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Abstract: Since snake venoms have evolved to subdue or immobilize their
prey and to favor their digestive processes and deter predators, snake
venom toxins exhibit high specificities for precise functional and meta-
bolic targets. For instance, metalloproteinases act mainly by altering en-
dothelial junctions, phospholipases A, injure skeletal muscle tissues, and
three-finger toxins affect transmission at neuromuscular synaptic junc-
tions. Therefore, snakebite envenoming can be characterized according to
the occurring hemocytotoxic, myotoxic, and neurotoxic pathophysiologi-
cal processes. Currently, hypotheses about toxic action mechanisms and
potencies of the individual components of the venom remain open, as do
hypotheses about the main drivers in the composition variability of snake
venoms. These are fundamental topics because they play a main role in
the outcome of the snakebite envenomation. This chapter addresses a
comprehensive review about the complex composition of snake venoms,
detailing the biochemical and functional nature of the toxins while high-
lighting their activity during snakebite envenomation.
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1. On shnake venom basics

1.1 Venom delivery systems

Snakes are known for their remarkable traits, including their adaptations
for overpowering their prey, such as constriction or envenomation. Par-
ticularly, venom delivery systems have received great attention due to their
sophisticated specialization, evolutionary pathways, and ecological conver-
gences [1-3]. The delivery mechanisms of toxins have been mainly studied
in highly venomous families such as Elapidae (e.g., coral snakes, cobras)
and Viperidae (e.g., pitvipers, vipers), and most recently in Colubridae (e.g.,
grass snakes, racer snakes), the largest family of snakes in the world [1].

The venomous apparatus of snakes belonging to the Viperidae, Elapi-
dae, and Colubridae families, almost like any other system that requires
similar efficiency, depends on four basic tools for its performance. First,
venom must be produced and stored in a reservoir. Then, it needs to be
transported to the intended site for discharge. Afterwards, a mechanism is
required to release the venom towards a specific organism, minimizing the
risk of loss. The fourth component involved is related to the mechanisms
surrounding the reservoir, responsible for emptying it and initiating the flow
of venom through the system, from the initial storage site to the target [4].

Specifically, the venomous glands and accessory glands, the connecting
ducts, the fangs, and the striated muscles that surround the glands repre-
sent the global venomous apparatus. The first three components present
in pairs, one on each side of the head, towards the temporal region and
ending in the maxillary region. The muscle fibers cover a slightly wider
area of the head of the snake and are part of the compression system for
ejecting the venom. The snake’s biting and venom dispensing mechanisms
involve the digastric, pterygoid, anterior temporal, and posterior temporal
muscle groups that are located on each side of the head [5].

The venomous apparatus of snakes is characterized by its fangs that are
always located on the maxilla of the upper jaw and never on any other
tooth-bearing bone [6]. Among fanged snakes, the structure and position
of the fangs allow the recognition of three types of dental architecture
(Figure 1): short front fangs with enclosed venom-conducting canals and
a visible suture line connecting the orifices (proteroglyphous: Elapidae
and Atractaspididae like coral snakes or African asp snake; Figure 1C);
enlarged and tubular front fangs with enclosed venom-conducting ducts
and a smooth surface between the orifices (solenoglyphous: Viperidae
like rattlesnakes or bushmasters; Figure 1D); and enlarged, solid grooved
fangs located at the posterior end of the maxilla (opisthoglyphous: rear
fangs of false water cobras: Figure 1B) exhibited by numerous lineages
of colubrids (the grooves can be present on anterior, posterior, lingual or
labial sides of the fang). The frontal position of the fangs in proterogly-
phous and solenoglyphous structures differs not only in fang structure
but also in the high level of kinematic freedom of the maxillary bone in
solenoglyphous species. This flexibility allows them to position the fangs
almost parallel to the roof of the mouth when closed and to rotate them
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over 120 degrees along the anteroposterior axis, orienting them directly
toward the target [4].

Figure 1. Types of types

of dental architecture

in snakes. (A) Aglyphus
(Green anaconda

Eunectes murinus UF
84822). (B) Opistoglyphus
(Coastal House Snake
Thamnodynastes pallidus:
UMMZ 246849). (C)
Proteroglyphus (coral snake
Micrurus nigrocinctus UMMZ
131984). (D) Solenglyphus
(South American rattlesnake
Crotalus durissus: UMMZ
119571). All images were
retrieved and accessed

on 5/08/2023 from
Morphosource under CC BY-
NC-ND 4.0 licence.
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The evolutionary origin of fangs, as well as other elements of the
venomous apparatus has been the subject of controversy and involves
several underlying forces that have driven fang diversification [2]. De-
spite the unresolved evolutionary questions, most studies agree that the
front-fangs exhibited in the Viperidae and Elapidae both independently
derived from rear-fang snakes, reflecting convergent evolution [4]. The
evolution of the venom delivery system has been frequently associated
with dietary and ecological specializations. For instance, among ven-
omous snakes, two predominant predatory strategies exist: rear-fanged
snakes and elapids usually exhibit a bite-and-hold strategy, while most
vipers and Atractaspis use a bite-and-release strategy, particularly
for larger prey [2,7]. Thus, the lengthening of the fang suggests that it
has been driven by the strike behavior rather than by increased stress
(stretching force) associated with structural changes in the venomous
apparatus [2].

The venomous apparatus rapidly discharges venom into the prey to
ensure a food source or as a form of defense against predators, since
snakes move slowly and have a lower metabolism [5]. There are two
general mechanisms of venom delivery. The first exhibited in viperid and
elapid snakes, is a high-pressure system in which a pulse of venom is
delivered quickly by a sudden pressure surge. The second type of venom
delivery system is found in rear-fanged colubrids, where the release of
oral secretions is more protracted [1]. In this low-pressure system, ven-
om delivery is caused by the mechanical force obtained when the fangs
penetrate the prey. In the high-pressure system, the direct action of
the jaw muscles on the venom gland generates a pressure that causes
quick delivery of venom. The high-pressure system establishes a tight
seal between the duct and fang, ensuring that pressure is maintained
throughout the conduction channel and driving the venom into the prey.
The low-pressure system lacks this tight seal, resulting in a lower pres-
sure of venom flow [1].

Snakes from the Colubridae family possess a different “venomous” ap-
paratus (see Chapter 4). The Duvernoy’s gland, which is homologous to
the venomous gland and located in a similar position, lacks a large lumen
reservoir and compression muscles around it. This system uses relative-
ly lower pressures than the one mentioned above, and releases secre-
tion slowly into the oral epithelium adjacent to the teeth that may have
grooves but not hollows such as the fangs [1,2,7,8]. The Duvernoy’s gland
structure varies greatly among species of Colubridae, with all the transi-
tions between the absence of the gland to the presence of a purely serous
well-differentiated Duvernoy’s gland [3]. Similarly, Duvernoy’s secretions
exhibit a significant degree of compound variability, producing toxins of
an enzymatic digestive or pancreatic origin, as well as phospholipases,
phosphodiesterases, and proteases [3] (see Chapter 4).

Initial research on snake venoms focused on their toxic properties and
oral secretions. It is evident that the components of venoms, including
those of the Duvernoy’s glands, have multiple biological functions, and
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even biotechnological purposes [5] (see Chapters 4 and 10). The venom-
ous systems of elapids and vipers differ in size and morphology, but they
all share a similar basic design of composition and function.

1.2. Venom definition

To define venom accurately, we refer to a statement of Arbuckle et al. [10],
defining venom as “a biological substance produced by an organism that
contains molecules (toxins) that interfere with physiological or biochemi-
cal processes in another organism. The venomous organism has evolved
this substance to provide benefits to itself once introduced into the other
organism. The venom is produced and stored in a specialized structure
and actively transferred to another organism through an injury caused by
a specialized delivery system”.

In a biological context, the term “toxic” refers to the lethal property of
a chemical expressed as the median lethal dose (LD,) or absolute lethal
dose (LD,,,), usually identified and characterized under defined laboratory
conditions. The term “venomous” refers to the function or biological role
of the secretion of a substance produced by an animal that is used for
defense or the procurement of another animal as prey [6]. The observa-
tion of the animal in its natural habitat is usually the basis for concluding
whether a secretion is used as venom. The two terms rest on different
concepts so more is at issue than mere semantics [3].

Venoms are mixtures of proteins, enzymes, peptides, ions, carbohy-
drates, and traces of other molecules produced in glands and secreted
through specialized systems to subdue prey and digest, or deter preda-
tors (e.g., snake, scorpion, or spider venoms, among others). In contrast,
poisons are substances that are concentrated in the bodies of certain
organisms or anatomical regions of those organisms. They can cause ad-
verse effects in other organisms that handle or consume them (e.g., lion-
fish spines or skin of poisons frogs found in the family Dendrobatidae).
Toxins are substances produced by living organisms that can disrupt the
normal homeostasis of other organisms that are exposed to them [10].

Both venoms and poisons are composed of toxins, and toxinology is
the study of these substances. Toxinology is a sub-area of toxicology that
is responsible for studying molecules produced by living organisms. These
molecules are either distributed as venoms or allocated as poisons in the
tissues of animals, plants, fungi, and bacteria; and they may cause dam-
age to the target organism [4,11].

Venomous is an ecological trait that behaves as an intermediary in the in-
teractions between two or more organisms. However, it is important to know
that the term “venomous” does not necessarily mean “dangerous” (Figure 2).
The level of danger depends on the susceptibility of the target organism to
the venom, as well as the amount of venom that is injected. In some cases,
such as with a dry bite (a bite without venom inoculation) [12], the venom
may not even reach the organism. Venom is a common trait among medically
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Figure 2. Venomous =

Dangerous? A clinical

toxicologist would describe
a Bothrops asper as

venomous

because its bite

has dire consequences

for humans and many

mammals such as dogs.
However, to a Clelia clelia

snake, a B. asper is a
delicious meal and not
venomous according to a

definition requiring death

or adverse pharmacological

activity [20-23].

important snakes that are typically found in Elapidae and Viperidae snake
families [13]. However, some non-venomous species, such as certain rear
fanged colubrids [19] (see Chapter 4), have been known to cause mild enven-
oming or even life-threatening symptoms with their secretions.

The composition and activity of snake venoms evolved in parallel with
the physiology of their prey and, in some cases, their natural predators.
Although it was previously believed that humans have not exerted signifi-
cant defensive selective pressure on snake venoms, and that envenoming
was considered collateral damage in the chemical weapons race between
venomous snhakes and their prey [15], recent research suggests that the
venom and delivery mechanism of spitting cobras (e.g., Hemachatus hae-
machatus, Naja sumatra) evolved to cope with hominins and mammals
2.5 million years ago. The venom was directed to produce severe pain in
the hominins that posed a possible threat to them [18]. Thus, there are
several dimensions of snake venom evolution that remain unexplored and
require further research.

aon-venome s,

Musurana
Clelia clelia

\

Harmless Dangerous

Harmless

Dangerous

Canis familiaris Bothrops asper

1.3. Interspecific and intraspecific variation

Snake venoms exhibit significant variation in composition and biological
activity, both within and between species, as well as at higher taxonomic
levels. This variation is considered adaptive because it enables the snake
to have prey readily available or to deter predators [15]. Venom variability
has significant implications for both primary venom research and snakebite
management, including the selection of antivenoms, specimens and species
for antivenom production to address snakebite pathophysiology [15,19,20].
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Snake venom exhibits variability in multiple dimensions (see Chapter 3)
including: interfamily, intergenera, interspecies, and intraspecies variations,
as well as geographical variation between individual specimens, across indi-
vidual ontogeny, seasonal changes, diet, habitat, and sexual dimorphism [21].

At the taxonomic family level, the venoms of elapids and vipers differ.
Certain families of toxins have been recruited into each venom and are
found exclusively in the venoms of one lineage and not the other [22].
Similarly, there are differences in venom compositions between genera
within each family and between species within each genus. The thera-
peutic approach should be based on the understanding that antivenoms
have been developed based on families, genera, species, and regions [15]
(see Chapter 6).

Recently, it has been recognized that venom varies within species, in-
cluding regional variations, as well as variations between ages and sizes (see
Chapter 3). Venom is an ecological trait that evolves dynamically. Composi-
tion of a snake’s venom is also influenced by the variety of its diet. Juvenile
specimens tend to consume different prey than adults of the same species,
exhibiting different feeding and behavioral strategies. For instance, juve-
niles may be nocturnal while adults are more diurnal. As a result, juveniles
may employ a bite and hold strategy, while adults may bite and release [15].

Regional variation may be related to ecological differences between
populations and to neutral evolution that is present in venomous systems
and works in association with positive selection [23]. This suggests that
for a trait to evolve rapidly, there must be significant heritable diversity
within populations. This supports the hypothesis that variations would
occur among the venoms of adult members of a single population [15].

The molecular-level documentation on the dynamism of the evolution
of venom is well-established. Transcriptomic and proteomic analyses of
Bothrops atrox venom reveal that transcription and translation mecha-
nisms facilitate a venom’s phenotypic variation. The evidence reveals that
venoms contain two types of proteins: conserved core function proteins,
which are essential for proper functioning and adaptive proteins, which
are less conserved, vary in expression, and can be personalized in their
function [19]. These observations suggest that the genetic mechanisms
controlling venom variability extend beyond the selection of gene cop-
ies or mutations in structural genes. They also include the selection of
mechanisms that control gene expression, contributing to the plasticity
of venomous snake phenotypes [19].

