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Abstract Snake venom contains mixture of bioactive
proteins and polypeptides. Most of these proteins and
polypeptides exist as monomers, but some of them form
complexes in the venom. These complexes exhibit much
higher levels of pharmacological activity compared to
individual components and play an important role in
pathophysiological effects during envenomation. They are
formed through covalent and/or non-covalent interactions.
The subunits of the complexes are either identical (homo-
dimers) or dissimilar (heterodimers; in some cases subunits
belong to different families of proteins). The formation of
complexes, at times, eliminates the non-specific binding
and enhances the binding to the target molecule. On several
occasions, it also leads to recognition of new targets as
protein-protein interaction in complexes exposes the criti-
cal amino acid residues buried in the monomers. Here, we
describe the structure and function of various protein
complexes of snake venoms and their role in snake venom
toxicity.
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Introduction

Snake venom is a mixture of bioactive proteins and poly-
peptides, produced and stored in a highly specialized
venom gland. After their administration through a bite,
these proteins and polypeptides function as toxins and
attack various physiological systems, often leading to death
and debilitation of the prey or victim. These toxins are
classified as enzymatic and non-enzymatic proteins. Most
snake toxins exhibit their pharmacological activities on
their own. However, some proteins form covalent/non-
covalent complexes with other proteins to exhibit more
potent pharmacological activities. These synergistic inter-
actions between venom proteins enhance the lethal potency
of the snake venom.

Since the isolation of crotoxin from the venom of Cro-
talus durissus terrificus [1], many other snake venom
protein complexes have been identified and characterized.
Most of the early protein complexes studied are potent
neurotoxins and contain either phospholipase A, (PLA;) or
PLA,-like molecules. In the last 2 decades, complexes
involving other families of venom proteins, such as
metalloproteases, serine proteases, Snaclecs [C-type lectins
(CTLs) and C-type lectin-related proteins (CLRPs)] and
three-finger toxins (3FTxs), have also been reported. Some
of these protein complexes exhibit procoagulant, antico-
agulant and antiplatelet activities. Over the last couple of
decades, the complex formation and its effects on phar-
macological effects of various snake venom protein
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complexes have been thoroughly characterized. In this
review, the structure, biological activities, role of individ-
ual subunits and interaction among the subunits of snake
venom protein complexes have been discussed.

Phospholipase A, (PLA,) complexes

PLA, enzymes are one of the most extensively studied
families of snake venom proteins [2]. They mostly exist as
monomers. However, several of them interact with other
PLA, (or PLA,-like molecules) or with other proteins to
form complexes (Fig. 1) either through covalent or non-
covalent interactions. Functionally, these PLA, complexes
exhibit presynaptic neurotoxicity [3] and play an important
role during envenomation.

Covalent complex

p-Bungarotoxins (-BuTx) are one of the well-studied PLA,
complexes isolated from the venom of Bungarus multi-
cinctus (Taiwan banded krait) [4]. So far, as many as 16
isoforms have been reported from Bungarus species [5], and

8 of them, namely 1-5 [6] and SPI-SPIII [7], have been
studied in detail. Structurally, they are covalently linked
heterodimers (Fig. 2a); chain A is homologous to Group I
PLA, enzyme, while chain B is structurally similar to
Kunitz-type serine protease inhibitors and dendrotoxins
[8, 9]. As with other PLA, enzymes, chain A has 122 amino
acid residues. It has 13 cysteine residues, of which 12 form
six disulphide bridges, but the unique disulphide bridge
(Cys11-Cys77) of Group I PLA, is absent. The extra cys-
teine residue at the 15th position forms the interchain
disulphide bridge with chain B [3]. Chain B is structurally
similar to bovine pancreatic trypsin inhibitor (BPTI) and has
61 amino acid residues and 7 cysteine residues. Six of the
cysteine residues are conserved, which form three disul-
phide bridges, but the 7th cysteine residue at the 55th
position is involved in the interchain disulphide bond with
Cysl5 of chain A (Fig. 2b).

The crystal structure of -BuTx was determined by
Kwong and co-workers [10]. Structurally, the « helices and
the Ca*" binding loop in chain A are similar to other PLA,
molecules. However, there is a conformational change in
the region where it interacts with chain B (residue 13-16
and 74-76), as well as in the substrate binding loop
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Fig. 1 Schematic representation of covalent and non-covalent snake venom PLA, complexes
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Fig. 2 a Ribbon model of
f-bungarotoxin (f-BuTx) a
(PDB ID: 1BUN) showing the
disulphide linkage between
chain A and chain B. b Inter-
chain disulphide bridge is
formed between (highlighted in
red) 1st Cys of chain A and 6th
Cys of chain B, and the linkage
is shown in both the ribbon
model and amino sequences

b
Chain B

RKRHPDCDKPPDTKICQTVVRAFYYKPSAKRCVQFRYGGCNGNGNHFKSDHLCRCECLEYR

S S

Chain A  NLINFMEMIRYTIPCEKTWGEYADYGCYCGAGGSGRPIDALDRCCYVHDNCYGDAEKKHK
CNPKTQSYSYKLTKRTIICYGAAGTCGRIVCDCDRTAALCFGNSEYIEGHKNIDTARFCQ

(residue 63-65). Similarly, the C-terminal region of chain
B shows conformational change due to the interaction with
chain A, and this conformational change accounts for the
lack of protease inhibitor activity [10]. In addition to the
interchain disulphide bridge, ionic interactions between
Glul6 of chain A and Lys48 of chain B, and a hydrogen
bond between Arg75 of chain A and carbonyl oxygen atom
of Leu58 of chain B in the interface play important roles in
the interaction and contribute to the overall stability of this
covalent complex.

Functionally, f-BuTx binds to the presynaptic site at the
neuromuscular junction and disrupts the neurotransmission.
In the mid 1980s, Su and Chang [11] studied the effect of
p-BuTx on the nerve terminal and summarized the series of
events during neurotoxicity as: (1) initial weak reduction
in the spontaneous acetylcholine release, (2) subsequent
enhancement of the release of acetylcholine and (3) a final
decrease in the release of acetylcholine leading to complete
failure of neurotransmission. Subsequently, several studies
were done to understand the effect of f-BuTx in the nerve
terminals. As mentioned earlier, chain B is similar to den-
drotoxin from Dendroaspis venoms, which blocks voltage
sensitive K channels. Hence, when muscle preparation is
pretreated with dendrotoxin, the neuromuscular block by
p-BuTx slows down. This indicates that both -BuTx and
dendrotoxin target the same receptor/acceptor [12] and that
chain B exhibits the blocking activity by binding to the
voltage gated K channel [12-14]. Chemical modification
studies show that the inhibition of PLA, activity of chain A
inhibits the neurotoxic effect, suggesting the involvement of

enzymatic activity in the neurotoxicity [15, 16]. Chain B
binds to the K channels in the target presynaptic site due to
its high affinity interaction and in turn helps chain A to bind
to the presynaptic site [17-19].

Non-covalent complexes
Homodimeric PLA, complexes

Trimucrotoxin from the venom of Trimeresurus mucro-
squamatus (Taiwan habu) is the only known homodimeric
PLA, complex. Functionally, it exhibits presynaptic
neurotoxicity. The subunits are 14 kDa in size, and the
amino acid sequence determined by the N-terminal and
cDNA sequencing reveals that they belong to the Group II
PLA, enzyme. It is structurally, immunologically and
pharmacologically similar to crotoxin (discuss below) and
agkistrodotoxin [20]. The crystal structure of this complex
has not been determined, and the exact mode of interaction
between the subunits is not known.

