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9 Department of Biological Sciences, Protein Science Laboratory, National University of Singapore, Singapore

Keywords
acetylcholinesterase; L-amino acid oxidase;
metalloproteinase; phospholipase A2; serine
proteinase
Correspondence
R. M. Kini, Protein Science Laboratory,
Department of Biological Sciences, National
University of Singapore, 14 Science Drive 4,
Block S3, #03-17, Singapore 117543,
Singapore
Fax: +65 6516 5235
Tel: +65 6779 2486
E-mail: dbskinim@nus.edu.sg
(Received 2 March 2011, accepted 4 April
2011)

Snake venoms are cocktails of enzymes and non-enzymatic proteins used
for both the immobilization and digestion of prey. The most common
snake venom enzymes include acetylcholinesterases, L-amino acid oxidases,
serine proteinases, metalloproteinases and phospholipases A2. Higher catalytic efﬁciency, thermal stability and resistance to proteolysis make these
enzymes attractive models for biochemists, enzymologists and structural
biologists. Here, we review the structures of these enzymes and describe
their structure-based mechanisms of catalysis and inhibition. Some of the
enzymes exist as protein complexes in the venom. Thus we also discuss the
functional role of non-enzymatic subunits and the pharmacological effects
of such protein complexes. The structures of inhibitor–enzyme complexes
provide ideal platforms for the design of potent inhibitors which are useful
in the development of prototypes and lead compounds with potential therapeutic applications.

doi:10.1111/j.1742-4658.2011.08115.x

Introduction
Snakes have fascinated mankind since prehistoric times.
They are one of the few living organisms which evoke a
response – positive or negative – when one hears a hiss-

ing or rattling sound or even a mere mention of the
word ‘snake’. This intense fascination probably arises
from the deadly effect of their venoms, which when

Abbreviations
ACh, acetylcholine; AChE, acetylcholinesterase; ADAM, a disintegrin and metalloproteinase; ADAMTS, ADAM with thrombospondin type-1
motif; b-BTx, b-bungarotoxin; CAS, catalytic anionic site; DAAO, D-amino acid oxidase; FXa, factor Xa; HVR, hyper-variable region; LAAO,
L-amino acid oxidase; MDC, metalloproteinase ⁄ disintegrin ⁄ cysteine-rich; NSAIDs, non-steroidal anti-inflammatory drugs; PAS, peripheral
anionic site; PDB, Protein Data Bank; PLA2, phospholipase A2; RVV-X, Russell’s viper venom FX activator; SVSP, snake venom serine
proteinase; TSV-PA, Trimeresurus stejnegeri venom plasminogen activator; VAP, vascular apoptosis-inducing protein.

4544

FEBS Journal 278 (2011) 4544–4576 ª 2011 The Authors Journal compilation ª 2011 FEBS

Enzymatic toxins from snake venom

T. S. Kang et al.

injected into the victim cause a variety of physiological
reactions such as paralysis, myonecrosis and often
death. Snake venoms have evolved into complex mixtures of pharmacologically active proteins and peptides
that exhibit potent, lethal and debilitating effects to
assist in prey capture. Their diet is very varied and
includes small animals, snails, ﬁshes, frogs, toads, lizards, chickens, mice, rats and even other snakes.
Human envenomation is rare and unfortunate. Snakes
use their venoms as offensive weapons in incapacitating
and immobilizing their prey (the primary function), as
defensive tools against their predators (the secondary
function) and to aid in digestion. Biochemically, snake
venoms are complex mixtures of pharmacologically
active proteins and polypeptides. All of them in concert
help in immobilizing the prey. A large number of protein toxins have been puriﬁed and characterized from
snake venoms [1,2] and snake venoms typically contain
from 30 to over 100 protein toxins. Some of these proteins exhibit enzymatic activities, whereas several others
are non-enzymatic proteins and polypeptides. Based on
their structures, they can be grouped into a small number of toxin superfamilies. The members in a single
family show remarkable similarities in their primary,
secondary and tertiary structures but they often exhibit
distinct pharmacological effects.
The most common enzymes in snake venoms are
phospholipase A2s (PLA2s), serine proteinases, metalloproteinases, acetylcholinesterases (AChEs), l-amino
acid oxidases, nucleotidases (5¢-nucleotidases, ATPases,
phosphodiesterases and DNases) and hyaluronidases.
In most cases, snake venoms are the most abundant
source for all these enzymes. For example, Bungarus
venoms are rich in AChE (0.8% w ⁄ w). No other tissue
or biological ﬂuid contains comparable amounts of
AChE, including electric organs from electric ﬁshes
Torpedo and Electrophorus (< 0.05% w ⁄ w). Some of
these enzymes are paralogs of mammalian enzymes.
For example, prothrombin activators isolated from
Australian snake venoms are similar to mammalian
blood coagulation factors. Group D prothrombin activators are similar to factor Xa (FXa), whereas group
C prothrombin activators are similar to FXa-FVa
complex. Snake venom enzymes are also catalytically
more active than their counterparts. In general they
are more heat stable and more resistant to proteolysis
due to the presence of additional disulﬁde bridges.
Some of these enzymes exhibit exquisite substrate speciﬁcity, while others are more promiscuous. To top it
off, some of them have unusual properties. For example, l-amino acid oxidase is inactivated when stored in
a frozen state and is completely reactivated by heating
at pH 5. High abundance and better stability (lack of

