a small subset of basic, low molecular weight components. The venoms of Micrurus
pyrrhocryptus and Micrurus spixii were shown to have primarily low molecular weight
components (Figure 3.10 - 3.11) that appear to be ranging between acidic-neutral and basic-neutral
in the case of M. pyrrhocryptus venom and primarily basic in the venom of M spixii. Additionally,
traces of proteins at medium (20 – 25 kDa) and high (75 kDa) molecular weights were apparent in
the venom of M. spixii. The 2D SDS-PAGE of Micrurus tener venom was similar to that of
Micrurus fulvius venom (Figure 3.12) with the presence of neutral, low (15 kDa), medium (25
kDa) and high (75 kDa) molecular weights.
SDS-PAGE analysis of Sinomicrurus maccleallandi venom indicated a concentrated
presence of components of acidic-neutral and neutral, low molecular weight (Figure 3.13) with
traces of proteins of medium to high molecular weights (> 25 kDa).
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Figure. 3.9 2D SDS-PAGE profile of Micrurus fulvius venom. pI range is 3-10 (left to right).
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Figure. 3.10 2D SDS-PAGE profile of Micrurus pyrrhocryptus venom. pI range is 3-10 (left to
right).
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Figure. 3.11 2D SDS-PAGE profile of Micrurus spixii venom. pI range is 3-10 (left to right).
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Figure. 3.12 2D SDS-PAGE profile of Micrurus tener venom. pI range is 3-10 (left to right).
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Figure. 3.13 2D SDS-PAGE profile of Sinomicrurus macclellandi venom. pI range is 3-10 (left
to right).

107

Chapter 3 – A pharmacological, proteomic and bioinformatics overview of American coral
snake venoms (Micrurus spp.)

3.3.3. Bioinformatics
Phylogenetic analysis of 3FTx sequenced from the venom glands of Micrurus spp. revealed
a range of sequences with a large subset displaying no known homology with sequences of known
activity (Figure 3.14). Of the 3FTx sequenced from Micrurus spp. that were shown to be
homologous with well-characterized toxins, a considerable number of sequences fell under the
group of Type-1 α-neurotoxins.
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Figure. 3.14 Phylogenetic reconstruction of Micrurus spp. 3FTx. Toxins highlighted in red denote
Micrurus sequences. Numbers on branches indicate percentage posterior clade probability.
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3.4. Discussion
In the current study, a combined proteomic, phylogenetic and pharmacological approach
was taken for the venoms of the New World coral snakes; Micrurus fulvius, Micrurus tener,
Micrurus pyrrhocryptus, Micrurus spixii and Micruroides euryxanthus. The venoms exhibited
potent in vitro neurotoxic activity in which the use of Coralmyn® was effective in only
neutralizing the effects of M. fulvius venom. Protein analysis of the venoms of the New World
coral snakes, in conjunction with two Old World coral snakes as a means of comparison, revealed
differences between the two groups of coral snakes in terms of proteins of varying molecular
weight. Furthermore, analysis of Micrurus venom glands revealed a vast range of phylogenetic
diversity of 3FTx, of which a considerable number of toxin sequences displayed no known
homology to that of other well-characterized toxins.
Micrurus fulvius, M. pyrrhocryptus, M. tener, M. spixii and Micruroides euryxanthus
venoms (10 μg/mL) caused a concentration-dependent blockade of nerve-mediated twitches in the
isolated chick biventer cervicis nerve-muscle preparation (Figures 3.1 – 3.7, n = 3). Based on the
t90 values, the rank order of neurotoxicity for the New World coral snakes was: M. tener > M. spixii
≥ M. pyrrhocryptus > Micruroides euryxanthus > M. fulvius. In the context of other genera, the
venoms of Micrurus and Micruroides have been shown to be less potent relative to other elapids
(Table 3). The venom of M. tener, the most potent of the Micrurus species tested in the current
study, was observed to be less neurotoxic than species such as Acanthophis antarcticus (Common
death adder), Notechis scutatus (Tiger snake) and Oxyuranus microlepidotus (Inland taipan). All
venoms (10 μg/mL) produced significant inhibition of contractile responses to the exogenous
agonists acetylcholine (ACh) and carbachol (CCh) with no observable effects on the responses to
exogenous potassium chloride (KCl), which is typically indicative of post-synaptic neurotoxicity.
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These results are consistent with envenomings by coral snakes, with typical symptoms seen
following bites to be neurotoxic in nature (Brazil, 1987).