Heterodimeric complexes

Crotoxin and related toxins: Crotoxin is the major toxic
component of C. durissus terrificus (South American rattle-
snake) venom and was first reported in 1938 by Slotta
and Fraenkel-Conrat. It was the first snake venom protein
to be crystallized [1] and was re-crystallized recently [21].
This is the major toxic component of Crotalus venoms,
and so far in C. durissus terrificus venom as many as 15
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isoforms of crotoxin have been identified and characterized
[22, 23].

Crotoxin is composed of two subunits, the non-toxic
acidic subunit (CA) named crotapotin, which lacks PLA,
activity, and the weakly toxic basic subunit (CB), which
exhibits PLA, activity (Fig. 1) [24]. The CA subunit is made
up of three disulfide-linked polypeptide chains. They are
generated by proteolytic cleavage of the CA precursor, which
is similar to the Group IT PLA; enzyme (Fig. 3). So far, four
isoforms (CA1, CA2, CA3 and CA4) of this precursor have
been identified in the transcriptome of C. durissus terrificus
[25]. The proteases involved in the processing of the CA
subunit are yet to be identified. The CB subunit is an intact
Group II PLA, enzyme. Although it was the first toxin to be
crystallized, the three-dimensional structure of the complex
is not yet available. Only recently, the crystal structure of
individual CB subunits has been reported [26].

Functionally, crotoxin is a potent neurotoxin [1], which
acts at neuromuscular junctions and blocks transmission of
nerve signals. Similar to the native crotoxin complex, the
CB subunit causes a blockade of neuromuscular transmis-
sion and exhibits other pharmacological effects, while CA

Fig. 3 a Proteolytic cleavage of a
chain A precursor of crotoxin.
Chain A precursor undergoes
proteolytic cleavage to form
three polypeptide o, ff and 7
chains. These polypeptides are
linked by disulphide bridges.
The inter-chain disulphide

bridge is shown in straight lines. o

b Schematic representation of ¥ chain:

proteolysis and inter-chain )

disulphide bridge o chain:
B chain:
b

Proteolytic cleavage

is pharmacologically inactive [27]. Although the CB
subunit exhibits neurotoxic activity, the native crotoxin
complex is at least one order of magnitude more potent
than CB alone. The CA subunit acts as a chaperone by
blocking the CB subunit from binding to non-specific sites
and guides the CB subunit to its specific target site, leading
to the increased potency. Binding experiments show that
the toxin complex dissociates upon binding to the synaptic
membranes [9]. If this dissociation is prevented by a
covalent linkage between the subunits, the lethal potency
of crotoxin is completely abolished [28]. Thus, the disso-
ciation of the complex is important for exhibiting its
biological activity. In addition to the neurotoxicity, cro-
toxin exhibits a number of other biological activities,
including local myotoxicity [29], systemic myotoxicity and
myoglobinuria [30], inhibition of inflammatory response
[31, 32], initiation of platelet aggregation [33, 34], anal-
gesic effect [35], inhibition of macrophage function [31]
and cytotoxicity on several tumor cell lines [36-39]. Cro-
toxin is more cytotoxic to cell lines that express high levels
of epidermal growth factor receptors [37]. However, the
role of these receptors in cytotoxicity is not yet understood.

SLVEFETLMMKIAGRSGISYYSSYGCYCGAGGQGWPQDASDRCCFEHDCCYAKLTGCDPTT
DVYTYRQEDGEIVCGEDDPCGTQICECDKAAAICFRNSMDTYDYKYLQFSPENCQGESQPC
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Crotoxin causes the necrosis of skeletal muscle, and the CB
subunit is as potent as the complex in causing skeletal
muscle necrosis [29, 40]. This might be due to the basic
nature of the CB subunit. Therefore, crotoxin is a multi-
functional protein complex that exhibits various biological
activities.

Crotoxin-like neurotoxins in other rattlesnake venoms
have also been purified and characterized, such as ver-
grandis toxin from C. vergrandis [41], concolor toxin from
the C. viridis concolor and canebrake toxin from C. hor-
ridus atricaudatus venoms [41-45]. Other venoms that
contain crotoxin-like complexes include Sistrurus catena-
tus tergeminus, C. mitchelli mitchelli, C. horridus
atricaudatus, C. basiliscus and C. durissus cumanensis
[46]. Among crotoxin-like complexes, Mojave toxin iso-
lated from the venom of C. scutulatus scutulatus (Mojave
rattlesnake) is the second most-studied homolog of cro-
toxin [42, 47]. The acidic subunit undergoes proteolytic
processing similar to crotoxin [24, 48]. Using anti-Mojave
toxin antibodies and genomic DNA analysis, Mojave toxin
and similar neurotoxins have been found in five subspecies

a B-chain (Inh)

Vipoxin

b

Vipoxin A chain
ViperotoxinF A chain (RV4)

Vipoxin B chain (Inh)
ViperotoxinF B chain (RV7)

Vipoxin

Fig. 4 a Ribbon model of vipoxin (PDB ID: 1AOK) and viperotoxin
F (PDB ID: 10QS) showing PLA, subunit (red) and its inhibitor
(green). The active site residue, His48, is replaced with GIn48 in the
inhibitor, which is shown in a stick and ball model. b Alignment of
amino acid sequence of chain A and B of vipoxin and viperotoxin F.

of Crotalus helleri (Southern Pacific rattlesnake) [49]. The
presence of Mojave toxin in C. s. scutulatus distributed in
Arizona, New Mexico and Texas was analyzed using their
DNA samples. The acidic subunit was not amplified from
three DNA samples obtained from Arizona, and hence
these snakes might lack the Mojave toxin [50].

Functionally, Mojave toxin is presynaptically neurotoxic
[43]. This toxin acts as a calcium channel blocker at the
presynaptic membrane [51], and dihydropyridines recep-
tors are found to be its molecular target [52]. Similar to
crotoxin, the acidic subunit of the Mojave toxin is non-
toxic, but it enhances the toxicity of the basic subunit,
which has weak PLA, activity [53].

Vipoxin and related toxins: Vipoxin isolated from the
venom of Vipera ammodytes meridionalis (Bulgarian snake)
[54] is the only known postsynaptic neurotoxic complex [55]
(Fig. 4). Both the subunits of this heterodimeric complex are
PLA, molecules with 60% similarity to each other. How-
ever, there is a crucial substitution of His48 to GIn48 at the
active site of the acidic subunit, which leads to the loss
of enzymatic activity. Interestingly, this acidic subunit

B-chain (RV-7)

Viperotoxin F

(PLA2) : NLFQFAKMINGKLGAFSVWNYISYGCYCGWGGQGTPKDATDRCCFVHDCCYGRVRGCNPKLAIYSYSFKKGNIVCGKNNGCLRDICECDRVAANCFHQONKNTYNKNYKFLSSSRCROTSEQC
: NLFQFARMINGKLGAFSVWNYISYGCYCGWGGQGTPKDATDRCCFVHDCCYGGVKGCNPKLAIYSYSFQRGNIVCGRNNGCLRTICECDRVAANCFHONKNTYNKEYKFLSSSKCRQRSEQC