Venom variability occurs due to evolutionary trends of venomous
snakes and the specialization of some of its toxins. For instance, the ven-
oms of both the Elapidae and the Viperidae are dominated by two or three
families of proteins: phospholipases A, (PLA,) and three-finger toxin (3FTx)
for elapids, and metalloproteinases (SVMP), PLA_, and serine proteinases
(SVSP) for vipers. On average, these protein families make up 83% and
67% of the venom proteome for elapids and vipers, respectively [24].
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Snake venoms from the Elapidae are mainly neurotoxic, while those
from the Viperidae family induce coagulopathies, bleeding, and local tis-
sue damage [25,26]. This is due to the prevalence of 3FTx and PLA, pro-
teins in elapid venom that can cause myasthenia gravis-like weakness [27].
This weakness can affect any muscle and if the neuromuscular blockade
involves the muscles of respiration, it can lead to death [26,27]. On the
other hand, viperid venom has mainly hemotoxic and myotoxic effects.
The agents identified in viper’s venom include thrombin-like proteinases
that lead to coagulopathy [28], hyaluronidases that alter extracellular ma-
trices, phospholipases A, that cause local inflammation and pain [29], and
metalloproteinases that contribute to hemorrhage [30,31]. The result is
local tissue destruction worsened by coagulopathy [26].

There is variation in venom profiles between species within the same
genus [32-34]. For instance, the venoms of two species of viperids from
the Bothriechis genus, B. lateralis and B. schlegelli that have been com-
pared using proteomics show that the venoms of these two species
contain bradykinin-enhancing peptides (BPP) and PLA, proteins, serine
proteinases, L-amino acid oxidases (LAAO), cysteine-rich secretory pro-
teins (CRISP) and Zn?-dependent metalloproteinases (SVMP). However,
each species has a different relative abundance of each protein family.
Additionally, each venom contains distinct components. For instance, B.
lateralis includes vascular endothelial growth factor (VEGF) and C-type
lectin-like molecules, while B. schlegelii has Kasal-type protease inhibi-
tors [35].

The venom proteins of both Bothriechis species are less than 10% simi-
lar, indicating a significant divergence in venom composition. Despite both
species adapting to arboreal habits, the biochemical characteristics of
their venom are likely related to the characteristics of their consumed prey
[32,35]. The composition of venoms can provide clues to rationalize the
various signs of envenoming caused by B. schlegelii and B. lateralis [35].

There is also variation in the profile of snake venom between indi-
viduals of the same species, with intraspecific differences found in geo-
graphical locations [28,36,37]. For instance, the composition and toxico-
logical profile of the venom of the rattlesnake Crotalus simus in Mexico
were analyzed at the subspecies level. The venoms of the subspecies
C. s. simus, C. s. culminatus, and C. s. tzabcan differ in the expression
of the neurotoxic complex “crotoxin” Crotalus s. simus has the highest
concentration of crotoxin followed by C. s. tzabcan, while the venom
of C. s. culminatus is almost devoid of this neurotoxic PLA,. Proteomic
analysis closely correlates with toxicological profiles. For instance, C. s.
simus venom contains high amounts of crotoxin and serine proteinases,
while C. s. culminatus venom has higher amounts of metalloproteinases
and crotamine. This suggests that the geographical variation in venom
composition may reflect natural selection to feed on local prey [38]. The
rising occurrence of crotamine in populations of Crotalus is sufficient
reason to caution the necessity of developing an antivenom that can
neutralize this toxin [36].
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There is variation in venom composition between young and adult snake
species due to differences in diet [39]. Typically, young pit vipers feed on ec-
tothermic animals while adults feed primarily on small mammals [38,40,41].
Consequently, studies focused on the ontogeny of these animals for some
species are described [42,43]. Ontogenetic studies on Bothrops venoms
obtained from adults and newborns revealed different plasma coagula-
tion activities. The research identified two distinct venom profiles: young
individuals with little PLA, K-49 myotoxin and more proteases, while adults
showed a lot of PLA, K-49 but fewer proteases [30,50]. Newborn venom is
less inflammatory, less hemorrhagic, but more myotoxic and procoagulant
compared to adult venom. On the other hand, adult venom exhibits more
hemorrhagic activity in vivo than young individuals [45-47].

It has been established that certain venom profiles should vary be-
tween sexes and adapt to specific prey species [38,41,48,49]. In contrast,
electrophoresis analysis of the venoms of 30 offspring from a single litter
of Bitis gabonica (Gaboon viper) revealed individual variations, but no sig-
nificant differences based on sex were noted [49]. In Colombian snakes,
the relationships between venom variability and life history traits repre-
sent an underexplored field that requires greater research efforts.

The venom’s action and proportionate mix of actions are determined,
at least in part, by the type of prey sought by a population of snakes
[20,50]. For instance, it is important to note that CRISP toxins are abun-
dant in colubrid venoms from reptile-feeding species like Telescopus dha-
ra (Arabian cat snake) and Trimorphodon biscutatus (Western lyre snake).
The toxic hypothermic effect of this toxin is useful for slowing down the
movement of ectothermic prey (“cold blood”) [51]. The source of variation
in snake venom profiles is an exciting and unresolved research field that
requires a multidisciplinary approach and significant effort to unveil the
mechanisms that generate the intricate mixtures of snake venoms.

2. On venom essentials

2.1. Snake venom metalloproteinases

Snake venom metalloproteinases (SVMPs) cause hemorrhage in the micro-
vasculature of their prey, which contribute to the prey’s immobilization, as
observed in snakebite accidents. Additionally, SVMPs induce myotoxicity,
edema, dermonecrosis, blister formation, and coagulation disorders [52,53].

The venom mixture contains various toxins, including SVMPs, which can
break down proteins into smaller polypeptides or amino acids. SVMPs are
a type of zinc-dependent endopeptidase that belongs to the ADAMs/Ada-
malysin/reprolysins subfamiliy that is part of the metzincins family [54,55].
Metzincins are metallopeptidases that have globular catalytic domains.
Many of these domains are multidomain and contain a consensus zinc-
binding amino acid sequence, HEXXHXXGXX, and a B-1-4 turn that has
a highly conserved methionine residue (Met-turn). This residue forms a
hydrophobic base for the zinc cofactor and the three histidine residues
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involved in catalysis [56]. Therefore, these toxins are composed of five
domains or functional and/or structural units. First, a signal peptide which
is a short peptide (~ 16-32 amino acids) that prompts a cell to translocate
the protein, then SVMPs that can contain pro-domain, metalloproteinase,
desintegrin, and rich in cysteine [56].

Nevertheless, toxins in venom secretion-mature proteins can be in dif-
ferent combinations of the last three domains and are classified into three
types, based on their molecular mass and domain composition. Type P-I
SVMPs have a molecular mass between 20 and 30 kDa and exhibit only a
metalloproteinase domain. Type P-1l SVMPs have a molecular mass be-
tween 30 and 60 kDa and contain both metalloproteinase and disintegrin
domains. Type P-Ill SVMPs have a molecular mass between 60 and 100
kDa and are rich in cysteine domains in addition to metalloproteinase and
disintegrin domains [54,57,58]. The last subclass is determined based on
post-translational modifications, such as proteolytic processing between
the proteinase, disintegrin domains (class P-lllb), dimerization (P-llic),
protein addition type C-type lectins (P-llld), and the initially described
canonical P-llls known as P-llla [54,58].

The metalloproteinase domain structure, the most characteristic do-
main in SVMPs, is formed by five B-sheets, four a-helices and a short
a-helix in the N-terminal. The B1, B2, B3 and B5-sheets are parallel to
each other, while the B4-sheet is anti-parallel to the other $-sheets. The
domain is divided into two parts (M and S sub-domains) by the substrate
binding cleft [65]. Within this cleft, Zn?* is coordinated by the Ne2 atom of
histidine residues located at positions 142, 152, and 156, as well as cata-
lytic water molecules.

Below the active site lies the side chain of a highly conserved me-
thionine residue that forms a hydrophobic base for the zinc cofactor and
constitutes the Met-turn, a highly conserved characteristic within the
metzincins family [59]. Additionally, these enzymes require a Ca? ion to
stabilize their structure, and the location of this cation is structurally op-
posite the substrate binding cleft [58,59]. The active site of the metallo-
proteinase domain includes a glutamate residue (Glu143) that is involved in
initiating the catalytic cycle by deprotonating the catalytic water (Figure 3).

After deprotonating the water (denotation of a hydrogen cation), the
resulting hydroxyl group acts as a nucleophile and attacks the carbonyl
of the peptide bond which is then hydrolyzed. An oxyanion subsequently
is formed and stabilized by the Zn?* cofactor. Finally, the dislocated elec-
trons on the oxygen return to their original bond, and the reaction prod-
ucts are released with the help of new water molecules [60].

SVMPs have a substrate binding cleft that plays a crucial role in binding
and stabilizing the substrate for further catalytic reaction. Additionally, the
catalytic residues and zinc coordination also contribute to the reaction. The
cleft contains subsites, including S1, S2, S3, S1, S2’ and S3’ that interact
with the substrate side chains. The enzyme’s active site serves as a center,
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with S1to S3 located from the active site to the N-terminal, and S71’ to S3’
is located from the active site to the C-terminal. The peptide bond to be
hydrolyzed is located in the center of the active site, and the substrate has
complementary sites as follows: P1to P3 sites interact with S1to S3 sub-
sites on the enzyme and P71’ to P3’ sites interact with S1’ to S3’ subsites on
the enzyme. This nomenclature allows for an exact description of the in-
teraction between the enzyme and substrate or inhibitors [60,61] (Figure 4).

Figure 3. Structure of a

P-1 SVMP: (A) The figure
displays the arrangement

of secondary structure,
including Met166 and the
Met-turn. (B) Shows the
position of the zinc ion (gray
sphere), its coordination,
and the catalytic residues.
(C) Depicts the active site of
the enzyme. The figure was
prepared from the structure
with PDB code 2W15 using
VMD (Visual molecular
dynamics). Figure made by
by Lina Maria Preciado Rojo.

A

s3 N-terminal S1 §57 C-terminal

Figure 4. Subsites of a

P-1 SVMP. (A) Schematic
representations of subsites
in the enzyme and their
interaction with sites in the
substrate. The red arrow
points out the peptide bond
to be hydrolyzed. (B) Active
site of the enzyme and

the catalytic residues. (C)
Side chain of the residues
involved in the subsites in
the enzyme by a color key.
Red: S1, blue: S2’, light green:
S3’, and purple: ST (D)
Surface of the enzyme and
the location of the subsites
with the same color key as
C. The figure was prepared
from the structure with

PDB code 2W15 using VMD
(Visual molecular dynamics).
Figure made by by Lina Maria
Preciado Rojo.

Intricate mixtures: Diving inside the venoms =
»
-




@_ Bites, venoms, and venomous snakes of Colombia

Figure 5. Schematic
representation of the two-
step model for hemorrhage

induced by SVMPs. The first

step involves the hydrolysis
of components of the
basement membrane (BM)
by SVMPs that destabilizes
the interaction between
endothelial cells and BM. In

the second step, biophysical

forces contribute to

the potentiation of

capillary distention of the
microvessel wall, leading to

its disruption. For further

details, please refer to the
text. Image created with Bio

Render.

2.2. Biological effects induced by SVMPs

Hemorrhage

This activity can be either local or systemic and is catalytic-dependent.
A two-steps hypothesis has been proposed to explain how these toxins
induce hemorrhage [52]. Initially, SVMPs hydrolyze the substrate at the
basement membrane (BM), such as type IV collagen, laminin, nidogen, and
perlecan. This cleavage weakens the mechanical stability of the BM and
increases the distensibility of the micro vessel wall. Furthermore, SVMPs
can degrade other proteins, including those involved in binding BM to the
extracellular matrix of muscles, such as non-fibrillar collagens VI, XlI, XIV,
XV, XVI, and XIX, as well as fibrillar collagen type V [53,62,63].

In the second step, hemodynamic forces act on the microvasculature
including shear stress and hydrostatic pressure on the micro vessel wall.
These forces potentiate the distention of the wall, leading to its disrup-
tion and the extravasation of red blood cells [58] (Figure 5).

First step Second step

= e

Type IV Collagen
\ Perlecan

L Laminin
components
’ Nidogen

There are two types of hemorrhage, per rhexis and per diapedesis. Per
rhexis is characteristic of the capillary microvasculature. In this case, ex-
travasation occurs through gaps formed in the vessel wall, as described
above. Additionally, the thickness of the endothelial cell is decreased,
making the capillary wall weaker [52,53,64]. Although hemorrhage in-
duced by SVMPs is primarily caused by the per rhexis mode, per diapede-
sis mechanism is observed in venules where erythrocytes escape through
widened intercellular junctions instead of in gaps in endothelial cells [65].