too many ﬂexible segments) have provided impetus for
structural biologists to examine the three-dimensional
structures of these enzymes. In this review, we present
the salient features of the major classes of snake
venom enzymes, their structures, mechanisms of action
and functions. When appropriate, we also discuss the
inhibition of the enzymes by synthetic and natural
inhibitors.

Acetylcholinesterase
Acetylcholine (ACh) is the ﬁrst chemical agent known
to establish a communication link between two distinct
mammalian cells, and acts by propagating an electrical stimulus across the synaptic junction. AChE
(EC 3.1.1.7) is a member of the cholinesterase family
[3] and plays a vital role in ACh transmission in the
nervous system by ensuring the hydrolysis of ACh to
choline and an acetate group, thereby terminating the
chemical impulse. The transmission of a chemical
impulse takes place within 1 ms and demands precise
integration of the structural and functional components at the synapse [4]. Incidentally, AChE may also
be one of the fastest enzymes known, hydrolyzing
ACh at a rate that is close to the diffusion-controlled
rate [5]. The estimated turnover values of the enzyme
range are approximately 7.4 · 105 to 3 · 107 ACh molecules per minute per molecule of enzyme [6,7]. The
rapid hydrolysis of ACh forms the basis of rapid,
repetitive responses at the synapse.
AChEs derived from vertebrates have been classiﬁed based on several criteria; the nomenclature by
Bon et al. [8] is based on the quaternary structure
and the number of glycoproteic catalytic subunits of
similar catalytic activity: globular forms are named
G1, G2 and G4 and contain one, two or four catalytic subunits respectively, whereas asymmetric forms
are named A4, A8 and A12 and are characterized
by the presence of a collagen-like tail associated with
one, two or three tetramers [4,8]. In addition,
depending on the presence of a hydrophobic domain
responsible for anchoring the enzyme in membranes,
globular forms of AChE may be further distinguished as amphiphilic and non-amphiphilic globular
forms [4]. Nonetheless, all vertebrate AChEs are
encoded by a single gene and the various molecular
forms are generated by mRNA alternative splicing
and post-translational modiﬁcations [3]. A further
distinction between vertebrate AChEs is the alternatively spliced sequences which encode distinct C-terminal regions, characterizing R (read-through), H
(hydrophobic), T (tailed) and, more recently, S (soluble) domains [9,10].