Table 3. Snake venoms ranked by t90 at 10 μg/mL. Data shown are represented as mean ± SEM.
Common Name

Scientific Name

t90 @ 10 μg/mL (min)

Curl snake
Common death adder
Northern death adder
Tiger snake
Inland taipan
Texas coral snake
Amazon coral snake
Argentinian coral snake
Arizona coral snake
Eastern coral snake

Suta suta
Acanthophis antarcticus
Acanthophis praelongus
Notechis scutatus
Oxyuranus microlepidotus
Micrurus tener
Micrurus spixii
Micrurus pyrrhocryptus
Micruroides euryxanthus
Micrurus fulvius

13.0 ± 1.0γ
13.8 ± 1.3α
19.4 ± 1.9α
21.7 ± 1.6β
29.0 ± 3.0δ
31.3 ± 2.2
38.3 ± 3.3
39.7 ± 3.2
45.7 ± 3.0
67.3 ± 1.5

α

Data from Wickramaratna and Hodgson, 2001

β

Data from Hodgson et al., 2003

γ

Data from Kuruppu et al., 2007

δ

Data from Crachi et al., 1999

Prior incubation of Coralmyn® coral snake antivenom (10 units/mL) was not effective in
neutralizing the neurotoxic effects of M. tener, M. pyrrhocryptus, M. spixii and Micruroides
euryxanthus venoms but was effective in neutralizing M. fulvius venom. While it is important to
note that pre-incubation of antivenom in an in vitro setting does not necessarily correlate to clinical
success, failure to neutralize the neurotoxic effects of these venoms in ideal conditions may
potentially indicate clinical failure. The results of the antivenom study with M. tener venom were
unexpected given that Coralmyn® coral snake antivenom was raised against the venom of
Micrurus nigrocinctus nigrocinctus, a species geographically close to M. tener (Campbell and
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Lamar, 2004). Furthermore, the two species share more common bands proteomically on the SDS
PAGE than M. fulvius and M. nigrocinctus nigrocinctus venoms (Sánchez et al., 2008), thereby
suggesting that Coralmyn® coral snake antivenom should be equally as effective against the
venom of M. tener given the results with M. fulvius venom. The study by Sánchez et al. (2008)
indicated effective neutralization of both M. fulvius and M. tener venoms with Coralmyn® coral
snake antivenom, contrary to the results of the current study in which only the venom of M. fulvius
was neutralized. While the study by Sánchez et al. (2008) primarily focused on the LD50 of the
two North American coral snake venoms in a whole animal model, the present study examined the
efficacy of Coralmyn® antivenom in an in vitro setting. Tanaka et al. (2010) notes that, as
antivenom antibody titers had no positive correlation with its neutralization potential, both in vitro
and in vivo neutralization tests would be fundamental in determining the efficacy of coral snake
antivenom. As a disparity exists between the current study performed in vitro and the previous
study conducted in vivo by Sánchez et al. (2008), further research would then be required in order
to elucidate why a discrepancy exists.
Protein analysis of the coral snake venoms in the present study show various distinct
similarities between species of the same genera of New World coral snakes (Figure 3.8). Under
reducing conditions, the four species of Micrurus; M. fulvius, M. pyrrhocryptus, M. spixii and M.
tener, displayed components at approximately 15 kDa and below, which have been shown
previously to be smaller proteins such as PLA2 or 3FTx (Ali et al., 2013). However, under nonreducing conditions, a noticeable difference between the species in terms of protein composition
becomes apparent. The two species of Micrurus endemic to North America; M. fulvius and M.
tener exhibit similarities with one another with proteins detected between 15 – 20 kDa, which are
likely to be PLA2 enzymes based on their molecular weight. This is further shown by the 2D SDSPAGE for both North American coral snakes which illustrates the extreme similarity between the
two species in terms of protein composition with minor varying differences in their isoelectric
112