Additionally, SVMPs induce apoptosis (a cell death mechanism) of en-
dothelial cells [66-70]. In certain cases, the levels of anti-apoptotic pro-
teins from the BCL-2 family remain unaffected, while in other cases the
levels of BCL-XL, another anti-apoptotic protein are decreased [67,70].
In addition, caspase 3 and 8 activation has been observed [67,70]. These
proteases participate in the intracellular signaling cascade that leads to
cell apoptosis. SVMPs can increase the expression levels of several matrix
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metalloproteinases (MMPs) [71], which can increase their hemorrhagic ef-
fect by degrading the extracellular matrix and a further weakness of bone
marrow derived endothelial cells interaction.

There is a clear difference in the potency of SVMPs inducing hemor-
rhage. Specifically, P-1ll and P-lIl SVMPs are more hemorrhagic than P-I
SVMPs. The molecular mechanism underlying this phenomenon has not
yet been fully elucidated, but some hypotheses provide insights into this
topic. Firstly, P-Il and P-Ill SVMPs contain disintegrin, cysteine-rich do-
mains, and in some cases, a C-type lectin domain (P-IIl). These domains
can direct toxins to specific targets in the microvasculature, concentrat-
ing them in the areas where they can cause the most harm [58,61].

For instance, the disintegrin domain can direct to integrins expressed on
the cell membrane of endothelial cells [72]. Therefore, P-1l and P-IIl SVMPs
exhibit a co-localization pattern with type IV collagen on the vessel wall. In
contrast, P-1 SVMPs, which lack additional domains, are widely distributed
in the extracellular matrix and are not concentrated in the vessels [73,74].

Furthermore, studies have shown that the plasma proteinase inhibi-
tor a,-macroglobulin inhibits the proteolytic and hemorrhagic activities
of several P-1 SVMPs, but it does not have inhibitory capacity against P-II
and P-Ill SVMPs [75-77]. The structural basis for these differences is still
unknown. However, one hypothesis is that the additional domains found
in P-Il and P-IIl create obstacles for the binding of a,-macroglobulin, re-
sulting in failure to recognize. This discovery may also explain the ability
of P-1l and P-Ill SVMPs to cause systemic hemorrhage, as they are not
impeded by a,-macroglobulin once they enter the systemic circulation,
whereas P-1 SVMPs are rapidly inhibited by this protease inhibitor [53].

Another important aspect related to SVMPs is that P-I SVMPs differ sig-
nificantly in their ability to induce hemorrhage [78-80]. Although they have
similar proteolytic activity towards several substrates in vitro, some of these
enzymes cause hemorrhage while others do not [63,79,80]. Significant dif-
ferences were observed between hemorrhagic and non-hemorrhagic SVMPs
in their ability to hydrolyze BM components in vivo. The P-1 SVMP toxin BaP1
hydrolyzes type IV collagen and perlecan to a higher extent than the non-
hemorrhagic P-I SVMP leucurulysin-A. Proteomic analysis of exudates col-
lected from muscle tissue injected with these SVMPs also revealed differ-
ences in the types of extracellular matrix components present [63].

Nevertheless, the detailed structural determinants of hemorrhagic ac-
tivity of P-I SVMPs remain largely unknown. Therefore, the possibility to
predict the hemorrhagic potential of SVMPs based on structure or se-
quence analysis remains uncertain. However, a recent hypothesis sug-
gests that differences in the dynamics of a loop located near the catalytic
site may explain the variable hemorrhagic activity [82].

Another important finding was the differences in the electrostatic sur-
faces between these types of proteins [83]. Bioinformatic tools have re-
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cently been used to predict the interaction of hemorrhagic P-1 or non-
hemorrhagic P-1 SVMPs with their natural substrates such as type IV col-
lagen, perlecan and laminin domains [84]. Hemorrhagic P-I SVMPs can
form catalytic complexes with their substrates, while non-hemorrhagic
P-1 SVMPs cannot. Additionally, non-hemorrhagic P-I SVMPs may have a
greater volume area of the substrate binding cleft than hemorrhagic P-I
SVMPs. Despite all the results described, more studies are needed to
clarify the hemorrhagic activity among types of P-1 SVMPs.

Myonecrosis and impairment muscle regeneration

The inoculation of snake venom metalloproteinases (SVMPs) results in
necrotic muscle damage (myonecrosis) that is caused by hemorrhage in-
duced by the same toxins. Bleeding affects the blood supply to the affect-
ed tissue, leading to ischemia. Ischemia may cause hypoxia and muscle
cell damage [30,80,85]. This effect can contribute to the myotoxic activity
induced by other snake venom toxins, mainly phospholipases A s (PLA_s).

The process of muscle regeneration after an injury requires three con-
ditions: intact blood supply, restitution of neuromuscular junction, and
intact BM [86]. Additionally, a synchronized interplay among several in-
flammatory substances and cells is involved. SVMPs affect two of these
requirements by degrading the components of BM, resulting in a weak-
ening of the microvasculature wall and extravasation of vessel content.
Smooth muscle necrosis in the wall of intramuscular arteries caused by
SVMPs can affect muscle regeneration by decreasing the blood supply,
[87,88]. Oxygen and nutrients to the affected tissue decrease, and the
muscle regeneration process is affected [85].

Blister formation and skin death (dermonecrosis)

Blister formation induced by SVMPs is caused by their catalytic activity
against the BM components located at the dermal-epidermal junction
[71,89,90]. The SVMPs hydrolyze collagen type IV, laminin, and nidogen,
among other proteins, in the blister fluids [89,90]. Following this hydroly-
sis, the epidermis separates from the dermis, resulting in the formation of
a blister which accumulates mainly plasma fluid, favored by the inflam-
matory process, as well as fibrinogen and fibrin that are degraded by vari-
ous SVMPs. Dermonecrosis may occur when cells detached and then die,
and subsequently an inefficient regenerative process takes place, either
with or without scar formation [96]. However, further studies are needed
to obtain more insight into this issue.

Edema and inflammation

A hypothesis was that the edema-forming activity of SVMPs might be
initially related to the extravasation of blood vessels contents into the
interstitial space. However, this hypothesis was partially refuted when in-
jections of sub-hemorrhagic doses of SVMPs provoked edema, suggesting
that this effect is independent of extravasation and is induced by multi-
component events [86], this defines a second mechanism of edema for-
mation mediated by proinflammatory activity. First, leukocyte infiltration
occurs in the affected organ. Then, mast cell degranulation and histamine
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release occur that can also lead to macrophage activation [71,91-93]. Sim-
ilarly, SVMPs stimulate the release of IL-1 and IL-6, leading to an increased
tumor necrosis factor (TNF) mRNA level, resulting in the overexpression of
this protein responsible for inflammation processes [71,93,95].

2.3. Snake venom phospholipases A,

Venomous snakes employ phospholipases A, (PLAs), found in their ven-
oms to cause myonecrosis (death of muscle cells), neurotoxicity (paraly-
sis of breathing muscles), inflammation, pain, and disruption of normal
coagulation. All these effects contribute to the immobilization of the prey
and can be observed in cases of snakebite envenomation.

General aspects: classification, catalyzed reaction, and
overall structure

There are sixteen groups of PLAs (IA, 1B, 1A, 1IB, IIC, 1ID, IIE, IIF, 111, V, IX, X, XIA,
XIB, XlI, XIV) that are classified based on their sequence, molecular mass,
origin, disulfide position, calcium requirement, and other characteristics [95].
The PLA,s can hydrolyze the ester bond from the sn-2 position from glyc-
erophospholipids, producing a fatty acid and a lysophospholipid (Figure 6).

L) Y ‘,

Figure 6. Catalyzed reaction
Glycerophospholipid Fatty acid Lysophospholipid by PLA s
,S-

The PLA, enzyme family is present in a wide variety of organisms, in-
cluding animals, plants, fungi, and bacteria. However, among the sixteen
types of PLA,, those found in snake venoms belong to groups IA, lIA, and
I1B [102]. Group IA PLAs are present in the venoms of the Elapidae that
in the Americas is represented by the coralsnakes (Micrurus spp.). These
PLA_s typically have a molecular mass around 13-15 kDa and exhibit seven
disulfide bridges, one of which is exclusive to this group and is located
between 11 and 77 cysteines.

Group IIA PLAs are found in the venoms of the Viperidae, such as
Crotalus, Lachesis, Bothrops, and Porthidum snakes. The molecular mass
of group IIA PLAs is like that of group IA PLA_s, also present in Viperidae
venoms, both groups with seven disulfide bridges. The exclusive disulfide
bridge in group IIA PLAs is located between 50 and 137 cysteines. Group
lIA comprise another set of snake venom PLA_s, including an enzyme also
isolated from the venom of Russell’s viper (Daboia russellii) from Asia (In-
dia, Pakistan, Nepal, Sri Lanka, Bangladesh, and Bhutan). A unique char-
acteristic of this protein is that it has one less disulfide bridge than PLA_s
mentioned above [95,96].

Elapid and viperid PLA,s have human counterparts. For instance, pan-
creatic PLA, group IB is homologous to the enzymes of group IA. Synovial
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PLA, belongs to group IIA and has a structure like snake venom proteins in
the same group. However, it is well known that human PLA_s do not cause
the harmful effects observed in snake venoms. These effects include pre
and/or post-synaptic neurotoxicity, local and/or systemic myotoxicity, an-
ticoagulation, cardiotoxicity, modulation of platelet aggregation, hemo-
lytic, edema, hypotensive activities, and direct damage to organs such as
the kidney, lung, and liver [97].

Snake venom PLA_s are classified as basic or acidic proteins based
on their isoelectric point. Most PLA, are basic. Though acidic PLA s are
known to have catalytic activity, they are generally devoid of biological
effects. However, in some cases, they show myotoxic and edema-forming
activities [98,99]. The acidic proteins have also been identified in Colom-
bian venoms, including species such as Porthidium nasutum, P. lansbergii,
and Bothrops asper [100-102].

To explain the variety of effects and differences in the susceptibility
among various tissues, a model was proposed that deals with “target sites”
on the surface of cells or target tissues [103]. The model suggests that
specific “pharmacological sites” responsible for inducing each activity are
recognized in these areas that are found in the three-dimensional structure
of PLA_s. The model proposes that pharmacological sites may or may not
overlap with the active site. The pharmacological effects induced by PLA s
are determined by the high affinity between the target molecule and the
pharmacological site. This is assumed to be due to the ubiquitous presence
of phospholipids in cell membranes. It is unlikely that these are the target
molecules that the model affirms. In contrast, it is plausible that receptors
are glycoproteins or other proteins that are differentially expressed [103].

PLA,s from snake venoms are calcium (Ca**) dependent enzymes that
structurally consist of three a-helices, two antiparallel f-sheets, and a cal-
cium-binding loop (Figure 7). These proteins have a variable length, ranging
from 119 to 134 amino acids. The hydrophobic channel involved in driving
the substrate towards the active side is defined by residues located in two
of the a-helices (a-helix two, residues 37-57, and a-helix three, residues 90-
109, respectively), in addition to the N-terminal helix (a-helix one) and the
residues Leu2, Val3, Pheb, His6, Ile9, Trp19, Val31, Lys69, Ala102, and Ala103.
The active site is formed by His48, Asp49, Tyr52, and Asp99. Then, the
calcium-binding loop coordinates the calcium required for catalysis and is
formed by Tyr28, Gly30, Gly32, and Asp49 [104] (Figure 7).

The PLA s catalyze reactions that can result in chemical incoherence
due to the enzymes being water-soluble, while their substrate is am-
phipathic (a region of the molecule is hydro soluble, and the other is lipo-
soluble). To overcome this issue, PLA s have an interfacial binding surface
(i-face), that mediates their adsorption at the lipid-water interface out-
side the cell membrane [104] (Figure 8A).

For a catalytic reaction to occur at the interface, a series of events
must take place. These include the phospholipid exiting the membrane
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and reaching the active site of PLA,. The phospholipid passes through a
hydrophobic channel via a diffusion process that requires no energy. After
locating the substrate in the enzyme’s active site, the phospholipid must
be anchored to reduce decrease the degrees of freedom of the ester bond
at the sn-2 position. This fixation is accomplished by the amino acid at
position 69 (Lys or Tyr) through a hydrogen bond usually with the phos-
phate of the sn-3 position [104] (Figure 8B).

Active site

Following the recognition of the substrate and its displacement through
the hydrophobic channel, the catalytic cycle begins. His48 is protonated
by extracting a hydrogen ion from water, generating a hydroxyl group (OH-)
that acts as a nucleophile. The OH- then attacks the sn-2 ester bond,
leading to the formation of an oxyanion that is stabilized by the Ca? ion.
Finally, the dislocated electrons on oxygen return to their original bond,
and the reaction products are released [104,105].

Snake venom PLA_ s require catalytic activity to induce most of their
biological effects. However, since 1984 [106], a sub-group of these toxins

Figure 7. Overall structure
of snake venom PLAs. The
alpha-helices one, two and
three are shown in blue,
green, and yellow. The
calcium-binding loop is
shown in cyan (blue-green),
and Ca?" ion is represented
as a blue sphere. The
disulfide bridges are
presented as yellow sticks.
Moreover, catalytic residues
are also shown in sticks
(His48, Asp49, Tyr52 and
Asp99) (Figure was prepared
from the structure with PDB
code 2QOG, chain B).