: NLFQFGDMILQKTGKEAVHSYAIYGCYCGWGGQARAQDATDRCCFAQDCCYGRVNDCNPKTATYTY SFENGDIVCGDNDLCLRAVCECDRAAAICLGENVNTYDKNYEYYSISHCTEESEQC
: NLFQFGEMILQKTGKEVVHSYAIYGCYCGWGGQGRAQDATDRCCFVHDCCYGTVNDCNPKTATYSY SFENGDIVCGDNDLCLRTVCECDRAAAICLGONVNTYDKNYEYYSISHCTEESEQC

The substituted amino acid residues are highlighted in grey. ¢ The
surface residues that are substituted in vipoxin are shown in a stick
model (blue color). The surface charge of vipoxin and viperotoxin F
is shown
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(Inh—inhibitory subunit) inhibits the enzymatic activity of
the basic subunit [55]. This is a unique example of modu-
lation of the catalytic and toxic functions of PLA, by an
inactive, non-toxic PLA, [56]. The crystal structure of vip-
oxin shows that the active PLA, subunit and its Inh have
similar structures that are comparable to other PLA, struc-
tures. The interactions between these two polypeptides are
mediated by 12 intermolecular contacts that stabilize the
complex. The conformation of the Ca*™ binding loop of the
basic subunit in the complex is different from other PLA,
enzymes, resulting in lower enzymatic activity [57]. Func-
tionally, it acts on the postsynaptic membrane to prevent the
binding of acetylcholine to its receptor and thus blocks the
neuromuscular transmission. Interestingly, the separated
basic subunit shows presynaptic neurotoxicity, similar to
several other PLA, enzymes [58].

Viperotoxin F, a heterodimeric neurotoxin, is the major
lethal component from the venom of Vipera russelli for-
mosensis (Taiwan viper). It is comprised of two subunits: a
basic neurotoxic PLA, component (RV-4) and a non-toxic
acidic component with low enzymatic activity (RV-7) [59].
The low enzymatic activity of RV-7 is due to the substi-
tutions in the amino acid residue found at the 7th, 17th,
59th, 114th and 119th positions, which are likely to be
involved in binding to the aggregated lipid substrates.
RV-7 inhibits the enzymatic activity of RV-4, but enhances
its lethal potency and neurotoxic effect similar to acidic
subunit of vipoxin. It has been suggested that the acidic
component guides the specific binding of RV-4 to the
neurotoxic site by preventing its non-specific absorption
[59]. The crystal structure of this complex has been solved,
and the two components interact through ionic, hydro-
phobic and hydrogen bonds [57] (Fig. 4). Although
viperotoxin F and vipoxin are structurally similar, they
differ in their mode of action: (1) the former is a presyn-
aptic neurotoxin, while the latter is a postsynaptic
neurotoxin; (2) Inh decreases the toxicity of vipoxin while
RV-7 enhances the toxicity of RV-4/RV-7 complex;
(3) acidic component of viperatoxin F (RV-7) has low
enzymatic activity, whereas vipoxin (Inh) has no activity
due to substitution of His48 to GIn48 [59, 60].

A similar heterodimeric neurotoxin, Vipera toxin, has
been reported from the venom of Vipera palestinae [61].
Structurally, it is similar to Viperotoxin F [62, 63], and
individually, the two subunits are found to be non-lethal,
but the reconstituted complex is toxic.

Another heterodimeric neurotoxin reported from snake
venom includes Pseudocerastes neurotoxin from the
venom of Pseudocerastes fieldi (Field’s horned viper) [64].
It is made of two non-covalently associated subunits, a
basic weakly toxic subunit (Cb II) and an acidic subunit.
The acidic subunit has two different isoforms, Cb Ia and
Cb 1p [65]. All the subunits are PLA,-like molecules, but

the acidic subunits are inactive towards phosphatidylcho-
line [66], despite having all the conserved putative catalytic
residues (His48, Asp49, Ca’'-binding loop, the hydro-
phobic pocket and interfacial recognition site). Similar to
the acidic subunit in viperotoxin, Cbl enhances the lethal
potency of the basic and weakly toxic subunit, CbII [65].

Heterotrimeric PLA, complexes

Taipoxin and related toxins: Taipoxin, isolated from
Oxyuranus s. scutellatus (Australian taipan snake), is one
of the most potent animal toxins. It is a heterotrimeric
PLA, complex that exhibits toxicity through a presynaptic
neuromuscular blockade [67]. Structurally, it has three
subunits, namely o,  and y (Fig. 1). Functionally, the o
subunit is the most toxic, and the y subunit is moderately
toxic, but the f subunits (-1 and f-2) are non-toxic
[67, 68]. Amino acid sequences reveal that the o and f
subunits belong to Group IA and the y subunit belongs to
Group IB PLA, molecules. The y subunit is similar to
mammalian pancreatic pro-PLA, enzyme with an additional
eight-residue propeptide at the N-terminal. However, the y
subunit retains this propeptide unlike the pancreatic PLA; in
which it is cleaved off during activation. The y subunit is
glycosylated, and the carbohydrate moiety is attached at
Asn78 position. In contrast to other subunits that have seven
disulphide bridges, y subunit has eight disulphide bridges,
and the extra disulphide bridge is found in between Cys23
and Cys27. The y subunit is the most important subunit of
this complex as it acts as a chaperone to stabilize the com-
plex and protects the o subunit from dissociation [69]. The y
subunit most probably interacts with the basic o subunit at
the C-terminal region as it contains a stretch of negatively
charged residues that are likely to be involved in this inter-
action [67]. The three-dimensional structure of this protein
complex is not yet known.

Paradoxin isolated from the venom of Parademansia
microlepidotus (currently known as Oxyuranus microlepido-
tus) [70, 71] and Cannitoxin isolated from the venom of
Oxyuranus scutellatus canni [72] are homologs of taipoxin.
Structurally, they have three subunits, o, § and 7, and func-
tionally they act as presynaptic neurotoxins similar to taipoxin.

Heteropentameric PLA, complexes

Textilotoxin is structurally the most complex neurotoxin
isolated from Pseudonaja textilis venom [73]. It is among
the most potent neurotoxins as the LDs is as low as 1 pg/kg
(i.p.) in mice. It has a molecular weight of 70,551 Da and
consists of four subunits, namely A, B, Cand D, ata 1:1:1:2
ratio [74]. All of the subunits are putative PLA, molecules
(Fig. 1). Subunit A is basic in nature, and it is the most toxic
among the subunits. Subunit B is similar to the f§ subunit of
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taipoxin in the amino acid sequence and is non-toxic to mice.
Subunit C is similar to subunit A, but has low PLA, activity
and lethality. Two identical subunit D polypeptides are
linked together by a disulfide bond, and each chain is similar
to y subunit of taipoxin in its amino acid sequence, glyco-
sylation and N-terminal propeptide. It has a single
glycosylation site at Asn93 [75]. Similar to subunit C, it
shows very low PLA, activity. The decrease in enzymatic
activity is due to the presence of the propeptide at the
N-terminal, which blocks the hydrophobic channel [76].