Chapter 3 – A pharmacological, proteomic and bioinformatics overview of American
coral snake venoms (Micrurus spp.)
point (Figure 3.9 & Figure 3.12). The presence of PLA2 enzymes in M. fulvius and M. tener
venoms has also been well-documented in previous studies (Tanaka et al., 2010; Salazar et al.,
2011). In addition to PLA2, there is also the presence of components around the 25 kDa range,
similar to that of metalloproteases (Bjarnason and Fox, 1994) and larger molecular weight proteins
(> 75 kDa) observed in both the 1D and 2D SDS-PAGE for both species. In a study by Salazar et
al. (2011), such high molecular weight proteins were identified to be proteins containing
fibrinogenolytic activity and fell under the group of metalloproteases. Protein analysis of the two
South American coral snakes; M. spixii and M. pyrrhocryptus revealed various differences
between the two regions (cf. M. fulvius and M. tener), but simultaneously displaying some
similarities. While the venoms of both species of South American coral snakes possess proteins at
a range of 15 kDa, there is a more pronounced presence of proteins at a range of 10 kDa, which
are typically 3FTx, seen in both the 1D and 2D SDS-PAGEs when compared to their North
American counterparts (Figure 3.10 – Figure 3.11). This then gives rise to the notion alluded to
earlier in which a clade of coral snakes, primarily those endemic to North America, to possess a
venom composition dominated by PLA2. Despite this, it does not necessarily indicate that South
American coral snakes are devoid of PLA2 enzymes. A study conducted by Terra et al. (2015) has
isolated a PLA2 enzyme from M. spixii which exhibited neurotoxic and myotoxic activity in vitro
and in vivo. For comparative purposes, the venoms of the Old World coral snakes; Calliophis
bivirgata and Sinomicrurus macclellandi¸ were included in the proteomic study. Proteomic
analysis of the 1D SDS-PAGE revealed stark differences between the venom composition between
the New World and Old World coral snakes. Under reducing conditions, the venom of C. bivirgata
appeared similar to that of the venom of M. spixii, with protein bands prevalent between 10 – 15
kDa and at 50 kDa. However, the two venom compositions appeared vastly different under nonreducing conditions. Conversely, the venom of S. macclellandi displayed components at the full
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spectrum of molecular weights with components more apparent at a range of > 50 kDa under nonreducing conditions.
One of the more prominent findings of this study is the immense phylogenetic diversity of
Micrurus 3FTx (Figure 3.14). A considerable number of Micrurus 3FTx sequences were identified
to be grouped in clades not closely related to any well-characterized functional types, with various
other sequences displaying close phylogenetic relationships to other Micrurus 3FTx with known
properties such as the Type-I α-neurotoxins, renamed from the previously known “short-chain”
neurotoxins. Of the 3FTx sequences identified to be distinct from known functional types, the two
featured North American coral snakes; Micrurus fulvius and Micrurus tener feature prominently.
Given the absence of any phylogenetic relationship of sequences from the two North American
coral snakes with the group of Type-1 or Type-III α-neurotoxins, it could be deduced that the postsynaptic neurotoxicity seen clinically and in vitro to be driven independent of 3FTx.
This study has shown the varying levels of neurotoxic potency of representative species of
both North and South American coral snakes as well as the inability of Coralmyn® coral snake
antivenom in neutralizing their neurotoxic effects with the exception of M. fulvius venom. These
findings, through proteomic and phylogenetic analysis, suggest that geographical location may
play an impactful role on venom composition, with particular emphasis between North and South
American coral snakes and the difference between 3FTx / PLA2 expression.
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The venom of New World coral snakes (genera Leptomicrurus, Micruroides and Micrurus)
have been extensively studied, with particular emphasis on the genus Micrurus given that species
belonging to this genus account for the largest proportion of New World coral snakes. The venom
of many species of Micrurus have undergone detailed studies, ranging from pharmacological
characterizations to the full sequencing of their venom glands and toxins. In light of this, the aim
of our study was to provide a more comprehensive profile on the components of the venoms of
both New World and Old World coral snakes by a means of a pharmacological, proteomic and
bioinformatics approach, their relationships as well as postulating whether there are any effects
which may or may not have influenced their venom and its evolution.
The most clinically relevant symptoms associated with envenoming by these New World
coral snakes have been reported to be neurotoxic in nature, indicating a progressive blockade at
the motor end plate resulting in symptoms such as ptosis, loss of muscle strength and, in severe
cases, respiratory failure leading to death (Brazil, 1987). As such, the venoms of a select few of
the New World coral snakes used in this study; i.e. Micrurus fulvius (Eastern coral snake),
Micrurus pyrrhocryptus (Argentinian coral snake), Micrurus spixii (Amazon coral snake),
Micrurus tener (Texas coral snake) and the less speciose Micruroides euryxanthus (Arizona coral
snake) were investigated using the chick biventer cervicis nerve-muscle preparation to assess any
in vitro neurotoxicity. All venoms induced a concentration-dependent blockade of nerve-mediated
twitches in addition to inhibiting responses to exogenous nicotinic receptor agonists. These effects
are indicative of post-synaptic neurotoxicity and are in line with other Micrurus venoms which
exhibit identical mechanisms of action (Serafim et al., 2002; de Abreu et al., 2008).
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Table 5.1 A comparison of LD50 values and neurotoxicity (t90) between five species of New World
coral snakes (Micrurus spp. and Micruroides).
Common Name