Figure 8. (A) Schematic
representation of i-face.
The black circle indicates
the regions involved in
membrane recognition
and enzyme adsorption
onto the lipid-water
interface. (B) Schematic
representation of the driving
of glycerophospholipid to
the active site through

the hydrophobic channel
(HC). The blue dash lines
represent hydrophobic and
electrostatic interactions
between the amino

acids of the enzyme and
glycerophospholipids. The
glycerophospholipids were
extracted from Bio Render.
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have been discovered that have substituted their catalytic residue Asp49
for other amino acids (mainly Lys, but including Gln, Ser, and Arg). This re-
placement renders the new proteins enzymatically inactive, and they are
known as PLA -homologues or PLA -like myotoxins. Although they cannot
hydrolyze membrane glycerophospholipids, they can cause myotoxicity
and edema [22,107].

Biological effects induced by snake venoms PLA,s

Myotoxicity

Snake venom PLA s may induce myonecrosis through myotoxicity. Al-
though the molecular events are not fully understood, there is a detailed
description of the cellular processes that involve the damage of these
toxins to muscle cells. Firstly, the myotoxin is suggested as binding to
the target cell. Some authors have identified a protein from rabbit muscle
named type-M receptors [108]. The receptor has a molecular mass of 180
kDa and contains tandem repeats of regions with homologies to carbohy-
drate recognition domains (CDR).

A recent report suggests that nucleolin, a nuclear protein also ex-
pressed in the cell membrane, can interact with and mediate the inter-
nalization of a Lys49 PLA, [109]. Subsequently, PLA s disrupt the muscle
membrane. Asp49 PLA, catalyzes this process, while PLA -homologues
destabilize the protein through hydrophobic and electrostatic interac-
tions with glycerophospholipids.

Fernandes et al. [110] proposed that these toxins have an oligomeric
state that may be allosterically activated by a small molecule, probably a
fatty acid. The protein is then docked in the membrane at a specific site
called the Membrane Docking Site (MDoS). Finally, PLA,s provoked the de-
stabilization of membrane glycerophospholipids through the action of the
Membrane Disrupting Site (MDiS) [111]. These events induce changes in the
selectivity and permeability of the muscle membrane, leading to massive
calcium influx and cellular depolarization. Additionally, creatine kinase
(CK), lactic dehydrogenase (LDH), and other molecules are released that
are used as markers of myotoxicity.

The elevated concentration of calcium ions in the cytoplasm of muscle
cells leads to hypercontraction of the sarcomere, resulting in mechanical
damage. Calcium ions also induce an overload of mitochondria, leading
to damage in the electron transport chain and ATP synthesis. Addition-
ally, calcium can activate cytosolic PLA_s that can increase intracellular
damage, particularly in membrane organelles; and it can also stimulate
the proteolytic action of calpains, triggering cytoskeletal disorganization.
Finally, snake venom PLA_s can be internalized, leading to increased inter-
nal damage. These events ultimately result in cell death by necrosis (Fig-
ure 9), which is a significant factor in snakebite envenoming by viperids,
including those in Colombia (see Chapter 9) [111,112].

Systemic myotoxicity is another known biological effect of some snake-
bites, noted in Colombia in the case of rattlesnake accidents involving
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Crotalus durissus (see Chapter 9) [113]. Although the molecular determi-
nants for this effect are currently unknown, it is suggested that the toxin
might bind to low-affinity sites in the injected area and then be distrib-
uted to other anatomical regions of the body. This distribution can induce
myotoxicity through the events described above [119]. Snake venom PLA_s
can cause myotoxic activity leading to rhabdomyolysis that can affect re-
nal function by blocking glomerular filtration due to excess myoglobin in
the blood. This can ultimately result in Acute Kidney Failure (AKI) [114,115].

Hypercontraction

Figure 9. Schematic
representation of the
cellular events that occur
during myotoxicity induced
by snake venom PLA_s. TEC:
transport electron chain;
CPLA,: cytosolic PLA_s. The
muscle cell membrane is
disrupted by catalytic or
CPLA: non-catalytic mechanisms
of PLA_s, leading to a

¥ massive influx of Ca?. This
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Edema

Intramuscular injection of snake venom PLA s induces inflammation,
characterized by increased vascular permeability, edema formation, leu-
kocyte recruitment to affected tissues, and the release of inflammatory
mediators [116]. However, it should be noted that the mechanisms by
which these toxins induce this effect have not been entirely elucidated.
Asp49 PLAs can generate arachidonic acid that serves as the starting
point for producing eicosanoids that amplify the inflammatory response.
In contrast, PLA -homologues induce edema and degranulation of mast
cells in a catalytic-independent manner. It is evident that enzymatic ac-
tivity is not strictly necessary to cause these effects. A variety of endog-
enous molecules including histamine, 5-hydroxytryptamine, bradykinin,
tachykinins, arachidonic acid metabolites, pro-inflammatory cytokines,
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and nitric oxide (NO) have been implicated in venom PLA -inflammatory
activity [116,117]. Other structural characteristics of PLA_s are also involved
inducing inflammation. However, further studies are necessary to eluci-
date these molecular regions [116,117].

Neurotoxicity

Presynaptic neurotoxicity or B-neurotoxicity is another relevant effect ob-
served in some snakebites. For instance, these are inflicted by South
American rattlesnakes (Crotalus durissus) and coralsnakes (Micrurus spe-
cies; see Chapter 9) [113]. The toxins responsible for this effect are named
B-neurotoxins, and their structures possess one, two, three and up to five
subunits that can interact either by covalent or non-covalent bonds. One
of their subunits is a catalytically active PLA, [118]. Toxicity arises from
the inhibition of acetylcholine (Ach) release, leading to a flaccid paraly-
sis of respiratory muscles, including the diaphragm. The inhibition of Ach
release occurs in three steps: first, there is a slight, transient inhibition
Ach release that is related to the binding of PLA, to the presynaptic mem-
brane; second, there is a significant increase in Ach release; finally, there
is a sustained inhibition of Ach release [112,119,120].

Cellular events involved in presynaptic neurotoxicity induced by snake
venom PLA_s include the binding of the toxin to a target cell (motoneu-
ron). Although the precise identification of the receptor has not yet been
performed, Lambeau et al. [121] found a high-affinity protein in the rat
brain named N-type due to its neuronal origin. These receptors may be
located near the region where Ach is released. After binding, PLA, hydro-
lyzes glycerophospholipids at the presynaptic membrane, leading to an
accumulation of fatty acids and Lysophospholipids [119,122].

The presynaptic membrane’s outer layer has a high concentration of
lysophospholipids that induce a curvature and promote synaptic vesi-
cle membrane fusion while inhibiting endocytosis. An experiment that
added mixtures of fatty acids and lysophospholipids on neuromuscular
junctions supported this observation. The effects were similar to those
induced by neurotoxic PLAs [123]. The destabilization of the neuron
membrane induces an influx of Ca?* ions which can activate endogenous
PLA,s and calpains. This activation can cause internal membrane degra-
dation and cytoskeleton disorganization. Additionally, the high concen-
tration of calcium in the cytosol can destabilize mitochondria and dis-
rupt their biochemical processes [124]. Finally, the toxin is internalized
by neurons.

However, the mechanism by which 3-neurotoxins are transported into
nerve cells remains unknown. These toxins could be internalized through
pores generated after presynaptic membrane hydrolysis, or proteins
could use endocytosis of synaptic vesicles as a vehicle to enter nerve
cells [125]. Once PLA, enters the neuron, it binds to certain proteins such
as calmodulin, protein disulfide isomerase, and proteins named 14-3-3;
but the specific implications for the toxin’s mode of action are unclear.
Similarly, calmodulin stabilizes the PLA s ability to hydrolyze glycero-
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phospholipids [126]. Additionally, proteins 14-3-3 play an important role
in directing PLA, to synaptic vesicles to carry out their catalytic activ-
ity and subsequently inhibit vesicle endocytosis [127]. Ultimately, these
events contribute to the failure of the neuromuscular junction, resulting
in the inhibition of Ach release and subsequent flaccid paralysis [118-
121,128,129] (see Figure 10).

Crotoxin (CTX) is a B-neurotoxin derived from Crotalus durissus, the
South American rattlesnake [138]. It consists of a basic PLA, subunit
known as CB and an acidic subunit called crotapotin (subunit A or CA).
The latter acts as a chaperon, guiding the CB subunit to target cells (mo-
toneurons) and preventing the binding of the PLA, to non-specific sites
[131,132]. Additionally, CA increases the neurotoxic activity of CB but de-
creases its enzymatic activity [133,134]. Therefore, the crotoxin complex is
responsible for the neurotoxicity observed in envenomation by Colombian
rattlesnake. Other toxins found in Colombia, classified as B-neurotoxins
include the PLA s isolated from the venoms of the coral snakes Micrurus
mipartitus and M. dumerilii [135].

Nerve
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Figure 10. Schematic

representation of the
cellular events that occur
h Calpain during neurotoxicity induced
by snake venom PLA_s. TEC:
transport electron chain.
PLA,s can enter presynaptic
vesicles and hydrolyze them
(step 1 and 2). Membrane
destabilization can provoke
®  Acetylcholine a massive influx of calcium
(step 3) that can activate
calcium-dependent
enzymes, such as calpains
that promote cytoskeleton
hydrolysis. PLA_s are
internalized into the nerve
Mitochondria terminal to perpetuate the
damage (step 4). For more
details see the text. Image
created with BioRender and
edited by Oscar A. Ramirez
Ruiz.
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Anticoagulant activity

Based on their anticoagulant potency, PLA, enzymes are classified into
strong, weak, and non-anticoagulant enzymes. Strongly anticoagulant
PLA, enzymes inhibit blood coagulation at low concentrations (<2 pg/mL),

ntricate mixtures: Div ng ins de the venoms Q
»
L}




@_ Bites, venoms, and venomous snakes of Colombia

while weakly anticoagulant PLA, enzymes show effects between 3 and 10
pg/mL. Some venom PLA, enzymes do not significantly prolong clotting
times, even at 15 pg/ml; and they are, therefore, classified as non-antico-
agulant enzymes [138].

Early studies on PLA, suggest that catalytic activity is necessary for its an-
ticoagulant effects [137]. However, recent studies propose that strong antico-
agulant PLA s act through both enzymatic and non-enzymatic mechanismes,
the latter being mediated by an “anticoagulant site”. Kini et al. [138] proposed
the position of this site in the three-dimensional structure of PLA s. They
suggest that in strong anticoagulant PLA s, the region between the 53 and 76
residues is positively charged, whereas PLA s with weak or non-anticoagu-
lant activity have a predominance of negative or neutral charges in this region
[136,138]. This region is commonly referred to as the “anticoagulant site”.

Nonetheless, Stefansson et al. [139] proposed a non-enzymatic mech-
anism for anticoagulant PLA s. The study demonstrates that a PLA, from
Black-necked spitting cobra (Naja nigricollis) venom that has strong anti-
coagulant properties, binds to coagulation factor Xa, blocking the further
activation of prothrombin. Faure et al. [149] proposed a structural model
for the interaction between PLA s and coagulation factor Xa. The authors
proposed various bioinformatic approaches and binding studies to pro-
pose that specific residues 2, 3, and 7 from helix 1; 16, 18, 19, 23, 24, 31-34
from Ca?* binding loop; 53, 59, 60, 69, 70 from helix 3; and 118, 119, 121-124,
129-131, and 133 from B-sheets bind together. Currently accepted knowl-
edge proposes that snake venom PLA_s can elicit their anticoagulant ac-
tivity through both enzymatic and non-enzymatic mechanisms [141,142].

Other biological activities induced by snake venom PLA,s

Venom PLAs can modulate platelet aggregation, either inducing or in-
hibiting it. These are classified into three distinct classes: A, B, and C
[143]. Class A enzymes initiate platelet aggregation [144,145]; class B PLA_s
cause the inhibition of platelet aggregation [146,147]; and class C PLA.s
show biphasic effects that induce platelet aggregation at low doses or
short incubation times, while they inhibit platelet aggregation at higher
concentrations or prolonged incubation [148].

Additionally, these toxins have hypotensive effects. However, the mo-
lecular and cellular mechanisms responsible for the reduction of blood
pressure are not fully understood [149]. For instance, BthA-I-PLA, iso-
lated from the jararacussu pitviper snake (Bothrops jararacussu), reduces
blood pressure due to its phospholipase activity. This was supported by
the alkylation of His48 with p-bromophenacyl bromide that blocks the
enzyme’s catalytic mechanism [150]. On the other hand, the PLA, toxins
0OSC3a and 0OSC3b isolated from Papuan Taipan (Oxyuranus scutellatus),
produce hypotensive effects by generating cyclooxygenase metabolites
(dilator prostaglandins or prostacyclin) that may be involved in the release
of endogenous mediators, such as histamine and bradykinin [151]. How-
ever, the mode of action for other enzymes, such as BmooPLA -1, from the
Brazilian lancehead (Bothrops moojeni), has not been reported [152].
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Snake venom PLA, has been reported to exhibit cytotoxic, bactericidal,
and anti-viral activities. Some toxins elicit these activities in a catalytic-de-
pendent manner, while PLA -homologues have also been reported to have
these effects, suggesting that catalytic activity is not fully involved in induc-
ing the mentioned biological effects [153,154]. Further studies are needed to
reveal the molecular mechanisms involved in inducing these effects.