Other PLA, complexes

Taicatoxin, an oligomeric complex isolated from the
venom of Oxyuranus scutellatus scutellatus (Australian
taipan snake), is the only known non-neurotoxic PLA,
complex. This complex causes its toxic effects by blocking
the Ca®* channels [77]. It consists of three distinct sub-
units, an o-neurotoxin-like peptide, a neurotoxic PLA, and
a serine protease inhibitor (Fig. 1). These subunits form the
oligomeric complex by non-covalent interactions at an
approximate stoichiometry of 1:1:4 [78]. Taicatoxin is
reported to retain its Ca>™ channel-blocking activity even
after removal of the neurotoxic PLA, subunit from the
complex, but with a decreased potency. This indicates that
the neurotoxic PLA, subunit acts as an enhancer in this
complex. However, taicatoxin completely loses its block-
ing activity when the protease inhibitor is removed from
the complex. These results indicate that the o-neurotoxin-
like peptide and the protease inhibitor subunit are impor-
tant in binding of taicatoxin to the Ca** channel [78].

Protease complexes

Snake venom, particularly from Viperidae and Crotalidae
families, contains proteases that affect the blood coagula-
tion cascade and helps in digestion of prey [79-86]. These
proteases are divided into metalloproteases or serine pro-
teases. Although most of them are pharmacologically
active by themselves, some require additional components
to exhibit optimal activity.

Metalloprotease complexes

On the basis of their domain architecture, snake venom
metalloproteases are classified into different types (P-I to
P-III) [87, 88]. Only a few members of the class P-III
(classified as P-IIId class [89]) metalloproteases are com-
plexes as they have an extra subunit that interacts through
covalent or non-covalent interactions. Two of these com-
plexes are well studied and have similar architecture but
distinct specificity (described below).

RVV-X is a factor X-activating protein isolated from
Russell’s viper venom (Daboia russelli). It is a glycosyl-
ated heterotrimeric complex consisting of one heavy
and two light chains [90]. The heavy chain consists of
a metalloprotease, disintegrin and cysteine-rich domains
(Fig. 5). The two light chains are homologous to CLRPs
isolated from various snake venoms [91-93]. This protein
complex activates factor X to Xa by cleaving the internal
Arg®'-Tle>® bond of factor X [87, 94]. The two light chains
(A and B) are involved in the binding to the Gla domain of
factor X. Ca®" plays an important role in this activation
process as Ca®" induces conformational changes in the Gla
domain of factor X, which might be necessary for the
RVV-X recognition [92]. The RVV-X crystal structure has
been solved recently, and it exhibits a “hook-spanner-
wrench” configuration (Fig. 5). The heavy and light chains
form the hook and the handle, respectively [95]. The heavy
chain is covalently linked to the light chain via a disulphide
bridge between the Cys339 of heavy chain and Cys133 of
light chain A. The two light chains are linked by disulphide
bridges between Cys79 and Cys77 of chain A and B,
respectively. The two light chains form a concave structure

Cysteine-rich
domain

r CTLPs

Fig. 5 Ribbon model of RVV-X (PDB ID: 2E3X) showing different
domains: metalloproteinase domain (red), disintegrin domain (megn-
eta), cysteine rich domain (yellow) and CTLP domain (green and
turquoise). The interchain disulphide bridges are encircled (red)
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at the point of contact similar to the ligand-binding site of
factor IX/X binding protein. This concave surface func-
tions as an exosite that binds to the Gla domain of factor X.
RVV-X is an example of venom complex that has evolved
to target specific proteins in the blood coagulation cascade
and to cause immediate toxicity to the vertebrate prey by
coagulating its blood.

Carinactivase-1 (CA-1) is a heterodimeric protein
complex isolated from the venom of Echis carinatus that is
a potent prothrombin activator. It is structurally similar to
RVV-X, but its heavy and light chains interact non-cova-
lently. The heavy chain is structurally similar to ecarin, and
the two regulatory subunits are similar to factor IX/
X-binding protein and CLRPs. It primarily recognizes the
Ca*"-bound conformation of the Gla domain of pro-
thrombin for activation [96]. The light chains contribute to
the specificity as well as calcium dependency. This protein
has been used commercially to quantify prothrombin levels
in the plasma in newborn infants by a novel method known
as the CA-1 method [97]. A prothrombin activator from
E. multisquamatus, named multactivase, which is structurally
and functionally similar to Carinactivase-1, has also been
characterized [98].

Dimeric disintegrins

Disintegrins are a non-enzymatic group of small molecules
(4-14 kDa) that binds selectively to integrins molecules.

[As disintegrin-like domains form part of metalloproteases
(P-II and P-III classes) with the exception of the o chain of
acostatin [99], we have included these protein complexes in
this section based on their origin.] Although most of them
exist as monomers, they are found as homodimers and
heterodimers [100]. Dimeric disintegrins are 60—67-amino
acid long and have 10 cysteine residues; 8 of them are
involved in intrachain disulphide bridge, whereas 2 of them
form the interchain disulphide bridge [100-102]. Most
disintegrins have a RGD motif at the tip of a loop (Fig. 6),
which is responsible for binding to the integrin molecules
[103]. However, these functional site residues are replaced
by KGD, KTS, VGD, MGD, MLD as well as ECD residues
(for details, see reviews [88, 89, 104, 105]. Functionally,
disintegrins are known to induce various biological activ-
ities, such as platelet aggregation, angiogenesis, metastasis
and tumor growth through their interaction with various
integrins [85, 106—109].

Three-dimensional structures of a number of monomeric
(beyond the scope of this review) and dimeric disintegrins
have been solved. Schistatin is a homodimeric disintegrin
(PDB no. IRMR) isolated from the venom of E. carinatus
[101]. The interchain disulphide bridges are formed
between Cys7 of subunit A and Cysl12 of subunit B, and
between Cysl2 of subunit A and Cys7 of subunit B
(Fig. 6b). [These cysteine residues form intrachain disul-
fide in monomeric disintegrins (Fig. 6a).] This structural
rearrangement in dimers leads to two integrin-binding sites

Fig. 6 Dimeric disintegrins. (a) Disintegrin monomer (PDB ID:
1J2L) (white ribbon). RGD 1is shown as a white stick model.
Intramolecular disulfide bond (C6:C14) is shown in the yellow stick.
b Homodimeric disinegrin (PDB ID: 1RMR) (pink and orange
ribbons). Side chains of RGD are shown as pink/orange sticks.
Intermolecular disulfide bonds (C7:C12) are shown in the yellow
stick. ¢ Superimposition of homodimeric disintegrins (PDB ID:
IRMR in pink ribbon, PDB ID: 1TEJ in cyan ribbon) and

heterodimeric integrins (PDB ID: 1Z1X in red ribbon, PDB ID:
3CO05 in green ribbon) on monomeric disintegrin (PDB ID: 1J2L in
white ribbon). RGDs are shown as the white stick in 1J2L, as the pink
stick in 1RMR, as the cyan stick in 1TEJ and as the green stick in
3C05. MLD is shown as the red stick in 1Z1X. d For IRMR, the angle
between chain A Gly43 Cao, chain B Cys6 Co, and chain B Gly43 Co
is 100.8°; for 1Z1X, the angle between chain A Gly44 Co, chain B
Cys7 Ca and chain B Gly44 Co is 136.1°
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at opposite ends. In another homodimeric disintegrin (PDB
ID: 1Z1X) from E. carinatus venom, the RGD tripeptides
are replaced by MLD (Fig. 6¢). The effect of this structural
change would affect the integrin specificity [104]. In the
case of heterodimeric disintegrin (PDB ID: 1TEJ), also
from E. carinatus venom, both monomers have a RGD
tripeptide sequence, and its neighboring regions are quite
similar (QRARGDGNHDY in the A chain compared to
QRARGDGNNDY in the B chain). Thus, we speculate that
both loops would have similar integrin specificity as
schistatin loops. Acostatin, a heterodimeric disintegrin
from A. contortrix contortrix venom, has a similar pattern
of interchain disulphide bridges. However, the position of
the cysteine residues involved in the interchain disulphide
bridge are Cys8 and Cys13 [102], and f chains of acostatin
have the all conserved cysteine residues and the RGD motif
similar to other disintegrins, but the mature protein within
the subunits shows only 68.75% identity. Interestingly, the
positioning of the RGD loops are distinct compared to all
other homodimeric and heterodimeric disintegrins
(Fig. 6d). In additions the neighboring segments of A and
B chains are also somewhat different. As these surrounding
regions contribute to specificity, each of these loops may
recognize distinct integrins [110-113]. Hence, the integrin
specificity of acostatin would be most likely different
compared to other examples described above.