Scientific
Name

Texas coral snake

Micrurus tener

LD50
(μg/g,
i.v)
0.779§

t90 venom
alone (min)

t90 venom alone +
antivenom (min)

31.3 ± 2.2

38.0 ± 9.0

ψ

38.3 ± 3.3

49.0 ± 6.0

Amazon coral snake

Micrurus spixii

0.200

Argentinian coral
snake
Arizona coral snake

Micrurus
pyrrhocryptus
Micruroides
euryxanthus
Micrurus
fulvius

0.500ψ

39.7 ± 3.2

65.0 ± 5.5

ND

45.7 ± 3.0

34.3 ± 0.7

0.279§

67.3 ± 1.5

ND

Eastern coral snake

Venoms ranked by t90 at 10 μg/mL. Data shown are represented as mean ± SEM. n = 3.
Antivenom: Coralmyn® coral snake antivenom (Bioclon)
ND: Not determined
§ Data from Sánchez et al. (2008)
ψ Data from da Silva Jr. and Aird (2001)

In the past, murine LD50 studies were performed in order to determine relative
neurotoxicity of venoms. However, due to ethical and regulatory issues, this methodology has been
largely replaced by in vitro studies such as that of the chick biventer cervicis nerve-muscle
preparation (Hodgson and Wickramaratna, 2002). Using this preparation, the neurotoxicity of
venoms can be compared by calculating t90 values; i.e. the time in which the venom / toxins
produces 90% inhibition of nerve-mediated twitches. Table 5.1 outlines the comparative LD50 and
t90 values for the three species of Micrurus examined in the study.
Based on the t90 values obtained, the observed rank order of neurotoxicity for the New
World coral snakes is: M. tener > M. spixii ≥ M. pyrrhocryptus > Micruroides euryxanthus > M.
fulvius. However, the rank order of lethality based on the murine LD50 values was found to be M.
spixii > M. fulvius > M. pyrrhocryptus > M. tener. However, it is important to note the use of t90
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values as a measure of toxicity differs from that of LD50 values given the different parameters.
Murine LD50 values determine the concentration required to kill 50% of a population of mice (i.e.
quantity) whereas t90 values focus on the time required for the venom to exert its effects (i.e. time).
Differences between the two measures of toxicity are likely to be due to the fact that the crude
venom possesses other toxic components apart from neurotoxins; such as cardiotoxins, myotoxins,
phospholipases, and pro- and anti-coagulant factors, all of which act either synergistically or
independently on their respective targets to contribute to the lethality of the venom. This is not the
case in t90 studies as the in vitro neuromuscular preparations only factor in neurotoxins and
myotoxins, the two types of toxins likely to inhibit twitch height. Despite this, the knowledge
obtained from t90 values is still extremely valuable given that the primary symptom of envenoming
by many elapids, including coral snakes, is neuromuscular paralysis.
In contrast to New World coral snake venoms, the venoms of Old World coral snakes
(genus Calliophis, formerly Maticora) have been vastly understudied, with only one study by
Takasaki et al. (1991) on the venom of the Blue Malayan coral snake; Calliophis bivirgata. The
venom of the same species was investigated in the current study using the chick biventer cervicis
nerve-muscle preparation. The venom induced immediate muscle fasciculations in addition to an
increase in muscle baseline tension which persisted for the duration of exposure to the venom. In
addition, the venom caused an observable triphasic effect consisting of a transient decrease in
nerve-stimulated twitches followed by an increase then a subsequent progressive decrease. The
venom of C. bivirgata did not have an effect on the responses to the exogenous agonists. These
observed effects are typical of neurotoxins acting pre-synaptically rather than post-synaptically
(Su and Chang, 1984; Rowan, 2001). Pre-synaptically acting neurotoxins typically act to inhibit
neurotransmitter release from the motor nerve terminal, resulting in a gradual inhibition of nervemediated twitches in the chick biventer preparation. However, as shown in Chapter 2, the effects
observed in vitro in response to the venom of C. bivirgata were dissimilar to that of typical pre124
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synaptic neurotoxins, thereby indicating a different mechanism of action. A similar observable in
vitro effect has been reported for the venom of the Australian Eastern mouse spider (Missulena