2.4. Snake venom L-Amino Acid Oxidases (LAAOSs)

The L-Amino acid oxidases are widely present in snake venoms, as well
as in other organisms [155-157]. These flavoproteins are responsible for
the yellow color in snake venoms. They catalyze the stereospecific oxida-
tive deamination of L-amino acids producing the corresponding alpha-keto
acid, ammonia, and hydrogen peroxide (H,0,) (Figure 11). LAAOs are homodi-
meric proteins and consist of three domains (Table 1). Each monomer has a
molecular mass of 57-68 kDa. The enzyme typically makes up 1%-4% of the
venom by weight. However, in certain species, such as the Malayan pit viper
(Callosellasma rhodostoma), the enzyme can represent up to 30% of the
dried venom by weight [167]. The presence of LAAOs in snake venoms and
their biological activities can enhance the actions of other major toxins and
contribute to either prey immobilization or increased toxicity in snakebites.

OZ H202
H FAD* FADH,
i ‘ o v o » o
HN* » H,Nt » O
I A I e B
. - .
R R1 H,0 NH, R1 Figure 11. Catalyzed reaction

of snake venom LAAOSs.

Table 1. Domains of snake venom LAAOs

Domains Amino acid residues range

FAD-binding domain
Substrate-binding domain

Helical domain

35-64, 241-318, 446-471
5-25,73-129, 232-235,323-420
130-230

The Flavin Adenine Dinucleotide (FAD)-binding domain stabilizes the
FAD* molecule necessary for catalysis. This domain’s secondary structure
consists of six B-sheets and five a-helices with the addition of two short
B-sheets and one a-helix. Four of the six B-sheets are parallel, and the
remaining two are antiparallel. Both short B-sheets are parallel to each
other. This domain contains the consensus sequence of glycine residues
(G40XG42XXG45) that are involved in access to the negatively charged
phosphate group of the coenzyme. Additionally, several salt-bridges sta-
bilize this domain [159,160]. The substrate-binding domain interacts with
the amino acid to be oxidized, and it contains six a-helices and eleven
B-sheets [159,160]. Finally, the helical domain is the only one with a con-
tinuous sequence. The domain’s secondary structure consists of six a
-helices with one short a -helix, and several loops [159,160] (see Figure 12).
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Figure 12. Structure of snake
venom LAAO. (A) the FAD-
binding domain is shown in

blue. The substrate-binding

domain is displayed in cyan

(blue-green), and helical

domain is presented in
magenta. Glycosilations

are depicted as sticks. (B)
A phenylalanine residue is
shown in balls and sticks in
the active site, while FAD
is depicted as wire. Figure
prepared from PDB code

21ID.

The most important residue for catalysis is His223, which is conserved
in all LAAOs found in snake venoms [166,168]. This residue acts as a nu-
cleophile by deprotonating the a-amino of the substrate (amino acid)
[157,159]. Additionally, this amino acid has two conformations, A and B.
During catalysis, His223 spends 40% of its time in conformation A and
60% in B. As conformation A, this residue impedes the entry of oxygen;
whereas, in conformation B, oxygen can freely enter and participate in the
final formation of hydrogen peroxide to recover the FAD* [161]. Although
LAAOs oxidize all L-amino acids, they prefer aromatic and hydrophobic
amino acids, such as phenylalanine and leucine [159,160,162].

It is important to note that these toxins are glycoproteins. In some
cases, the removal of carbohydrates is known to reduce the enzymatic
and biological effects caused by snake venom LAAOs [163,164]. However,
deglycosylation does not affect the enzymatic activities of LAAOs from
lancehead pitvipers such as Bothrops pauloensis, B. jararaca, B. alterna-
tus, and B. moojeni [165-167]. Therefore, further studies are needed to
determine the precise role of glycosylation in snake venom LAAOs and
their implications on the biological effects induced by these enzymes.
Some LAAOs are known in the venom of medically important Colombian
species, including Crotalus durissus, Bothriechis schlegelii, and Micrurus
mipartitus [135,168,169]. These enzymes induce several biological effects,
which are described below [135,168-170].

Biological activities induced by snake venom LAAOs

The biological effects of LAAOs are attributed to the hydrogen peroxide
(H,0,) generated in the catalytic reaction. The effects are inhibited by H,0,
scavengers such as catalase [171-174]. However, several studies demon-
strate that biological effects are not completely recovered by incubation
with catalase, suggesting that the effects produced by LAAOs are not
solely due to the production of H,0, [157,175,176].

Hemorrhage
Some LAAOs found in snake venoms can induce hemorrhage by them-
selves [165,177-179]. This effect is attributed to the capacity of snake
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venom LAAOs to induce apoptosis in endothelial cells. This leads to the
rupture of the endothelium and the extravasation of red blood cells. The
accumulation of H,0, in blood vessels may be responsible for the apop-
totic effect on endothelial cells [177]. Thus, it is suggested that this effect
contributes to the hemorrhagic activity provoked by SVMPs.

Edema

Some snake venom LAAOs can induce edema. However, the precise
mechanism that produces this effect is not entirely understood. A LAAO
from the Japanese snake mamushi (Gloydius blomhoffii) is reported to
stimulate lymphocytes and monocytes to release proinflammatory cyto-
kines, IL-6, IL-2, and IL-12, which may explain the inflammatory activity of
this enzyme [180]. However, Izidoro et al. [171] suggested that edema for-
mation is due to the activation of the inflammatory response by the H,0,
generated, as administration of glutathione (an antioxidant) to the mouse
paw inhibits the edema-inducing activity of the enzyme [181].

Modulation of platelet aggregation

The effect of snake venom LAAOs on platelet aggregation is inconclusive.
Some enzymes induce platelet aggregation, whereas other toxins pro-
duce inhibition of these cells’ aggregation [162]. Du and Clemetson [182]
proposed that hydrogen peroxide generated in the catalytic reaction of
LAAOs is responsible for inducing and inhibiting platelet aggregation. The
inhibitory activity may be related to the hydrogen peroxide that impedes
the interaction between fibrinogen and its receptor on the surface of the
platelet (GPIIb/llla) or reduces the binding of ADP to the platelets [183,184].
On the other hand, platelet activation may be a consequence of throm-
boxane A, production elicited by H, O, [172]. Despite this evidence, further
systematic studies are required to determine why LAAOs can either elicit
or inhibit platelet aggregation.

Other biological activities that are not related to snakebite
envenoming

LAAOs induce several activities that make them attractive for searching
for therapeutic alternatives for protozoal, viral, bacterial infections, and
cancer due to their cytotoxicity (see Chapter 10). Several snake venom
LAAOs have antileishmanial activity [171-173,185-187]. This effect is attrib-
uted to the H,0, generated by the catalytic cycle of the enzymes.

Likewise, a snake venom LAAO isolated from Trimeresurus stejnegeri
(Chinese green tree viper) has antiviral activity against HIV-1 [179]. LAAOs
have also demonstrated antibacterial activity against both gram-negative
and gram-positive bacteria [162,168,181,188]. The mode of action of snake
venom LAAOs for inducing this effect is attributed to H,O,. However, the
binding of the enzyme to the bacterial surface and further concentration
of H,0, seems to be essential for this effect [189]. Several snake venom
LAAOs show cytotoxic activity against tumor cell lines [199]. They can
induce apoptosis in these cells. This effect involves H,O,, but it is also
speculated that glycan moieties are crucial for the interaction with the
target cell [191].
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2.5. Snake venom disintegrins

The term “disintegrin” was first introduced to toxinology in 1987 by Huang
et al. [192]. They described the isolation and characterization of Trigamin
from the venom of Craspedocephalus gramineus (Common bamboo viper).
However, today this term is used to define toxins with a length between
40-100 amino acids present in the snake venom of the Viperidae. These
toxins are produced by proteolytic processing of P-1l and P-Ill SVMPs.
Initially, the Arg-Gly-Asp (RGD) motif was described as an essential struc-
tural characteristic for their main activity, which is to inhibit platelet ag-
gregation by blocking B1 and B3 integrins [198].

Structure of snake venom disintegrins

Snake venom disintegrins can be classified into four groups based on their
number of amino acids and disulfide bonds [193,194]. The first group com-
prises short disintegrins from 41 through 51 residues and four disulfide bonds.
The second group consists of medium size disintegrins that contain about 70
amino acids and six disulfide bonds. The third group comprises long peptides
with approximately 84 amino acids, and seven cysteine bonds cross-link
them. The fourth group incorporates homo and heterodimers. These disin-
tegrins are composed of 67 amino acids and ten cysteine residues, involved
in stabilizing the structure by forming intra and interchain disulfide bonds.

The RDG motif is the most common in snake venom disintegrins. Nev-
ertheless, other motifs have also been identified. Table 2 describe the
diversity of these motifs and their molecular targets (mainly integrins).
Structural studies of short, medium, large size, and dimeric disintegrins
revealed a mobile loop that contains the active motif, which protrudes
14-17 A from the protein core [193,194,195] (see Figure 13).

Table 2. Integrins, their function, and snake venom disintegrins that inhibit them.

Integrin Function Disintegrins that inhibit it* References
a5p31 The major fibronectin receptor RGD, VGD and MDG

a8 B1 Tenascin receptor RGD

avp1 Vitronectin receptor RGD

avp3 Vitronectin receptor RGD, WGD

GBS {5 et i plateet aggtogation RED: WD and KGD

4Bt rF;t;re(;rjcz:tin and VCAM-1 MLD [11:85,11;;,
a3p1 Laminin receptor MLD

a6p1 Laminin receptor MLD

a7p1 Laminin receptor MLD

a9f1 Tenascin receptor MLD

alp1 Collagen IV receptor KTS and RTS

*Standard Amino Acid 1-letter Code.
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Figure 13. Structure of snake
venom disintegrins. (A)
Monomeric disintegrin;

(B) Heterodimeric disintegrin.
The blue and red chains
represent different subunits.
The RGD motif is displayed
in the sticks. N-term and
C-term represent the
N-terminal and C-terminal of
each chain, respectively. This
image was prepared from
PDB structures with codes
2MOP (monomeric) and 1TEJ
(heterodimeric).

Biological activities induced by snake venom disintegrins

Due to their capacity to block integrins, the most important activity in-
duced by snake venom disintegrins is the inhibition of platelet aggrega-
tion. This can contribute to the hemostatic disorders caused by SVSPs,
SVMPs and other toxins in snakebite envenoming [199-203]. In fact, the
anti-platelet aggregation activity of disintegrins has made them essential
templates for the development of drugs used as antithrombotic agents.
For instance, Tirofiban is derived from echistatin found in the venom of
Echis carinatus (Phoorsa snake) [204] and, Eptifibatide obtained from bar-
bourin present in the venom of Sistrurus miliarius barbouri [200,201,205]
(see Chapter 10).

Additionally, snake venom disintegrins have shown potential in anti-
cancer therapy. Disintegrins can target a wide variety of integrins; and,
thus, it is plausible that they have the potential to interfere in essential
processes involved in carcinogenesis, tumor growth, invasion, and migra-
tion (see Chapter 10). Thus, disintegrins can be used as tools and potential
drugs for the treatment of this health problem [197,206-208].

2.6. Three-finger toxins (3FTXx)

Structure

The protein family known as three-finger toxins consists of non-enzymatic
polypeptides ranging from 60 to 62 amino acid residues (short chain) and
between 66 and 74 amino acid residues (long chain). They are typically
monomers and contain 4 to 5 highly conserved disulfide bridges. Their fold-
ing is characterized by three loops with beta strands that run from a hydro-
phobic core that is in turn crossed by four disulfide bonds. Venoms from
elapids, hydrophids, and colubrids snakes contain these proteins [209].

The primary structure of a protein is determined by its sequence of
amino acids that are represented as beads on a necklace. To have a com-
plete and functional structure, specific interactions between amino acids
are necessary for proper folding. Figure 14 shows the primary and tertiary
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Figure 14. Primary structure
of mipartoxin-I from

the venom of Micrurus
mipartitus (GenBank code:
AVI57319.1) is represented
as a long chain. Interactions
between amino acid
residues facilitate folding at
various sites of the chain,
contributing to secondary
and tertiary structure
conformation. Mipartoxin-I,
has a tridimensional
structure that resembles
the three central fingers of a
hand. That is why it belongs
to the protein family known
as three-finger toxins (3FTx)
[210].

structure of mipartoxin-I, a toxin found in the venom of Micrurus miparti-
tus (Redtail coralsnake).