FEBS Journal 278 (2011) 4544–4576 ª 2011 The Authors Journal compilation ª 2011 FEBS

4545

Enzymatic toxins from snake venom

T. S. Kang et al.

Outside of the cholinergic systems, the presence of
AChE in cobra venom was ﬁrst reported in 1938 [11].
Signiﬁcant amounts of AChE are found in the venom
of snakes, particularly in species belonging to the family Elapidae, with the exception of Dendroaspis species
[12]. In contrast, AChE is not found in venoms of
snakes belonging to the Viperidae and Crotalidae families [3,13]. Incidentally, snake venom AChEs are also
more active than Torpedo and mammalian AChEs in
hydrolyzing ACh [14]. However, the role of AChE in
venom is enigmatic, considering that it is neither toxic
nor complements other poisonous components of the
venom [15].
Structure of venom AChE
Structurally, AChE puriﬁed from the venom of Bungarus fasciatus and other Elapidae venom exists as soluble
monomers that are not associated with either anchoring
proteins or cell membranes [15]. Sequence comparisons
of snake venom AChE with other AChEs demonstrate
that the catalytic domains of the enzymes exhibit a high
level of homology. The catalytic domain of B. fasciatus
AChE shares more than 60% identity and 80% similarity with that of Torpedo AChE [16]. All six cysteines,
four glycosylation sites and the catalytic triad (Ser200,
Glu327 and His440) are conserved in the venom AChE
[16]. Similarly, 13 out of the 14 aromatic residues lining
the active site cleft of the AChE including the tryptophan residue binding to the quaternary ammonium
group of ACh are conserved. The principal differences
between the structure of Bungarus AChE and Torpedo

A

AChE are the replacement of Tyr70 and Asp285 by
methionine and lysine residues respectively [16,17]
(Fig. 1). Tyr70 is located at the entrance to the active
site cleft of Torpedo AChE, and relays the interaction of
peripheral site ligands with the orientation of active site
residue Trp84 [18–20]. The replacement of Tyr70 by
methionine and serine in venom AChEs largely inﬂuences the sensitivity of the enzyme to peripheral site
ligands and inhibitors [16,21].
In contrast to the well-conserved catalytic domain,
the C-terminal segment of venom AChE is drastically
different from mammalian AChE. The cholinesterase
genes examined so far have exhibited distinct C-terminal domains [10]. Torpedo and mammalian AChE typically bear the R-type C-terminal domain, in which the
C-terminal domain remains unspliced after the last
exon coding for the catalytic domain. Invertebrate prochordates possess cholinesterase with H-type C-terminal domains that characteristically possess one or two
cysteine residues near the catalytic domain, which contains a glycophosphatidylinositol anchor. The T-type
C-terminal domain is observed in vertebrate AChE,
and forms a hydrophobic tail that subsequently associates with other proteins or subunits to form multimers
[10]. In contrast, venom AChE possesses a molecular
form that is alternatively spliced from a T exon to
express the S-type C-terminal domain. The S-type
C-terminal domain contains a hydrophilic stretch of 15
residues consisting of six arginine and two aspartic
acid residues [15,22]. The S-type domain encountered
exclusively in venom AChE not only determines its
classiﬁcation but also determines the post-translational

B

Fig. 1. Homology modeling of Bungarus fasciatus AChE. The structure is derived using molecular modeling with the automated mode of
homology modeling on the Swiss-Model Protein Modeller Server [236–238], using Torpedo AChE as a template [239]. (A) The active site
pocket of the modeled enzyme, with the conserved catalytic active site residues highlighted in red and the peripheral site residues highlighted in blue. (B) The entrance to the active site gorge of the enzyme, whereby Tyr70 and Asp285 (highlighted in orange) reside in close
proximity to the active and peripheral site of Torpedo AChE. These residues are replaced by methionine and lysine residues (highlighted in
magenta) respectively in the Bungarus fasciatus homolog.

4546

FEBS Journal 278 (2011) 4544–4576 ª 2011 The Authors Journal compilation ª 2011 FEBS