bradleyi) (Rash et al., 2000). This venom also induced spontaneous muscle contracture and
fasciculations in the chick biventer preparation by a means of facilitating neurotransmitter release
via TTX-sensitive sodium channels. Therefore, we hypothesized that the venom of C. bivirgata
acted in a similar manner as that of M. bradleyi venom. To investigate this hypothesis, tetrodotoxin
(TTX), a sodium channel blocker, was added to the chick biventer preparation in order to examine
the effects on the venom. As described in Chapter 2, the addition of TTX inhibited the in vitro
effects of the venom. In the chick biventer preparation, TTX has no reported effects on the
responses to exogenous ACh or CCh (Marshall et al., 1979) or on the release of neurotransmitters
from the motor nerve terminal (Evans, 1972). This indicates that C. bivirgata venom exerts its
effect via TTX-sensitive sodium channels, a characteristic previously unknown in snake venoms.
A previous study has shown that the use of commercial coral snake antivenom was
effective in neutralizing the lethal doses (LD50) of M. fulvius and M. tener venoms (Sánchez et al.,
2008). The study utilised two types of coral snake antivenom; North American coral snake
antivenom (NACSA; Wyeth, United States) and Coralmyn® coral snake antivenom (Bioclon,
Mexico). While the use of Coralmyn® was effective in neutralizing the LD50 doses of both M.
fulvius and M. tener venoms, the use of NACSA was ineffective in neutralizing the lethality of
three varying doses of venom from M. tener. A study by Camargo et al. (2011) investigated the
efficacy of commercial and specific coral snake antivenom against the venom of Micrurus
pyrrhocryptus. It was shown that both the commercial coral snake antivenom (Instituto Butantan,
Brazil) and the specific antivenom raised against the venom of M. pyrrhocryptus were effective in
neutralizing its neurotoxic effects. However, it remained to be seen whether Coralmyn® coral
snake antivenom, which was raised against Micrurus nigrocinctus nigrocinctus (Black-banded
coral snake) venom, would be effective against M. pyrrhocryptus venom. Moreover, as the use of
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Coralmyn® was effective against the venoms of M. fulvius and M. tener in a murine model, it was
hypothesized that the antivenom would be equally as effective in an in vitro preparation. This
study will also be of clinical significance as the production of NACSA was discontinued by Wyeth
in 2008 (Wood et al., 2013) and thus, is of importance to determine the efficacy of other coral
snake antivenom.
As described in Chapter 3, the use of Coralmyn® coral snake antivenom was effective in
neutralizing the neurotoxic effects exhibited by the venom of M. fulvius but was ineffective against
the venoms of M. tener, M. spixii, M. pyrrhocryptus and Micruroides euryxanthus. The results of
this study, with particular emphasis on the antivenom study of M. tener, were unexpected given
that they conflict with the findings of the previous study conducted by Sánchez et al. (2008).
Although a discrepancy exists between the findings of the two studies, supporting proteomic
evidence and similar venom profiles between M. tener and M. nigrocinctus nigrocinctus suggests
that the antivenom should be effective against the venom of the Texas coral snake. It was noted
that Coralmyn® was more effective in neutralizing M. fulvius venom rather than M. tener venom
on an LD50 basis, potentially suggesting that an insufficient dosage of antivenom was utilized in
the present study. However, further studies would need to be conducted at varying antivenom
doses in order to fully assess its effectiveness against the venom of M. tener. Against the venoms
of the two South American coral snakes; i.e. M. spixii and M. pyrrhocryptus and the Arizona coral
snake; i.e. Micruroides euryxanthus, Coralmyn® was ineffective in neutralizing their
neurotoxicity. Although the response to the venom of M. pyrrhocryptus was marginally delayed
in the presence of antivenom, the venom was not sufficiently neutralized for it to be deemed
effective.
The second aspect of the study was to examine the venoms of both New World and Old
World coral snakes from a proteomic perspective. As can be seen in Chapter 3, a comparative 1D