Although the members of the 3FTx family share conserved structural
features that enable them to fold and maintain their integrity, some modi-
fications also occur. These modifications may be related to the diversity of
their functions and their affinity for certain molecular targets [210,211]. In
addition to the eight cysteine residues present in the central region that
favor the formation of disulfide bridges, the aromatic residues of tyrosine
or phenylalanine in positions 25 and 27 are also conserved and contribute
to the adequate folding and stability of the beta sheet structure in this
toxin. The stability of native conformation is also contributed by arginine
residues at position 39 and aspartic acid at position 60, as they form salt
bridges with any of the terminal ends [209,212]. Table 3 lists the reported
variations described for the 3FTx structures, including the main ones.
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Recently, some authors proposed a guideline to systematically separate
and study three-finger toxins due to the high variability between the ami-
no acid sequences of these proteins [223-225]. They assembled a da-
tabase with selected 3FTx sequences known for Micrurus species from
Brazil and classified the proteins based on their similarity and structural
identity. Accordingly, the authors established parameters for proposing
a reclassification based on key functional amino acids, disulfide bridges,
charge distribution on the surface, and the phylogenetic relationship of
the sequence [223-225]. The functionality of the protein can be attrib-
uted to nine groups based on sequence homology. This classification only
serves as a reference for the three-finger toxins found in Micrurus species
from South America.

The models predicted from the primary sequences of Brazilian speci-
mens were based on homologous sequences of Old-World elapids, includ-
ing Dendroaspis polylepis, Naja atra, Bungarus multicinctus, B. candidus,
Ophiophagus hannah, Dendroaspis jamesoni and Hemachatus haemacha-
tus (Ring-necked spitting cobra). Only one sequence was built from fuldi-
toxin of Micrurus fulvius venom (PDB code 4RUD). The newly conformed
nine groups included representative local specimens such as Micrurus
altirostris, Micrurus carvalhoi, Micrurus corallinus, Micrurus frontalis, Mi-
crurus lemniscatus, Micrurus paraensis, Micrurus spixii, and Micrurus suri-
namensis [224].

Only a small number of three-finger toxins have been purified and char-
acterized from Colombian Micrurus venoms. Currently, only three toxins
have three-dimensional models predicted from sequences reported in the
literature. Two of these toxins belong to Colombian medically important
snake species (M. mipartitus and M. dumerilii; Table 4) [225]. Moreover,
they exemplify the bicolor and monadal pattern groups, respectively [235].
Another species in the monadal pattern group, M. clarki has also had 3FTx
research conducted on it [227].
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Biological activities

Although 3FTx family toxins share a structural similarity, they exhibit a
wide variety of pathophysiological activities and mechanisms of action,
including postsynaptic neurotoxicity, cytotoxicity, cardiotoxicity, anticoag-
ulant, and antiplatelet activities. In addition, they act as L-type Ca?" chan-
nel antagonists and can synergistically promote hypotension with mus-
carinic toxins [223]. The 3FTx have a small, compact, and stable structure
with multiple interaction sites to achieve various functions that have been
evolutionarily optimized [230].

Neurotoxins

Neurotoxicity is possibly the best-known effect of 3FTx due to the drastic
effect of flaccid paralysis and respiratory failure in snakebite accidents.
Interference with the signal transmission can occur by different routes. In
the case of altered cholinergic transmission in the central and peripheral
nervous systems, neurotoxicity can occur at various sites in the postsyn-
aptic region, affecting both nicotinic and muscarinic receptors [15] (Figure
15). The following are examples of toxins and their mechanisms of action
that lead to neurotoxicity:

Curare-like toxins or a-neurotoxins.— These are similar to the alkaloid
curare (from the plant extract from indigenous peoples in Central and
South America). They are long and short chain neurotoxins that bind to
the muscle acetylcholine receptor al and prevent effective neuromuscu-
lar transmission. In contrast, long-chain neurotoxins bind with high affin-
ity to the neuronal acetylcholine receptor a7.

Muscarinic toxins.— These comprise toxins that act as agonists or an-
tagonists on muscarinic receptors. Muscarinic toxin a (MTa) isolated from
mamba venom (Dendroaspis jamesoni) is a potent a2B-adrenoceptor an-
tagonist [212,223].

a-neurotoxins.— These specifically bind to the neuronal nicotinic ace-
tylcholine receptor (a3B4). They resemble long-chain a-neurotoxins in
structure but occur as dimers. They do not recognize al acetylcholine
receptor.

Recently, micrurotoxins 1 and 2 (MmTX1 and MmTX2), isolated from the
venom of Micrurus mipartitus (Redtailed coralsnake), have been described
as agonists at the ionotropic GABA, receptor that enhances receptor
opening and desensitization.

Acetylcholinesterase inhibitors interfere with neuromuscular transmis-
sion by inhibiting binding to the peripheral site of the acetylcholinester-
ase enzyme (AChE) present at the neuromuscular junction. This prevents
the AChE from capturing and degrading acetylcholine, leading to muscle
twitching due to the accumulation of acetylcholine in the synaptic cleft.
These inhibitors are known as fasciculins and have similar structures to
short-chain neurotoxins [209,212].
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Figure 15. Three-finger
toxins block acetylcholine
receptors on the effector
cell in the neuromuscular
junction, leading to flaccid
paralysis in myocytes, and
respiratory failure when
diaphragm is affected.
Image created with
BioRender and edited by
Oscar A. Ramirez Ruiz.

Na° influx
Muscle contraction

Depolarization

" X o’
Acetylcholine Acetylcholine receptor Acetylcholine
receptor inhibited by 3FTx

Cardiotoxins

Cardiotoxins are a group of toxins that have been found exclusively in
cobra venoms, particularly in species of Naja. These toxins are similar to
short-chain neurotoxins, contain four disulfide bonds, and they represent
the second largest group after neurotoxins. They are responsible for in-
creasing the heart rate and can lead to cardiac arrest in a dose-depen-
dent manner. Additionally, many toxins in this group also have cytolytic
effects, forming pores in lipid membranes; they are also known as cytoly-
sins. Finally, another subgroup is recognized within this classification, the
b-cardiotoxins and related toxins. This subgroup exhibits blocking activity
of cardiac B1 and B2 adrenergic receptors [212].

L-type calcium channel blockers

Structurally, these channel blockers are polypeptides similar to short-
chain neurotoxins. They bind to the 1,4-dihydropyridine binding site of
L-type calcium channels and physically block calcium currents, leading to
relaxation of smooth muscle and inhibition of cardiac contractions [212].

Hemostasis disorders

Only a few 3FTx have the amino acid sequence RGD (Arginine-Glycine-
Aspartic Acid) in an accessible site for interaction. The RGD tripeptide
participates in the adhesive function of several proteins, interfering with
the interaction between fibrinogen and its receptor complex for glycopro-
tein 1IB-llla (a,,B,) inhibiting platelet aggregation [223].
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The KT-6.9, toxin isolated from the venom of the cobra Naja kaouthia
inhibits platelet aggregation induced by adenosine diphosphate (ADP),
thrombin, and arachidonic acid. As a result, it inhibits platelet aggrega-
tion (primary hemostasis) in a dose-dependent manner [223]. In second-
ary hemostasis, the cobra venom of the species Hemachatus haemachatus
(Ring-necked spitting Cobra) contains ringhalexin and exactin that inhibit
the activation of coagulation factor X, causing coagulation alterations [223].

Interaction with sodium channels

Some 3FTxs interact with acid-sensitive ion channels (ASIC) that are nor-
mally selective ion channels for Na* and are activated by protons. ASICs
are widely distributed throughout the peripheral and central nervous sys-
tem of vertebrates. These channels are involved in synaptic plasticity,
neurodegeneration, and pain perception [223].

2.7. Snake Venom Serine Proteinase (SVSP)

Structure

Serine proteinases are glycosylated proteins with enzymatic activity. Their
molecular weight ranges between 26 and 67 kDa, depending on the degree
of N- or O-glycosylation. The subgroup known as thrombin-like serine
proteinases is responsible for degrading fibrinogen and amplifying bleed-
ing conditions during envenomation [244]. In Bothrops asper venom (com-
mon lancedhead pitviper) serine proteinases are abundant constituents
representing between 5%-18% of the proteins, depending on the age of
the snake and their geographic region [235]. These proteases, along with
hyaluronidases, metalloproteinases, and phospholipases A, belong to the
group of hemotoxic enzymes that are important to viper venoms [232].

These proteases are characterized by a typical chymotrypsin fold and
two barrels of 6-stranded B sheets (Figure 16), their active site is located
in the cleft between the latter and includes a canonical catalytic triad of
His-Asp-Ser. Although they share between 50%-80% identity in their ami-
no acid sequences, they differ significantly in their substrate specificity,
and therefore, in their activity [233]. Several SVSPs have pharmacologic
activity (see Chapter 10). For instance, Mambalgins are toxins found in
black mamba venom (Dendroaspis polylepis). They have analgesic effects
by blocking channels with the ASIC1a and ASIC2a subunits in the central
nervous system, as well as channels that include the ASIC1b subunit in
nociceptors [229].
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Figure 16. AaV-SP-I,

a glycosylated serine
proteinases found in the
snake venom of Agkistrodon
acutus. Tridimensional
model taken from PDB
(code 10P0) and prepared in
UCSF Chimera v.117.3
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Biological activities

Hemotoxic and coagulopathic

The human body can counteract the hemorrhagic effect produced by me-
talloproteinases. However, the thrombin-like serine proteinases present
in the venom of viperids prevent the formation of an effective fibrin plug.
Under physiological conditions, endogenous thrombin cleaves specific re-
gions of fibrinogen in the circulation before bleeding. This exposes the site
for binding other fibrinogen molecules undergoing the same hydrolysis,
forming a fibrin mesh that stabilizes the clot and promotes hemostasis.

Thrombin-like serine proteinases simulate thrombin activity, but they
hydrolyze different sites on the fibrinogen molecule. This alters the bind-
ing between fibrinogen molecules, resulting in irregular consumption of
fibrinogen and unstable fibrin clot formation (Figure 17) [234-237]. While
many serine proteinases act on the a chain of fibrinogen, some purified
from Agkistrodon species act on both a and B chains [238]. In addition,
this subgroup of enzymes has the ability to activate coagulation factors
VIII and Xlll, as well as thrombin. They are also responsible for the acti-
vation of protein C, platelet aggregation, activation of plasminogen, and
factor V. These actions can result in consumptive coagulopathy (Figure 17)
[238,239].

Asperase was the first serine proteinases isolated from the venom of
Bothrops asper. It is a glycosylated enzyme with a molecular mass of
30 kDa. This protein promotes defibrinogenation in murine models and
causes behavioral alterations, such as loss of the righting reflex, opis-
thotonos (spasm of the muscles causing backward arching of the head,
neck, and spine), and intermittent rotations along the longitudinal axis of
the body. This characteristic is similar to that of Gyroxin, a thrombin-like
enzyme found in the venom of Crotalus durissus from Brazilian popula-
tions [236,240].
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Figure 17. Hemostatic
alteration model. Circulating
fibrinogen molecules
(represented in blue)
undergo inadequate
hydrolysis by thrombin-
like serine proteinases,
favoring their erratic and
excessive consumption

and resulting in deficient
fibrin clot formation and
unsatisfactory hemostasis.
Additionally, platelets
(structures in white)
aggregate inappropriately
at sites other than the
injury site, leading to
inappropriate consumption,
uncontained bleeding,

and the presence of
microthrombi. The image
was created with BioRender
and edited by Oscar A.
Ramirez Ruiz.

Figure 18. Schematic of

the blood coagulation
cascade pathways under
physiological conditions
indicating the respective
sites of action of snake
venom serine proteinases
(SVSP). Red arrows indicate
activation by SVSPs. The
black arrow indicates
fibrinogenase activity,
causing inadequate
consumption of fibrinogen,
and the dotted arrow
highlights the thrombin-
like activity (see more
information within the text).
Additionally, SVSPs act as
platelet activation enzymes,
allowing excessive and
inappropriate aggregation
of platelets. Moreover,
SVSPs activate protein C
(not shown in the figure)
and act as an anticoagulant
by irreversibly inactivating
factor Va and factor Vllla.
SVSPs can also act as
kallikrein-like enzymes,
converting kininogen into
bradykinin and exacerbating
the manifestations
associated with
hemodynamic disorders.
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Hypotension

The production of bradykinin (BK) by kallikrein-like serine proteinases,
both with the inhibition of BK degradation by bradykinin potentiating
peptides (BPP), results in an overall increase in BK levels. As a result,
stimulation of the bradykinin B, receptor induces vasodilation, as well as
anti-fibrotic and anti-inflammatory effects, through various intracellular
mechanisms [149,235].

Some isolated serine proteinases, mainly from viperid venoms but also
in elapids such as the sea snake Hydrophis hardwickii (Spine-bellied sea
snake), exhibit hypotensive activity similar to kallikrein that releases bra-
dykinin and causes vasodilation. These proteases degrade angiotensin |
into angiotensin Il that is then converted into tetrapeptides that do not
have hypertensive activity. Afterwards, fibrinogen levels in the blood de-
crease, altering blood flow, resulting in the release of BK and Met-Lys-
bradykinin from kininogen that act on B, and B, receptors, causing vasodi-
lation and subsequent hypotension [149].

2.8. C-type lectins (CTL) and C-type lectin-like proteins (CLP)

Structure

Snake venom lectins have properties that are intermediate between the
two important families of animal lectins, designated S and C type lectins.
They are extracellular and have this name because they require calcium
ions for their sugar-interacting activity. S-type lectins owe their name
to the fact that they require thiol group-reducing agents for full activity,
both intra and extracellular, and exhibit specificity for galactosides [241].