Enzymatic toxins from snake venom

T. S. Kang et al.

modiﬁcation (e.g. glycophosphatidylinositol anchor)
and quaternary states of the AChE. More importantly,
it raises important questions on the evolutionary implication of C-terminal domains in the role of AChE in
neuromuscular synapses, and potentially of the role of
AChE in snake venom.
Mechanism of catalysis
The structure of AChE is remarkably similar to serine
hydrolases and lipases. It belongs to the a ⁄ b hydrolase
family, one of the largest groups of structurally related
enzymes with diverse catalytic functions. It has a
b-sheet platform that bears the catalytic machinery
and, in its overall features, is rather similar in all members of the family. Ser200, Glu327 and His440 residues
form the catalytic triad. As in lipases and serine proteinases, glutamate residue replaces aspartate. The
triad displays opposite handedness to that of serine
proteinases, such as chymotrypsin, but they are in the
same relative orientation in the polypeptide chain in
all a ⁄ b hydrolase enzymes. The most interesting feature of AChE is the presence of a deep and narrow
cleft (20 Å) which penetrates halfway into the enzyme
and widens close to its base. This cleft is lined by 14
aromatic residues and it contains the catalytic triad.
Two acidic residues, Asp285 and Glu273, are at the
top and one, Glu199, at the bottom of the cleft. In
addition, there is also a hydrogen-bonded Asp72 residue in the cleft. Rings of aromatic residues represent
major elements of the anionic site of AChE, Trp84
and Phe330 contributing to the so-called catalytic anionic site (CAS), and Tyr70, Tyr121 and Trp279 to the
peripheral anionic site (PAS) located on the opposite
side of the gorge entrance [19]. The aromatic surface

of the gorge might serve as a kind of weak afﬁnity column down which the substrate could hop or slide
towards the active site via successive p–cation interactions. AChE possesses a very large dipole moment,
and the axis of the dipole moment is oriented approximately along the axis of the active site gorge. This
dipole moment might serve to attract the positively
charged substrate of AChE into and down the active
site gorge, this being a means of overcoming the penalty of the buried active site. A potential gradient
exists along the whole length of the active site gorge,
which can serve to pull the substrate down the gorge
once it has entered its mouth [23]. The weak hydration
of ACh is thought to favor its p–cation interaction
with the aromatic residues, principally Trp279 and
Tyr70, at the top of the gorge, as well as subsequent
interactions along the gorge towards the active site,
including the two residues at the bottleneck, Tyr121
and Phe330. The strong hydration of alkali metal
cations should preclude their entering the gorge due to
their large diameters in their hydrated forms. Johnson
et al. showed that the PAS traps the substrate, ACh,
thus increasing the probability that it will proceed on
its way to the CAS, and provided evidence for an
allosteric effect of substrate bound at the PAS on the
acylation step [24]. For further details on relationships
between the structure and function relationships of
AChE, see the review by Silman and Susssman [25].
Torpedo AChE is a classical serine hydrolase that
bears a catalytic triad consisting of serine, histidine
and a glutamate [17]. Consistent with the mechanism
of other serine proteases, the serine residue of the catalytic triad acts as a nucleophile, while the histidine residue acts as the acid ⁄ base catalyst for the hydrolysis of
the substrate (Fig. 2). For a detailed explanation of

Fig. 2. Schematic representation of Torpedo
AChE active site. Adapted from Ahmed
et al. [22] and Patrick et al. [240]. Residues
involved in the catalytic triad are highlighted
in red, while residues and partial contributions from the peripheral anionic sites are
shaded in blue.
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Table 1. Sensitivity of Bungarus AChE to inhibitory compounds [16].
Classification

Mechanism

Inhibitor

Remarks

Active site ligand
Bis-quaternary

Competitive inhibitor
Mixed type inhibitor

Peripheral site ligand

Mixed type inhibitor

Edrophonium
Decamethonium
BW284C51
Propidium
Gallamine
Fasciculin
D-tubocurarine

Similar sensitivity in Torpedo AChE
Less sensitive than Torpedo AChE
Slightly more sensitive than Torpedo AChE
Markedly less sensitive than Torpedo AChE