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SDS-PAGE was conducted with both groups of coral snakes, with C. bivirgata and Sinomicrurus
macclellandi as the representative Old World coral snakes and their New World counterpart
species of Micrurus spp.; M. fulvius, M. tener, M. spixii and M. pyrrhocryptus. Under non-reducing
conditions, a discernible difference between the two groups of coral snakes was apparent, given
the varying distribution of proteins on the basis of molecular weight, with the Old World coral
snakes skewing to either end of the spectrum and the New World coral snakes possessing a slightly
more diverse range of proteins. Among the species of New World coral snakes, slight variations
in protein composition were observed between the North and South American species. The
components of the venom of North American coral snakes; M. tener and M. fulvius, were focused
at approximately the 15 – 20 kDa range, which have been previously shown to be primarily PLA2
enzymes (Ali et al., 2013). Biochemical analysis of the venom of M. tener by Bénard-Valle et al.
(2014) revealed that the two major groups identified in the venom were PLA2 enzymes and
members of the 3FTx family, with PLA2 enzymes accounting for a majority of the venom
composition (45.6%). In the case of M. fulvius, PLA2 accounts for 65% of the venom composition
to the 21% of 3FTx (Margres et al., 2013). Conversely, the South American coral snakes possessed
proteins at the range of PLA2 enzymes in addition to those in the lower molecular weight range of
3FTx (~10 kDa) A biochemical characterization of the venom of M. pyrrhocryptus by Dokmetjian
et al. (2009) further supports the findings of this study as it was shown that the venom contained
two main molecular mass groups of approximately 7 and 14 kDa. Further analysis via LC-MS
revealed the two groups to be short neurotoxins or neurotoxin precursors and PLA2 enzymes.
Furthermore, the major component of Micrurus mipartitus venom, the Redtail coral snake endemic
to the north-western regions of South America, was identified to be a three finger toxin (ReySuárez et al., 2012). The toxin, mipartoxin-I, was found to be a short-chain α-neurotoxin with a
molecular mass of 7 kDa. A study by Sanz et al. (2016) on the venom of the desert coral snake
(Micrurus tschudii tschudii) which inhabits the western slopes of the Andes in South America was
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shown to be an extremely 3FTx-predominant venom, with 3FTx comprising 95.2% of the whole
venom profile. These findings have led to the hypothesis that North American coral snakes possess
PLA2-predominant venoms and their counterparts in South America to contain predominantly
3FTx venoms. In contrast, as can be seen in Chapter 2, 2D SDS-PAGE analysis revealed that the
proteomic composition of the Old World coral snake; C. bivirgata, is heavily skewed towards the
range of < 10 kDa sized proteins. This is in line with the findings of the current study in which it
was shown that the venom targets NaV channels, as proteins that modify the gating mechanism of
NaV channels fall within the range of 6 – 8 kDa (Possani et al., 1999). Despite this, it is insufficient
to determine the target of a venom or toxin purely based on molecular weight. In order to
conclusively determine the role and target of the proteins identified in the 2D SDS-PAGE,
additional experiments will need to be performed. Specifically, visible spots on the 2D SDS-PAGE
will need to be separately picked and subjected to LC-MS/MS analysis with subsequent
identification of protein sequences by a means of searching MS/MS spectra against known cDNA
libraries or UniProt databases. This will then aid in determine the proteins present in addition to
identifying toxin types within the venom. The venom of Sinomicrurus macclellandi was shown to
be distinct from both C. bivirgata and the observed species of Micrurus in terms of venom
composition, despite Sinomicrurus as a genus falling under the group of Old World coral snakes.
This would suggest that, much like the variations in dominant toxin type among the species of
Micrurus, a similar observation could be made with the group of Old World coral snakes. As it
stands, the only similarity between the venom profiles of the two groups of coral snakes is the
presence of both 3FTx and PLA2, similar to that of other elapids. However, the presence of