Several C-type lectins and related proteins have been isolated and
characterized from snake venoms. These proteins can be broadly classi-
fied into two main groups based on their structural and functional proper-
ties: true C-type lectins, and a more complex group of proteins structur-
ally related to C-type lectins, but with different functions, called C-type
lectin-like proteins (CLP) [242].

The C-type lectins are calcium-dependent. They are carbohydrate-bind-
ing proteins with canonical structures like selectins and mannose-binding
proteins. They are homodimers (or higher multimers) with sugar binding
properties (mainly galactosides; Figure 19A) [242]. The C-type lectins from
snake venom (SVgalLs) that bind to galactosides are an example of true
C-type lectins. One example of them is known from Lachesis stenophrys
venom (Central American Bushmaster) but is also present in venoms of
vipers such as Crotalus atrox (Western diamond-backed rattlesnake) [243].

The carbohydrate recognition domain (CRD) in SVgalLs is generally rep-
resented by three amino acid residues, Gln-Pro-Asp, considered determi-
nants in their calcium-mediated affinity for galactose. The specificity for
this carbohydrate is related to the interaction of hydroxyl groups 3 and 4,
with residues Q96 and D98 through hydrogen bonds [243].
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C-type lectin-like proteins have amino acid sequences similar to C-type
lectins, but they do not possess carbohydrate-binding properties. Addition-
ally, any association with Ca? does not occur through the classical C-type
lectin pathway with the binding loop. They are heterodimers, consisting of
closely related a and b subunits, generally linked by a disulfide bond, and
form an integrated structure by exchanging loops. They can also form larger
structures through a higher order multimeric association linked by disulfide
bonds or by non-covalent interactions [242]. C-type lectin-like proteins
(CLP) are named for their high sequence similarity (15%-40%) with the car-
bohydrate recognition domains of C-type lectins. The a and  subunits have
molecular weights of 14-15 and 13-14 kDa, respectively. Multimerization of
these heterodimers can occur through covalent and non-covalent interac-
tions, resulting in aB, (aB),, and (aB), structures. CLP aB heterodimers are
formed by domain swapping, where a domain from one subunit replaces
the corresponding domain of the other (Figure 19B) [244].

CLPs, also known as snaclecs, exhibit various activities such as anti-
coagulant effects and induction or inhibition of platelet aggregation [260],
depending on their structure and function. Pharmacological characteriza-
tion shows that snaclecs can either enhance or inhibit the function of
clotting factors, highlighting their potential in drug discovery for blood-
related diseases [244].

Figure 19. (A) Structure of
the C-type lectin purified
from Crotalus atrox snake
venom. PDB code TMUQ.
(B) Structure of a C-type
lectin-like protein called
flavocetin-A, purified from
Trimeresurus flavoviridis
snake venom. PDB code
1C3A. Molecules prepared in
UCSF Chimera v.1.17.3

Biological activities

Haemostatic disturbances

Platelets are essential for hemostasis, and their aggregation is the first
step in the blood coagulation cascade. This process depends on the in-
teraction of many platelet surface receptors, including ADP, collagen, and
other factors. Venoms contain components that disrupt this interaction
leading to continuous bleeding in the prey (Figure 20).

C-type lectins and related proteins target specific glycoprotein or integ-
rin receptors to inhibit or promote platelet aggregation. Most venom lectins
achieve their effects by targeting the platelet surface glycoprotein receptor
GPIb, and some also target GPIV that are involved in collagen-platelet inter-
action. Convulxin, isolated from the venom of Crotalus durissus from Brazil-
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ian populations, appears to participate in the pathway involving GPIV. Snake
venom C-type lectins also bind to integrins, as well as von Willebrand factor
(VWF), thrombin, and certain unidentified platelet surface receptors [246].

The effects of snaclecs include anticoagulant activity by inhibiting fac-
tors Xa and IXa and blocking the interaction between factor Xa and its co-
factors in the prothrombinase complex that is dependent on Ca?* [244,247].
For instance, thrombin inhibition that is dependent on calcium [268], and
platelet activation, where C-type lectins such as botrocetin and bitiscetin
from Bothrops jararaca and Bitis arietans, preferentially bind to the von Wil-
lebrand factor and enlarge the binding surface with the platelet receptor
GPlb, stimulate platelet aggregation [262,267]. In addition, the lectin echic-
etin found in the venom of Echis carinatus has antithrombotic properties, it
acts on the platelet receptor GPlb, preventing its aggregation [244].

Inflammatory response

The role of SVgalL in the inflammatory response has been investigated
using different animal models and approaches to evaluate the participa-
tion of leukocytes and the recognition of extracellular matrix (ECM) gly-
coconjugates in the inflammatory response. Lectins from Bothrops god-
mani (BgL) and Bothrops jararacussu (BJculL) have the ability to induce
increased vascular permeability in the mouse leg, resulting in moderate
acute edema. This relationship may be associated with the ability of lec-
tins to stimulate mast cell degranulation and the release of histamine and
serotonin to trigger local inflammatory responses [243].

Other lectin-related inflammatory events have been observed experi-
mentally. For instance, BJculL increases leukocyte adherence in microves-
sels of the cremaster muscles of mice. This toxin can bind to fibronectin
and vitronectin glycoproteins, suggesting that the migration of periph-
eral blood leukocytes to the inflammatory site involves cell adhesion to
lectin-mediated extracellular matrix (ECM) proteins. BJcuL not only rec-
ognizes glycoligands on the surface of the neutrophil cell, but also pro-
motes polarization and migration and improves adhesion to fibronectin
and Matrigel that are components of the ECM. This lectin induces func-
tional activation of neutrophils by increasing phagocytosis and superoxide
production. Galatrox, a lectin from Bothrops atrox venom, promotes acute
neutrophil migration and the release of IL-1a and IL-6 cytokines. In ad-
dition, it recognizes neutrophil cell membrane glycoconjugates, interacts
with ECM laminin, and induces neutrophil chemotaxis in vitro [243].

Effects on kidney function

In isolated rat kidneys, the lectins BiL (from Bothrops insularis), BpirL (from
Bothrops pirajai), and BmLec (from Bothrops moojeni) induced alterations in
renal function parameters, including perfusion pressure, vascular resistance,
urinary flow, glomerular filtration rate, and ion transport in the tubules. The
histological analysis of the kidneys of animals that received BiL suggests a di-
rect lesion of the glomerular and tubular renal cells. The mechanism involves
direct cytotoxicity in the glomerular region induced by lectins and the pres-
ence of systemic pro-inflammatory mediators such as prostaglandins [242].
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INJURY:

Nerve conduction abnormality / Flaccid
paralysis

TOXIN:

Phospholipases A2 (PLA2)

Irreversible Inhibition of acetylcholine
release

INJURY:

Nerve conduction abnormality / Flaccid
paralysis

TOXIN:

Three-finger toxin (3FTx)

Prevents the neurotransmitter
acetylcholine from binding to its
receptor

INJURY:

Acute renal injury

TOXIN:

C-type lectins (CTL) and C-type
lectin-like proteins (CLP)
Indirect alteration via thrombosis.

INJURY:

Acute renalinjury

TOXIN:

Phospholipases A2 (PLA2)
Direct injury on renal cells.

INJURY:

Immflamatory response

TOXIN:

C-type lectins (CTL) and C-type
lectin-like proteins (CLP, snaclecs)
Increase vascular permeability.

INJURY:

Myonecrosis, Local hemorrhage

TOXIN:

Phospholipases A2 (PLA2) and snake
venom metalloproteinases (SVMPs)
Muscle cell membrane degradation
and destabilization: hemorrhage,
ischemia, dermonecrosis, and blister
formation.

Figure 20. Effects of snake venom on the human body.

INJURY:

Haemostatic disturbances

TOXIN:

Serine Proteinases (SVSP)
Fibrinogen consumption and
production of an unstable fibrin clot

INJURY:

Hypotension

TOXIN:

Serine Proteinases (SVSP)
Synthesis of bradykinin and
degradation of angiotensin I, which
induce vasodilation.

INJURY:

Haemostatic disturbances

TOXIN:

C-type lectins (CTL) and C-type
lectin-like proteins (CLP, snaclecs)
Platelet aggregation/antiaggregation

INJURY:

Haemostatic disturbances

TOXIN:

Disintegrins (DIS)

Inhibition of platelet aggregation

INJURY:

Haemostatic disturbances

TOXIN:

Snake venom metalloproteinases
(SVMPs)

Massive consumption of coagulation
factors

INJURY:

Haemostatic disturbances

TOXIN:

L-amino acid oxidases (LAAOs)
Cytotoxicity on endothelial cells.
Platelet aggregation/antiaggregation.
Edema.
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2.9. Minor proteins and peptides in snake venoms

The omic (proteomic, transcriptomic, and genomic) techniques, along
with recent advances in chromatographic methods and bio-guided venom
fractionation, have enabled the identification of peptides and proteins
that are present in low quantities in snake venom. These substances in-
clude enzymes, proteins without enzymatic activity and peptides. The
following sections will describe the role of some of these minor toxins
in snakebite envenomation, as well as their potential biological activities.

Hyaluronidases

Hyaluronidases are enzymes found in snake venom that degrade hyaluro-
nan, the principal glycosaminoglycan from the extracellular matrix (ECM)
[7,248]. This degradation, combined with the cleavage of other compo-
nents of ECM such as collagen fibers, laminin, nidogen, and perlecan by
SVMPs, promotes the spreading of the other toxins at the bite site. This
shows that, for example, a hyaluronidase from Najo naja increases the
myotoxic activity of a PLA, and the hemorrhagic effect of a SVMP [249].

Snake venom hyaluronidase has the potential to generate low molecu-
lar mass fragments of hyaluronan that can activate the host’s inflamma-
tory response [250,251]. These same fragments may activate matrix me-
talloproteinases (MMPs) and increase damage to the extracellular matrix
(ECM). Studies have shown that these moieties upregulate the expression
of MMPs [252].

Acetylcholinesterases

Acetylcholinesterases are toxins that hydrolyze acetylcholine into choline
and acetate. Human enzymes degrade the neurotransmitter in the syn-
apses that is one mechanism for ending the signaling processes. Elapid
snake venoms typically contain these enzymes, except for mambas that
contain fasciculins, inhibitors of acetylcholinesterases [253,254]. These
enzymes could contribute to the neurotoxicity induced by three-finger
toxins and PLA_s (as discussed earlier in this chapter) by reducing the lev-
els of acetylcholine in synapses and promoting the action of the toxins.
However, this hypothesis requires further confirmation through additional
research.

Nucleotidases

Nucleotidases are enzymes that degrade nucleotides into nucleosides.
One sub-group of nucleotidases are the 5’ nucleotidases that specifi-
cally catalyze the hydrolysis of phosphate esterified at carbon 5’ of the
ribose of the nucleotides. These enzymes have been isolated from snake
venoms, and their principal biological activity is the inhibition of platelet
aggregation [255-258]. Thus, this activity can contribute to platelet inhi-
bition induced by other toxins, such as disintegrin, C-type lectins, PLAs,
and three-finger toxins. Adenosine is probably one of the nucleosides re-
leased. It can potentiate other activities, such as prey immobilization by
activating neuronal adenosine A receptors, suppressing acetylcholine re-
lease from motor neurons and excitatory neurotransmitters from central
sites. Adenosine also exacerbates venom-induced hypotension by acti-
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vating A, receptors in the vasculature. In addition, adenosine activates A,
receptors on the mast cells that lead to the release of vasoactive sub-
stances and increase vascular permeability [259].

Phospholipase B (PLB)

Phospholipase B hydrolyzes glycerophospholipids at the sn-1 and sn-2 po-
sitions [260]. These enzymes have been identified in snake venom pro-
teomic studies and venom gland transcriptomic analyses, including from
Colombian medically important species such as Micrurus dumerillii, Bothro-
cophias myersi, Porthidium lansbergii, and Bothrops asper [261-264]. The
first report of these enzymes in snake venoms indicates that they induce
hemolytic activity [265]. The PLBs possibly contribute to the lysis of red
blood cells caused by other toxins. However, due to their low quantities in
venoms, it has not been possible to identify other biological activities.

Cystein-rich secretory proteins (CRISPs)

Several snake venoms contain cystein-rich secretory proteins that target
ion channels such as BKCa channels (large-conductance calcium-activat-
ed potassium channels) and cyclic nucleotide-gated (CNG) ion channels
[266,267]. In addition, CRISPs increase vascular permeability and inflam-
matory responses by activating leukocyte and neutrophil infiltration [289].
Therefore, CRISPs contribute to the edema-forming activities of other
toxins, mainly PLA s and SVMPs.

Growth factors

Vascular endothelial growth factors (VEGFs) and nerve growth factors
(NGFs) have been identified in snake venoms [269,270], but their role in
snakebites is yet not fully elucidated. Studies have shown that NFGs and
VEGF can induce changes in different cell lines. For instance, a NGF iso-
lated from cobra venom was able to delay the growth of Ehrlich ascites
carcinoma [292]. Additionally, another NGF from the cobra Naja sputatrix
upregulates endogenous expression of NGF in PC12 cells, as well as pro-
survival cell surface receptors and ion channels [293]. On the other hand,
snake venom VEGFs induce hypotension, vascular permeability, and may
lead to endothelial cell differentiation [266,273].