the mechanistic steps to ACh hydrolysis by AChE, the
reader is referred to the chapter by Ahmed et al. [22].
Effect of inhibitors
Noting the physiological signiﬁcance of AChE, several
inhibitors have been designed to inhibit the activity of
vertebrate AChE. The effects of these inhibitors have
also been studied on B. fasciatus AChE (Table 1). As
mentioned above, both Tyr70 and Asp285 play important roles in PAS [26,27] and these residues are substituted by methionine and lysine residues respectively in
Bungarus AChE. To understand the role of these residues on their interaction with various inhibitory
ligands, the residues were reverted back in site-directed
mutants (M70Y and K285D) [16]. Edrophonium is an
active site ligand which competitively inhibits AChE.
As expected, the M70Y and K285D mutations did not
signiﬁcantly alter the sensitivity of the enzyme to the
inhibitor. Decamethonium and BW284C51 are bisquaternary ligands that interact with the active site as
well as the peripheral site. Both M70Y and K285D
mutations increased the sensitivity to the ligands
slightly, with the double mutant exhibiting a cumulative effect on the sensitivity. M70Y and K285D mutations had signiﬁcant inﬂuence on the mutant Bungarus
AChE’s sensitivity to the peripheral ligands, including
propidium, gallamine, tubocurarine and fasiculin. Each
of the two mutations increased the enzyme’s sensitivity
to the inhibitors dramatically, and the cumulative effect
of the two mutations was to a level that was at least as
sensitive as Torpedo AchE [16]. These results suggest
that the aromatic residue and the negative charge of the
residue at positions 70 and 285 respectively in Torpedo
AChE interact with peripheral site ligands, possibly via
hydrophobic and electrostatic interactions.
L-Amino

acid oxidase

l-Amino acid oxidase (LAAO, EC1.4.3.2) is a ﬂavoenzyme catalyzing the stereospeciﬁc oxidative deamination of l-amino acids to give the corresponding a-keto
4548

More sensitive than Torpedo AChE

acid. The enzyme has been puriﬁed from a number of
different sources of snake venoms [28–32], as well as
certain bacterial [33–36], fungal [37,38] and algal species [39]. The best characterized member of the family
is that isolated from snake venom sources where it is
found in high concentrations, constituting up to 30%
of the total protein content in the venom. The enzyme
from snake venom exhibits a preference for aromatic
and hydrophobic amino acids such as phenylalanine
and leucine.
Many of the early studies focused on the characterization of the redox and kinetic activities of Crotalus adamantus LAAO [40–42]. These studies showed that the
enzyme goes through a ternary complex of enzyme, substrate and oxygen and that reduction of the ﬂavin
involves formation of a semiquinone [42]. As the protein
is a ﬂavoenzyme oxidase, the reduced FAD cofactor is
reoxidized with dioxygen during the reductive half reaction, resulting in the formation of hydrogen peroxide.
pH- and temperature-dependent inactivation
LAAO has unusual properties; it undergoes temperature- and pH-mediated inactivation and reactivation.
Wellner [43], Singer and Kearney [43a,b & c] reported
heat-mediated inactivation in a pH-dependent manner.
The extent of inactivation was shown to increase with
pH [43], with reactivation achieved by decreasing pH
and reheating the protein. Furthermore, Curti et al.
[44] showed enzyme inactivation mediated by freezing
and storage of the protein at low temperature. Freeze
inactivation was most pronounced when the enzyme
was stored between )20 C and )30 C with no inactivation apparent when stored at )60 C. Heat-inactivated protein as well as freeze-inactivated protein was
reactivated by decreasing pH and reheating the protein. Interestingly, the extent of enzyme reactivation
increased at lower pH. The enzyme inactivation was
accompanied by changes in spectral features and a
decrease in the rate of ﬂavin photo-mediated reduction. These results suggest that inactivation of the
enzyme is due to conformational changes in the pro-
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Fig. 3. The structure of L-amino acid oxidase from the snake venom of Calloselasma rhodostoma. (A) A ribbon representation
showing the three domains of the structure:
magenta coloring represents the FAD binding domain, cyan represents the substrate
binding domain and green represents the
helical domain. (B) The accessible surface
representation of the structure: the amino
acid entry and the oxygen entry points are
marked with arrows and the active site is
circled. The FAD molecule is shown with a
ball-and-stick representation.