supplementary components in the venom of C. bivirgata may then suggest that geographical
location may play a vital role in the evolution of venom composition. Moreover, it could be
postulated that diet may play a pivotal role as well given the convergent evolution of the venom
of the blue coral snake as alluded to in Chapter 2.
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Having examined the pharmacological and proteomic aspects of coral snake venoms, the
final study investigated the phylogeny of 3FTx from the venom glands of both groups of coral
snakes. Various sequences of 3FTx from the venom gland of C. bivirgata displayed some
closeness to some uncharacterized toxins from Bungarus, which is expected given that both genera
fall under the same group of Asian elapids, in addition to species of both genera inhabiting similar
areas to one another. Sequences were also identified to be expressing a degree of homology to
clades of known cytotoxins belonging to species of Naja, with the presence of cytotoxins within
the venom of C. bivirgata having been documented previously by Takasaki et al. (1991). Moreover,
a 3FTx sequence was shown to be close to short-chain α-neurotoxins isolated from the venom
gland of Pseudonaja textilis. As shown in Chapter 2, numerous fractions of C. bivirgata venom
displayed signs of in vitro neurotoxicity which could be attributed to α-neurotoxins or PLA2
enzymes, given proteomic evidence illustrates the presence of both types. The primary source of
interest is the identification of the multigene family of novel sodium channel toxins which was not
shown to be closely related to any characterized functional types of 3FTx. Sequence alignment of
calliotoxin (δ-elapitoxin-Cb1a) via BLAST and multiple sequence alignment conducted with
CLUSTAL Omega (1.2.2) revealed the closest 3FTx to be ρ-EPTX-Dp1b belonging to the species
Dendroaspis polylepis polylepis with a 50% sequence identity. On the other hand, in the case of
Micrurus, a diverse range of 3FTx sequences were observed with no known homology to
previously known characterized types. A subset of toxins belonging to species such as Micrurus
altirostris, Micrurus surinamensis, Micrurus frontalis, Micrurus corallinus and Micrurus
pyrrhocryptus fell under the group of Type-I α-neurotoxins. As such, further studies will then be
required in order to elucidate the function of the uncharacterized 3FTx as the neurotoxicity
observed following envenoming by species such as M. fulvius and M. tener appear to be largely
3FTx-independent. Future directions relating to the discovery of the novel C. bivirgata 3FTx
targeting voltage-gated sodium channels are diverse. Therapeutically, sodium channel blockers
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have been used in local anaesthesia, which stands to reason that it could be possible for calliotoxin
to be potentially modified as a therapeutic lead. There are currently six FDA-approved drugs which
have been derived from venom proteins (King, 2011), which provides ample backing towards
venomous compounds being used in a clinical setting. Conversely, it is also possible that, given
the toxin’s target, it could potentially be used in insecticide development.
The present study provides an overview of the pharmacological, proteomic and
bioinformatics aspect of species belonging to both Old World and New World coral snakes. It has
identified key differences between the two groups of coral snakes, in addition to highlighting
particular differences within each group such as the dichotomy of 3FTx and PLA2 expression
among Micrurus venoms based on geographical location. The study also isolated and characterized
a novel 3FTx from the venom of C. bivirgata that impairs NaV function, which may have been
brought about as a result of extreme selection pressure resulting in convergent evolution, as well
as highlighting the potential impact of diet on the evolution of snake venom composition. These
findings aim to provide a foundation in which further studies may be conducted on the venoms of
Old World coral snakes, in addition to highlighting the variation in 3FTx/PLA2 expression amongst
species of Micrurus which may have clinical relevance in the potential curation of antivenom.
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