Serine protease complexes

Among snake venom serine proteases, only group C pro-
thrombin activators exist as complexes [114]. Pseutarin C
from the P. textilis venom is one of the most well-char-
acterized group C prothrombin activators [115]. This
dimeric protein complex is a major toxic component (16—
20% of the crude venom) and functions as a toxin. It
comprises two subunits that are ~60 and ~220 kDa in
size. The smaller catalytic subunit of pseutarin C (PCCS)
has serine protease activity. PCCS has light and heavy
chains that are held together by an interchain disulphide
bridge. The light chain has a Gla domain and two epider-
mal growth factor-like domains (EGF), while the heavy
chain has a serine protease domain (Fig. 7). The larger
nonenzymatic subunit (PCNS) is structurally similar to
mammalian factor Va; the heavy chain has Al and A2
domains, whereas the light chain has A3, Cl1 and C2
domains [115]. It converts prothrombin to thrombin and
requires only Ca®" and phospholipids as co-factors for
their optimal activity [115]. PCCS and factor Xa activate
prothrombin to thrombin by cleaving the same peptide
bonds at Arg274-Thr275 and Arg323-Ile324 [115]. Thus,
structurally and functionally, pseutarin C is similar to the
blood coagulation factor Xa—Va complex.

? Ca%*?

| Enzymatic subunit || Non-enzymatic subunit |

P

Fig. 7 Diagrammatic representation of Pseutarin C. The enzymatic
subunit contains the Gla, EGF1, EGF2 and serine protease domain,
whereas the enzymatic subunit contains the AI-A3 and C1-C2
domain. The Gla and EGF domains are linked to the serine protease
domain by a disulphide bridge. The glycosylation sites of the Gla
domain are shown with “Y” in the Figure. The non-enzymatic
subunit contains a heavy chain and a light chain similar to
mammalian factor Va. The heavy chain contains Al and A2 domains,
whereas light chain contains the A3, Cl and C2 domains. The
interaction between the enzymatic and non-enzymatic subunit is not
yet know and hence shown with a “?” symbol

Snake venom L-amino acid oxidase (SV-LAAOQOs)

SV-LAAOs are flavoezymes that catalyze the oxidative
deamination of L-amino acid to a-keto acids with liberation
of hydrogen peroxide and ammonia. The byproduct,
hydrogen peroxide, is thought to be responsible for its toxic
effects. This group of enzymes is one of the most common
components of snake venoms [116-125] and is responsible
for the yellow color of the venom. Structurally, they are
homodimers with a molecular weight of 110-150 kDa. The
subunits are held together either covalently or non-cova-
lently. Each subunit has three domains, the FAD-binding
domain, substrate-binding domain and helical domain
(Fig. 8) [126]. The FAD-binding domain is similar to the
other LAAO found in human, bacteria and fungi and is
found to be important for its enzymatic activity [127]. The
interface between the substrate-binding domain and the
helical domain contributes to the formation of the funnel-
like pathway through which the substrate enters the active
site [128]. Calloselasma rhodosoma LAAO has two gly-
cosylation sites at Asnl72 and Asn361 [129]. The
carbohydrate moiety is a bis-sialylated, biantenary core-
fucosylated dodecasaccharide. This glycosylation is
important for its enzymatic activity [127] and hence its
antibacterial activity [129]. The biological effect of this
enzyme during envenomation is not clearly understood.
However, in vitro studies showed that they display various
activities like pro-apoptosis, cytotoxic, antitumoral,
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Fig. 8 Ribbon model of
L-amino acid oxidase (PDB ID:
1F8S) showing the homodimer
(a) and monomer (b). The
monomer has three different
domains, the FAD-binding
domain, helical domain and
substrate-binding domain,
which are shown in the ribbon
model

hemorraghic, initiation or inhibition of platelet aggregation
and antibacterial activity [117, 130-133].

Snaclecs (CTLs and CLRPs)

This group of non-enzymatic proteins in snake venom is
growing in number and has been renamed as Snaclecs
(Snake venom C-type lectins) by the Registry on Exoge-
nous Hemostatic Factors of the Scientific and
Standardization Committee of the International Society on
Thrombosis and Hemostasis [134]. Snaclecs have two
structurally similar subclasses of proteins, namely CTLs
and CLRPs. They form a superfamily of non-enzymatic
proteins and are commonly found in venoms of all families
of snakes. They are either homodimers or heterodimers,
and the subunits are mostly held together by a single inter-
subunit disulfide bond. At times, four to five dimeric units
aggregate to form larger complexes (Figs. 9, 10).

C-type lectins

CTLs exhibit biological activities like adhesion, endocy-
tosis and pathogen neutralization in the presence of Ca®"

: @ d l i‘ii |

Monomer
&°
Homodimer $
(CTLs) ~
S-5 s
c S,
" ‘l
Heterodimer
(CLRPs)

Cyclic tetramer
(CLRPs)

Fig. 9 Schematic representation of C-type and C-type lectin-like
proteins from snake venom

Substrate binding domain

urewop Buipuig av4

[135], hemagglutinating activities [136, 137] and platelet
aggregation [138, 139]. They are homodimers of subunits
containing 135-141-amino acid residues [140]. These
covalent homodimers have been reported from various
snakes, such as Crotalus atrox [136], Bothrops jararaca
[141], Lacheis muta stenophyrs [142], Protobothrops
(formerly, Trimeresurus) stejnegeri [143], Crotalus ruber
[144] and B. multicinctus [137]. These proteins are cysteine
rich and contain nine half cysteines; eight of them are
involved in the intra-subunit disulphide bridge, while the
ninth cysteine (Cys86) is involved in inter-subunit inter-
action [136]. They bind to mono- and oligosaccharides in
the presence of Ca’" via the carbohydrate recognition
domain (CRD) [145]. This domain binds to carbohydrates
through a Ca®" ion, which is coordinated by eight

Fig. 10 Ribbon model of rattlesnake venom lectins (RSL) (PDB ID:
1JZN) showing pentameric structure
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conserved amino acid residues, namely Cys31, Gly69,
Trp92, Pro97, Cys106, Asp120, Cys123 and Cys131 [136].
In addition, Q97, D98, N119 and E104 are involved in
binding to the carbohydrate molecule [146]. Thus, Ca®"
binding [136, 141] and the interchain disulphide bond
between the monomers [147] are required for the aggluti-
nation activity.