Proteinase inhibitors

Several types of proteinases have been identified in snake venoms, includ-
ing kazal, Kunitz, and tripeptide inhibitors; but their roles in snakebites have
not been fully clarified. Kunitz-type proteinase inhibitors have antibleeding
activity by inhibiting plasmin [274,275]. In addition, Kunitz inhibitors have
been reported to exhibit antiangiogenic and anti-tumor activities [276]. On
the other hand, a kazal-type inhibitor isolated from the venom of Bothriechis
schelegelii did not display cytotoxic, hemorrhagic, or myotoxic effects. How-
ever, it did induce edema in the footpad of mice and inhibited the enzymatic
activity of trypsin. This inhibitor may reduce the proteolytic activity while
the venom is stored in the venom gland [277]. Some snake venoms con-
tain tripeptide inhibitors that are potent SVMP inhibitors that may attenu-
ate the proteolytic activity of metalloproteinases in the venom gland [278].
Other components identified in snake venoms include phosphodiesterases
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[259,279,280], aminopeptidases [281], and Vesprins [282,283], among others.
However, their roles in snakebites remain poorly understood.

6. Colombian snake proteomes

Venom in snakes facilitates their survival in an exclusive environment.
Understanding snake venoms is a challenge due to the complexity of the
toxins, their interrelationships, and the pathophysiological consequenc-
es of snakebite envenomation. Although venomous snake families share
protein groups, each group has related proteins that vary in their amino
acid sequence and abundance, contributing to differences in the overall
biological activity of individual venoms. For instance, viperid venoms have
high enzymatic activity that results in blood coagulation disturbances,
while elapid venoms show predominantly neurotoxicity [57].

The biochemical characterization of venoms show that they are es-
sentially mixtures of proteins and peptides that exhibit various biological
activities [567]. The understanding of venoms and their properties has be-
come more precise with the advancement of techniques and tools used
for their study.

The analysis of venom initially involved chromatographic studies added
to one-dimensional polyacrylamide gel electrophoresis, revealing large
protein groups. This provided a baseline for more specific studies. With
the advent of liquid chromatography associated with mass spectrometry
techniques, two-dimensional electrophoresis, and sequencing methods, a
global approach was carried out. This allowed for the visualization of the
complexity of the venoms and the individual characterization of proteins.

There are effective methods for handling raw venoms. One such in-
volves simplifying the venom prior to conducting mass spectrometry and
integrating it with Edmand¢s degradation sequence analysis [32]. Another
way to analyze the venom is through direct or shotgun approaches, using
liquid chromatography coupled to tandem mass spectrometry. Alterna-
tively, indirect approaches involve analyzing the chromatographic frac-
tions obtained from the crude venom or from the spots resulting from
two-dimensional (2-D) electrophoresis.

The method of choice depends on the research question. The total
number of unique proteins in the 2-D electrophoresis gel is typically high-
er than the number determined by direct analysis of the venom through
mass spectrometry. Each spot may contain more than one protein. This
is related due to the complexity of venoms, the presence of multiple iso-
forms, and post-translational modifications of proteins, rather than the
presence of many different proteins [57].

An example of a methodology for separating venom components is pro-
posed below using crotamine of the venom of C. d. cumanensis as a model
(Figure 21). In step 1, the venom is separated in each component by using
chromatographic methods; then a fraction is selected and taken to enzy-
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matic digestion in step 2. Using different techniques like mass spectrometry
or Edman sequencing the resulting peptides are overlapping to obtain the
primary structure. The study of the resulting peptides can also provide in-
formation on different forms (isoforms or proteoforms) of a protein. By using
specialized bioinformatics servers, the sequence can be used to predict a
tridimensional model of the protein (step 3). Step 4 stands for an alternative
way to identify the sequence by selecting the fraction and submitting it to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) to
verify its purity. Thus, the band is excised from the gel to be digested enzy-
matically (step 5), and the identification and modelling are done as previ-
ously described in the steps 2 and 3. Step 6 remarks the use of the sepa-
rated fraction to directly determine molecular mass by mass spectrometry.

An alignment using the Basic Local Alignment Search Tool (BLAST) was
performed using the sequences from peptides obtained after enzymatic
digestion that allowed for alignment with the crotamine from Crotalus
durissus terrificus (Brazilian populations). This sequence was then used
to predict the three-dimensional structure using SWISS MODEL Software
[228]. Additionally, these techniques have been used to compare ven-
oms, determine genetic, ecological, and geographic variations, and even
to build phylogenetic hypothesis of the species that produce specific tox-
ins [57,284,285].

Reverse phase liquid chromatography is the most used technique for
intact protein separation. However, it cannot isolate various forms of pro-
teins (proteoforms) due to the variation in their physicochemical proper-
ties. Therefore, other separation methods based on hydrophobicity, hy-
drophilic interaction, charge, size and affinity, are also employed [286].
Even other techniques, such as electrophoresis and isoelectric focusing,
have been described as possible alternatives [287].

However, these separation techniques may not always effectively re-
solve complex proteomes. In contrast, top-down proteomic strategies
can be used to identify and characterize proteins by fragmenting intact
proteins, rather than measuring peptides produced from proteins through
tryptic digestion procedures [198]. Direct analysis of intact proteins pro-
vides enriched data, covering nearly the complete protein sequence, and
enables identification of proteoforms and the localization of modifica-
tions [288]. Currently, this technique is limited to low and medium-size
proteins. However, it will probably be used for larger protein complexes in
the near future.
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Snake venom proteomes are typically represented graphically as pie
charts, displaying the abundance percentage of each protein family and
its relation to the venom’s overall activity (See Chapter 3). In Colombia,
the venom of vipers (Figure 22), shows a higher concentration of metallo-
proteinases in juvenile Bothrops asper specimens that tends to decrease
in adult individuals. This difference is compensated by a slight increase in
the presence of PLA, serine proteinases, and L-amino acid oxidases [289].
In the venom of Bothrops atrox, metalloproteinases represent almost 50%
of the proteome. While PLA, is also present, it is worth noting that the
venom contains duplicate amounts of serine proteinases and L-amino
acid oxidases compared to its Brazilian counterpart [290].

Porthidium lansbergii venom maintains the 2:1 ratio between metal-
loproteinases and PLA,, but it also contains a significant amount of
disintegrins and C-type lectins (13% and 7%, respectively) [291]. Al-
though the venom of P. lansbergii is rich in these components, stud-
ies of their biotechnological applications are still in their early stages
[292]. In contrast, the venom of Bothrocophias myersi (Equis red snake)
is mainly composed of PLA, and SVMPs (54% and 21.4%, respectively)
[284]. The venoms of other vipers, such as Bothrocophias campbelli
(Chocoan toadhead pitviper) contain less than 1% disintegrins [198] or
the venom from Crotalus durissus, which have 1.18% of C-type lectins
in its proteome [293].

Particularly, the venom of C. durissus is composed of over 60% cro- risre 22. Toxin
toxin, a neurotoxic PLA,, and 6% crotamine, a low molecular weight myo- representativeness in

. . . . . the venom proteomes
toxin that is typical of rattlesnakes [293] (Figure ?2). In contra.st, Lache§/s of Colombian pitviper
acrochorda (Chocoan Bushmaster) has a predominance of serine protein- snakes with available
ases, followed by metalloproteinases and vasoactive peptides, including Sii'nfiizigbgz‘;mg';'
uncommon toxins like bradykinin-potentiating peptides (BPP) and C-type PLA : phospholipase A’Z;
natriuretic peptide (C-NP) [294]. SVSP: snake venom serine

proteinase; SVMP: snake

venom metalloproteinase;
LAAO: L-amino acid
oxidase; CRISP: cysteine-
rich secretory protein;

Bothrops punctatus

Bothrops ayerbei* _ = Crotoxina CTL: C-type lectins and
Crotamina lectin-like; DIS: disintegrin;
Bathrops atrox _ - =PLA2 NGF: nerve growth factor;
'Eﬁz VEGF: vascular endothelium
savors sor [ N N growth factor; PEP: other
= CRISP peptides; UNK: unknown;
=DIS phospholipase A, type
P———— ' e e neurotoxin obtained from
«PDE rattlesnake venom of the
VEGF A low molecular weight
) = Descanacidas myotoxin from rattlesnake
s surscs o1 | W [N venom of the genus
0 10 20 30 40 50 60 70 80 o0 100 Crotalus. Species venom
Percentage of protein families (%) proteomes were retrieved

from [81,290,293,295-297].
Only eight species of Colombian elapids have proteomic characteriza-

tions available. When considering the dichotomy of 3FTx-PLA,, in the ven-
om of Micrurus mipartitus, 3FTxs predominate with 61% [285], while for M.
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Figure 23. Toxin
representativeness in

the venom proteomes of
Colombian Coral snakes
with available data. PLA;
phospholipase A,; SVSP:
snake venom serine
proteinases; SVMP: snake
venom metalloproteinases;
LAAO: L-amino acid
oxidase; CRISP: cysteine-
rich secretory protein;
CTL: C-type lectins and
lectin-like; 3FTx: three-
finger toxins; KUN: Kunitz
peptides. Species venom
proteomes were retrieved
from [264,285].

dumerilii, M. helleri, M. medemi, and M. sangilensis 52%, 41%, 43% and 30%
of the proteome is represented by PLA,, respectively [264], which includes
significant proportions of Kunitz peptides for M. dumerilii and metallopro-
teinases for M. helleri, M. medemi, and M. sangilensis (Figure 23). The venom
of the pelagic yellow-bellied sea snake Hydrophis platurus from the Costa
Rican population contains approximately 50% 3FTx, compared to 33% PLA,
[297], However, no Colombian population has been yet characterized.

Micrurus medemi

N N mPLA2
Micrurus helleri 3FTx
= SVMP
PLB

mSVSP
uLAAO
mCRISP

Micrurus sangilensis

CTL

m Hialuronidasa
uNGF
mKUN

mVesprina
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Micrurus mipartitus

Hererus cumertt _ - -

10 20 30 40 50 60 70 80 90 100
Percentage of protein families (%)

=)

Although the characterization of venom proteomes from Colombian
snake species has increased, further studies are needed. Due to low en-
counter rates, cryptic habitats, and high species richness, most venoms
from medically important snakes in Colombia lack proteomic character-
ization, with coral snakes (Micrurus) showing the greatest knowledge gap.
In this way, identifying the main toxins from the venom of each species
will allow us to understand the pathophysiological activities of each com-
ponent and their potential applications in biotechnology and medicine.

Potential uses of snake venoms

Snake venoms are complex mixtures containing toxins that target several
physiological processes. They have been recognized as sources of bio-
active molecules since the discovery and development of captopril (see
Chapter 10). There have been successful cases in which drugs have been
produced from snake toxins. For instance, Tirofiban is a drug used to in-
hibit platelet aggregation in acute coronary syndromes. The disintegrin
identified in the venom of Echis carinatus was modified and formulated
to develop this drug [298].

Snake venoms are also useful for studying biological processes. For
instance, batroxobin is used for diagnostic purposes in clinical chemistry.
Reptilase (Reptilase®, Pentapharm, Basel, Switzerland) is an alternative to
thrombin time in samples that contain heparin or to diagnose hypofibri-
nogenemia [299]. Venoms are important sources of bioactive compounds
that have potential as lead compounds for drug development or as mol-
ecules for studying some biological processes (see Chapter 10).
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Appendix: Material and Methods

Visualization of the Secondary Structure of Toxins in 3D

In this chapter, the study of toxins is approached from their secondary
structure. For accurate visualization, regions with secondary structures
are selectively colored: alpha helices (in magenta), beta sheets (in green/
yellow), turns, and random structures (in white).

A schematic visualization mode was chosen to showcase the Richard-
son rep-resentation (MolScript). This method resembles the ribbon model
but uses ar-rowheads to indicate the orientation of strands and helices,
while segments lacking secondary structure are depicted as cords rather
than ribbons [301,302].

In some proteins, or specific regions within them, there are insufficient
interac-tions to distinguish any level of organization beyond the primary
structure. In such cases, this is referred to as a random coil conformation.

When the main chain or backbone of a polypeptide folds into a right-
handed helical shape, it adopts a conformation known as an alpha helix.
Conversely, when the polypeptide's backbone is stretched to its maxi-
mum covalent bond length, it assumes a spatial configuration known as
a beta structure (beta sheet), typically represented by arrows [302]. Beta
sheets can be parallel (when strands run in the same direction) or anti-
parallel (when strands run in opposite directions).

Polypeptide chain sequences with alpha or beta structures are often
con-nected by beta turns. These are short sequences with a characteris-
tic confor-mation that imposes a sharp 180-degree turn on the polypep-
tide backbone.

The 3D toxin models were obtained from the Protein Data Bank (PDB),
down-loaded in Wavefront format (.obj), and subsequently optimized us-
ing Blend-er[303,304]. They were then imported into Jmol to generate the
schematic-style pattern and exported in 3D VRML format [305]. Finally,
the models were imported into the Sketchfab platform to generate the
HTML visualization code [306].
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