In addition to homodimeric, homooligomeric CTL has
been reported from C. atrox venom called rattlesnake
venom lectin (RSL) [136, 147]. It induces both RBC (red
blood cells) agglutination and platelet aggregation [136,
148]. The crystal structure of this protein [146] shows that
each monomer is disulphide linked (C86—C86), and five
such dimers interact to form the pentameric structure
(Fig. 10). The CRDs remain exposed and simultaneously
interact with cell surface glycoconjugates. Thus, complex
formation in this molecule results in multiple interaction
sites on each surface of the complex [146]. Each subunit of
the pentamer can recognize two different carbohydrate
molecules and initiate the process of agglutination.

Long arm

(o

C-type lectin-related proteins (CLRPs)

CLRPs are similar to CTLs, but lack carbohydrate-binding
activity and are known to induce various biological activ-
ities like anticoagulant, procoagulant and agonist/
antagonist of platelet activation [145, 149]. The anticoag-
ulant effect of CLRPs is through binding to coagulation
factors like X and IX [150, 151] or to thrombin [152—-154].
CLRPs also bind to the platelet membrane receptor and
cause platelet aggregation [155]. Structurally, CLRPs have
o and f§ subunits, which may be either heterodimers (af3) or
oligomers of heterodimers (xf3)4 [91, 149] (Fig. 9c, d).

Heterodimeric CLRPs

Heterodimeric CLRPs are reported from several snake
venoms and are composed of two different o and 8 subunits
(Fig. 11). IX/X binding protein from the venom of Proto-
bothrops (formerly, Trimeresurus) flavoviridis specifically
binds to factor IX and X and disturbs the coagulation

/" Ligand binding site

Short arm

JZN:A NNCPLDWLPMNGLCYKIFNQLKTWEDAEMFCRKYKPGCHLASFHRYGESLEIAEYISDYHKGQENV-WIGLRDKKKDFSWE--WTDRSCTDYLTWDKNQPDHYQNKEFCVELVSLTGYRLWNDQVCESKDAFLCQCKF

IXX:B D-CPSDWSSYEGHCYKPFSEPKNWADAENFCTQQHAGGHLVSFQSSEEADFVVKLAFQTFGHSIF - -WMGLSNVWNQ - -fNWQWSNAAMLRYKAWAEESY - - ---——— CVYFKSTNNKWRS RA--CRMMAQFVCEFQA

IXX:A D-CLSGWSSYEGHCYKAFEKYKTWEDAERVCTEQAKGAHLVSIESSGEADFVAQLVTONMKRLDFY IWIGLRVQGKVKOENSEWSDGSSVSYENWIEAESKT -~~~ -~ CLGLEKETDFRKWVNIYCGQONPFVCEA
A

Fig. 11 a, b Ribbon and schematic model of rattlesnake venom
lectins (RSL) monomer (PDB ID: 1JZN) and factor IX/X-binding
protein from Trimeresurus flavoviridis (PDB ID: 1IXX). The amino
acid residues involved in domain swapping are shown in the stick
model. The ligand-binding site in IX/X-binding protein formed by
domain swapping is shown in the dotted arc. ¢ Alignment of amino

acid sequence of chain A of RSL, chain A and B of IX/X binding
protein. The amino acid residues involved in domain swapping are
highlighted in yellow color. The extra cysteine residues that form the
interchain disulphide bridge in IX/X binding between chain A and B
are boxed and marked (arrowhead)
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process [150]. The o and f subunits are homologous to
CLRPs and have similar disulphide bonding patterns [156].
The crystal structure of IX/X-bp shows that it is an inter-
twined dimer, and the central loop of each subunit is
swapped within the off dimer [157]. The overall structure
of the subunit is similar to rat mannose-binding protein.
Despite such structural similarities, the Ca>" binding site in
IX/X is different from CTLs.

Bothrojaracin from B. jararaca venom is a potent
thrombin inhibitor [152, 154]. It has a molecular weight of
28 kDa with two subunits of 15 and 13 kDa linked together
by a disulphide bridge between the seventh cysteine resi-
dues of both the subunits [152]. It inhibits thrombin
function by interacting non-covalently with exosite I, but it
does not interact with the catalytic site [154]. It also
interacts with the proexosite I of human prothrombin
forming a 1:1 non-covalent complex with the zymogen.
Further, it decreases the prothrombin activation by factor
Xa in the presence of factor Va [158]. Thus, bothrojaracin
is a strong anticoagulant protein complex that inhibits
thrombin as well as prothrombin activation.

Rhodocetin, a potent inhibitor of platelet aggregation, is
a unique heterodimeric CLRP isolated from the venom of
the Malayan Pit Viper (Calloselasma rhobostoma) [159].
Interestingly, the o and f§ subunits are held together by non-
covalent interaction in contrast to other CLRPs where the
subunits are covalently held together. It has all the con-
served half cysteine residues as other CLRPs, but the
seventh cysteine is replaced by serine in the o subunit and
arginine in the f subunit. The complex formation at the
ratio of 1:1 has been demonstrated by size exclusion
chromatography and by SPR studies. The recombined
complex exhibits biological activity similar to the native
complex [159]. However, the individual subunits were
unable to exhibit significant biological activities, indicating
that the complex formation is important for its activity. The
crystal structure of this protein has been reported [160].

Oligo heterodimeric C-type lectin-related proteins
(CLRPs)

Oligo-heterodimeric CLRPs are composed of more than
one heterodimeric complex. Convulxin isolated from the
venom of C. durissus terrificus is a heterodimeric CLRP
that lacks CRD and Ca*" binding domains [161]. Func-
tionally, it is a potent platelet agonist that acts on
glycoprotein VI (GPVI) [162] as well as causes cardio-
vascular and respiratory disturbances [163]. Crystal
structure revealed that it is a heterotetramer of «4/4 sub-
units [163, 164]. The o and f subunits are linked together
by disulphide bridges similar to CLRPs. This heterodimer
forms the cyclic heterotetramer complex by additional
disulphide bridges between Cys135 of the C-terminal end

of o subunit and Cys3 of the N-terminal end of f§ subunit of
the neighboring heterodimer [163] (Fig. 9d).

Flavocetin-A from Protobothrops flavoviridis (formerly,
Trimeresurus flavoviridis) venom [165] binds to platelet
GP Ibo-subunit with high affinity and strongly inhibits
vWF dependent platelet aggregation. The heterotetrameric
complex formation in flavocetin-A is similar to convulxin
where the heterodimers interact through a disulphide
bridge between the C-terminal end of « subunit and
N-terminal end of f subunit [166]. The binding sites in the
tetramer act cooperatively, resulting in high affinity bind-
ing to GP Iba-subunit [166].

Stejnulxin isolated from Protobothrops (formerly, Tri-
meresurus) stejnegeri venom is a unique CLRP as it
contains one o and two f§ subunits (o;f,). However, the
molecular weight of f; (20 kDa) and f, (22 kDa) differs
due to the heterogeneity in glycosylation. Stejnulxin is
reported to potently induce human platelet aggregation
activity in a dose-dependent manner through binding to
ompP3 and fibrinogen as anti-GPVI polyclonal antibodies
inhibit its activity [167].

Three-finger toxin complexes

The three-finger toxins (3FTxs) are non-enzymatic proteins
containing 60—74 amino acid residues, abundantly found in
the venoms of elapids (cobras, kraits and mambas) and
hydrophiids (sea snakes) [168]. However, their presence in
the venoms of colubridae [169-171] and in the transcript-
omes of crotalidae snakes (rattlesnakes) [172, 173] has
been revealed recently. Structurally, 3FTxs have three
f-stranded loops called the “fingers” extending from a
small, globular, hydrophobic core that is cross-linked by
four conserved disulfide bridges [174, 175]. Although the
members of this family of proteins are structurally similar,
they exhibit different pharmacological functions, such as
neurotoxicity, cardiotoxicity, cytotoxicity, anticoagulant,
hypotensive effect, antimicrobial activity and platelet
aggregation [174—178]. Thus, it has been proposed that the
hydrophobic core from which the three loops emerge has
been used to anchor different functional groups as most of
the functionally important residues reside in the loops
[174]. They exist as mostly monomers in the venom, but
covalent and non-covalent dimers have also been reported
and are discussed below.

Covalent complexes

Irditoxin is the first covalently linked heterodimeric 3FTx
isolated and characterized from the venom of a colubrid
snake, Boiga irregularis [179] (Fig. 12a). The three-
dimensional structure shows a three-finger fold similar to
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Fig. 12 Three-finger toxin a
(3FTxs) complexes. Schematic

and ribbon model of -

bungarotoxin (non-covalent) (a)

and iriditoxin (covalent) (b).

The interchain disulphide bridge

of irditoxin is encircled

other non-conventional 3FTxs. In additional to the ten
conserved cysteine residues, both subunits have one addi-
tional cysteine residue. The eleventh cysteine residues of
subunits A and B are present at the tip of the first and
second loops at the 17th and 42nd position of the mature
proteins respectively, and they form the inter-subunit
disulphide bridge. The N-terminal ends of both subunits
have additional seven amino acid residues similar to other
colubrid three-finger toxins such as denmotoxin and
a-colubritoxin [169, 180]. The quaternary structure of this
dimer (Fig. 12) is also unique compared to k-toxins (see
below). Functionally, irditoxin is a potent and taxa-specific
postsynaptic neurotoxin; it is at least three orders of mag-
nitude more potent in blocking nerve transmission in chick
biventer cervicis muscle than in rat hemidiaphragm [179].
However, the role of individual subunits in neurotoxicity is
yet to be elucidated.

Other covalent dimers of 3FTxs Recently, covalently
linked homodimer of «-cobrotoxin («CT—«CT) and het-
erodimers of cytotoxin and a-neurotoxin from the venom
of Naja kaouthia have been reported [181]. The exact
molecular interactions in these dimers are not clearly
understood; however, disulphide bonds of the hydrophobic
core might be involved in the dimerization. Functionally,
the heterodimer, «CT-CX still binds to muscle type and o
nAChR, but loses its cytotoxic activity. In this case
dimerization leads to the loss of activity, whereas the
homodimer aCT-oCT recognizes o3f, neuronal nAChR

similar to x-bungarotoxin and hence is considered as its
analogue [181]. Thus, the dimerization leads to a new
function. However, these dimeric complexes are found in
extremely small amounts (<0.04%) in the venom and
hence might not be physiologically relevant.

Non-covalent complexes

x-Bungarotoxin is a non-covalent homodimeric 3FTx iso-
lated and characterized from the venom of B. multicinctus
[182] (Fig. 12b). It exists as a homodimer in solution and
exhibits neurotoxicity [183, 184]. Under denaturing con-
ditions the monomers of this non-covalent complex can be
separated. The self association of k-bungarotoxin has been
determined by size exclusion chromatography, sedimenta-
tion velocity and sedimentation equilibrium [185]. The
solution and crystal structures of xk-bungarotoxin have been
reported [186-188]. Structurally, the two subunits are
oppositely oriented (Fig. 12b), and the interaction between
the subunits is mostly through main-chain-main-chain
hydrogen bonding. Two more hydrogen bonds between the
side chains of GIn48 are involved in the interaction. In
addition to this, hydrophobic interactions are also involved
in the dimer formation [188]. Structure-function relation-
ship studies have shown that Arg-34 and Pro-36 (second
loop) are important for binding to neuronal receptors [189].
Similar x-neurotoxins, such as k,-neurotoxin and x3-neu-
rotoxin from B. multicinctus and «k-flavitoxin from
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Bungarus flaviceps venoms, have also been reported to
form homodimers through self aggregation [190].

Synergistic 3FTxs

Some toxins from mamba venom are known to enhance the
low toxicity of certain toxins. For example, S2C4 isolated
from the venom of Dendroaspis jamesoni interacts with
angusticeps-type toxins and acts synergistically. Individually,
these proteins are less toxic, but they act as potent toxins when
injected into the mice in combination [191]. The exact
molecular interactions of these toxins are not yet known.

Complex formation and toxicity

Snake venom toxicity is due to the cumulative effect of
various toxins present in the venom. Although most toxins
are active individually, they will exert synergistic effects in
combination. For example, neurotoxic components from
different families of proteins act in concert and block the
neuromuscular transmission. The presynaptic activity of
PLA, toxins and the postsynaptic activity of 3FTxs may
readily contribute to immobilization and death of the prey.
Similarly, hemorrhagic toxins can induce much more
severe damage together with anticoagulant and antiplatelet
components of the venom. In Dendroaspis angusticeps
venom, dendrotoxin induces the release of acetylcholine by
its action on potassium channels, while fasciculins inhibit
acetylcholinesterase. Thus, both toxins enhance acetyl-
choline concentration in the neuromuscular synapse. In
these instances, the individual components do not interact
with each other, but their individual biological actions in
concert enhance the pharmacological efficiency of the
venom. In addition to such synergistic actions, complex
formation among snake venom proteins contributes sig-
nificantly towards enhancing the potency of the individual
components of the complex. It adds another dimension to
the structural and functional diversity of the venom com-
position. Conformational changes during complex
formation lead to modifications to the active site/functional
site that result in enhanced activities. Larger size of the
complex provides larger binding surfaces and hence
increased affinity of interactions with target receptors/ion
channels. Sometimes protein complexes achieve entirely
new activity because of exposure of newer surface that
were buried in individual subunits.

Non-covalent interactions in the complex formation
The process of complex formation is directed through

covalent (inter-subunit disulfide bonds) and/or non-cova-
lent interactions between the subunits. Even when covalent

linkages occur between the subunits, there are significant
non-covalent interactions to keep the partnering subunits
together (see descriptions of individual complexes above).
Although in CLRPs, domain swapping and interchain
disulfide are responsible for the complex formation
(Fig. 11), the subunits in rhodocetin interact with each
other by domain swapping alone, and both subunits lack
the cysteine residues that are involved in the covalent
linkage. Therefore, we hypothesize that the subunits indeed
interact at first through non-covalent interactions, and
subsequently the complex is further stabilized by the
disulfide bond. Thus, non-covalent interaction is most
likely the primary driving force in the complex formation.
It would be interesting to understand the co-evolution of
these inter-subunit interfaces.

Complex formations contribute to both structural sta-
bility and functional evolution. They are expected to be
similar, if not identical, among closely related proteins.
Interestingly, the complex formation among CTLs and
CLRPs are distinct. In IX/X-binding protein and other
CLRPs, complex formation occurs through a phenomenon
called “domain swapping.” In domain swapping, exchange
of identical structural elements takes place between two or
more molecules to form dimers or oligomers [192]. In IX/X
bp, the central parts of o and f subunits project out and
interact with each other and form a covalent dimer [91].
Due to this domain swapping, the hinge region forms a
concave structure between o and f§ subunits and provides a
new functional surface to the heterodimer. In contrast, in
CTLs individual subunits are able to bind to carbohydrates,
similar to mannose-binding protein, but for the lectin-like
function they need at least bivalency, which is achieved
through a simple interchain disulfide linkage (Fig. 9b). In
these cases domain swapping does not occur. Although
dimerization is essential for the expression of their bio-
logical activities, it occurs with or without domain
swapping, leading to distinct quaternary structures among
these closely related proteins. Therefore, it is interesting
and intriguing to decipher the molecular mechanism of
domain swapping. We analyzed the domain swapping
region and its surroundings (Fig. 11c) to understand the
domain swapping in CLRPs. The domain swapping region
in CLRPs and the corresponding region in CTLs (shown in
yellow) are similar, and their interaction with other sub-
units in CLRPs and within the same subunit in CTLs are
also similar (shown in blue); in both cases two Trp residues
(one at each end) and a Tyr residue in the middle are buried
in the interaction interface. In the case of CTLs, the seg-
ment on the C-terminal side of this interaction site (yellow
segment) is longer (Fig. 11c), and hence it folds on itself,
forming intra-subunit contacts. In contrast, in CLRPs the
corresponding segment is six to eight residues shorter and
thus unable to fold back and interact within each subunit.
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This necessitates the interaction of the yellow segment with
a second subunit leading to domain swapping (Fig. 11).
Thus, although CLRPs and CTLs share significant
sequence similarities, the subtle differences in the posi-
tioning of interactive segment lead to distinct quaternary
structures of these two classes of proteins.

Post-translational modifications in complex formation

Post-translational modifications, including phosphoryla-
tion, glycosylation, disulfidle bond formation and
proteolysis—are known to alter the conformation and
function of the proteins. So far, there is no documented
evidence for the role of phosphorylation (temporal) and
glycosylation in the formation of snake venom protein
complexes. However, indeed disulfide bond formation
(discussed above) and proteolysis play an important role in
the complex formation. The acidic subunit of crotoxin is
generated by proteolysis of a PLA,-like precursor protein.
It is well documented that this subunit (three disulphide-
linked polypeptides) easily forms a complex with the basic
subunit. To understand the role of proteolysis in crotoxin
complex formation, it is important to determine whether
the intact, uncleaved precursor of the acidic subunit inter-
acts with the basic subunit and enhances its presynaptic
neurotoxicity.

Evolution of protein complexes

Snake venom contains a handful of superfamilies of pro-
teins that are mostly recruited from the body proteins.
Some of these families have evolved from non-toxic to
most toxic proteins in the venom gland. They have evolved
through gene duplication and accelerated evolution. Group
C prothrombin activators of Australian elapid venoms are
protein complexes similar to factor Xa and factor Va found
in the coagulation cascade. Based on their homology of
blood coagulation factors, it is easier to speculate their
origin through duplication of genes encoding coagulation
factors and recruitment for expression in the venom gland
to target prey’s coagulation cascade (for a review see
[193]). However, origins of other protein complexes are
more difficult to speculate.

It is logical to expect similar protein complexes in the
venoms of closely related snake species. Such protein
complexes exhibit similar pharmacological properties. For
example, heterodimeric crotoxin and related toxins in
Crotalus species share similar structure and neurotoxic
properties. Similarly, heterotrimeric taipoxin and related
toxins in Oxyuranus species share similar structural and
functional attributes. Several interesting questions still
remain to be answered. They include: (1) how these and
other protein complexes in which the subunits are products

of independent genes were recruited for their expression in
the venom gland; (2) how inter-molecular interfaces
evolved or what determined the complementary partners;
(2) what were the parameters for initial natural selection—
is it structure or function?

Despite the intriguing questions, the similar protein
complexes in closely related species are easier to explain
through simple molecular phylogeny. In contrast, vipoxin
and viperotoxin F isolated from the venoms of Vipera spe-
cies are unique examples of closely related protein
complexes with distinct pharmacological properties. Vip-
oxin acts as a postsynaptic neurotoxin, whereas viperotoxin
F is a presynaptic neurotoxin. Individual basic subunits of
both complexes exhibit presynaptic neurotoxicity, while
individual acidic subunits are pharmacologically inactive.
Although they form similar quaternary complexes (Fig. 4a),
vipoxin shows a drastic change in its pharmacology.
Therefore, it is interesting to examine the structure of these
two closely related complexes. The subunits in both com-
plexes share high structural identity; there are only five and
three unconserved changes in amino acids between the basic
and acidic subunits (Fig. 4b). Most of these differences
appear to be located on the same molecular surface and alter
the surface charges (Fig. 4c). It will be interesting to
examine the role of these residues in the observed drastic
switch in the pharmacology of vipoxin.

Role of subunits

The individual components/subunits contribute significantly
to the structure as well as enhanced function of the complex.
In the case of crotoxin, the inactive CA subunit acts as a
chaperone. The acidic CA subunit blocks the non-specific
binding of the basic CB subunit and delivers this enzymat-
ically active subunit to the presynaptic site [9]. Unlike other
protein complexes in which the subunits stay together when
they interact with their target receptor/ion channel, the
acidic subunit dissociates upon binding to the presynaptic
site [3]. This dissociation can be explained by two scenarios:
(1) the site recognized by the acidic subunit and the receptor
at least partially overlap or (2) the acidic subunit and the
receptor bind to non-competitive allosteric sites on the basic
subunit. In both scenarios, the affinity between the basic
subunit and the receptor is expected to be higher than that
between the acidic and basic subunits to drive the binding to
target receptor and dissociation. In the case of f-BuTx, the B
chain determines the affinity to the target potassium channel
and delivers the enzymatically active A chain to the pre-
synaptic site. In both these cases, eventual inhibition of
neurotransmission is due to the physical destruction and
interference by phospholipid hydrolysis at the specific sites
[194]. In group C prothrombin activators, the nonenzymatic
subunit, similar to factor Va, probably enhances the Vmax of
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the catalytic subunit. In metalloprotease complexes, RVV-X
and carinactivase-1, the respective substrates factor X and
prothrombin bind to the light chains through their Gla
domains [157, 195]. Thus, their CLRP subunits bind to
specific substrates and bring them near the protease domain
for activation.

Drawbacks to complex formation

In general, the larger the size of the protein, the slower will
be its ability to diffuse and distribute through various tis-
sues. As the protein complexes are larger, it may take more
time to diffuse into the prey/victim’s body. At times, such
large complexes may become physiologically irrelevant
due to their inability to enter the right tissue or organ.

Conclusion and future prospects

Protein complexes are one of the important components in
some snake venoms, and they play important roles in
venom toxicity. In many snakes they are the major lethal
component of the venom. Currently, only a small number
of protein complexes have been fully characterized. To
date, we understand the role of subunits in a small number
of protein complexes. Understanding the structure and
function of these complexes will provide a better under-
standing of their role in venom toxicity. Biophysical
interactions and structures of venom complexes will further
help us to understand better the protein-protein interactions
in snake venom as well as their target receptor/ion
channels.
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