tein structure, particularly around the ﬂavin binding
site [44].
Structure of LAAO
Pawelek et al. ﬁrst reported the three-dimensional
structure of LAAO from the Malayan pit viper, Calloselasma rhodostoma, and provided important insights
into the mechanism of substrate binding and catalysis
by the enzyme [45]. The enzyme is composed of three
domains: an FAD binding domain, a substrate binding
domain and a helical domain (Fig. 3A). The FAD
binding domain consists of a Rossmann fold responsible for binding the adenine, ribose and pyrophosphate
moieties of the nucleotide cofactor [46,47]. Speciﬁcally,
this domain contains a b–a–b motif with a consensus
sequence of glycine residues (G40XG42XXG45) located
at the turn between the ﬁrst b-strand and the a-helix.
This sequence of glycine residues allows a close
approach of the negatively charged phosphate moiety
of the cofactor to facilitate stabilization of the charge
by the helix dipole. In addition, the carboxylate side
chain of a glutamate residue (Glu63) located at the
carboxyl end of the second b-strand makes hydrogen
bond interactions with the 2¢ and 3¢ hydroxyl groups
of the ribose cofactor. These interactions act to bind
the cofactor to the protein tightly [48].
The substrate binding domain is composed primarily
of a seven-stranded mixed b-pleated sheet which forms
the roof of the amino acid substrate binding pocket.
Finally a helical domain, consisting of amino acid residues 130–230, contributes to a funnel-shaped entrance
to the enzyme active site. The active site of the enzyme
is located in a pocket deeply buried in the core of the
protein located near to the isoalloxazine moiety of the
ﬂavin cofactor. Structures of enzyme complexed with
the inhibitor, o-aminobenzoate [45], and l-phenylala-

nine [49] provided insight into the mode of substrate
binding and the possible mechanism of catalysis: the
carboxyl group of the amino acid substrate makes
hydrogen bond contacts with the guanidinium group
of Arg90 and the substrate amino group hydrogen
bonds to the main chain oxygen of Gly464. The side
chain of the amino acid is accommodated in a subpocket extending away from the isoalloxazine ring system and this pocket is composed of the side chains of
Ile374, His223 and Arg322.
There are two access routes to the active site
(Fig. 3B). These have been proposed to function in
facilitating (a) amino acid substrate entry to, and (b)
oxygen entry and peroxide release from, the buried
active site. The amino acid substrate access is thought
to occur through a 25 Å long funnel located between
the helical domain and the substrate binding domain.
The alignment of the electrostatics of the funnel to
those of two bound o-aminobenzoate molecules found
within the funnel suggests a trajectory for the substrate
to take upon binding to the enzyme [45]. A second
channel, narrow and hydrophobic in nature, is seen in
the structure of the enzyme bound with l-phenylalanine [49]. This channel is thought to act as a conduit
for O2 access to and H2O2 release from the buried
active site pocket.
Stereospecificity of LAAO
The structure of LAAO allowed a detailed investigation of the enantiomeric substrate speciﬁcity exhibited
by the enzyme compared with d-amino acid oxidase
(DAAO). Unlike LAAO, DAAO lacks the helical
domain present in LAAO [50]. Furthermore, the
arrangement of residues in the active sites differs
between the two enzymes. Not surprisingly, stereospeciﬁcity of the two enzymes for their respective substrate
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is strong; oxidation of the opposite enantiomer does
not occur for either enzyme. Despite the lack of signiﬁcant sequence homology between the two enzymes, a
comparison of the structures showed homology in the
FAD binding domain as well as similarities in the secondary structure units of the substrate binding
domain. Interestingly, when a mirror image of the
structure of DAAO bound to o-aminobenzoate was
computationally constructed and superposed onto the
LAAO–o-aminobenzoate complex, a structural conservation of amino acid residues proposed to be involved
in substrate binding was observed. In addition, the
alpha carbon atom of the ligand and the N5 of FAD
are positioned on the mirror plane, suggesting that a
‘catalytic axis’ of oxidation is conserved between the
two enzymes whereas divergence has occurred in order
to build enantiomeric binding speciﬁcity [45].

the enzyme were exposed to solutions containing
l-phenylalanine or l-alanine. In the case of the snake
venom enzyme, the structure also reveals signiﬁcant
dynamic movement of speciﬁc amino acid residues in
the active site. A histidine (His223) has been proposed
to act as the catalytic base for abstraction of the
a-amino proton during substrate oxidation. Inspection
of the level of conservation of this residue shows that
it is structurally conserved in all the enzymes from
snake venom. However, in the cases of the enzymes
from bacterial sources, this residue is not conserved.
This may suggest that either this histidine is not necessary for catalysis or that the catalytic mechanism
of oxidation by the venom enzyme differs from that
by the bacterial enzymes. These studies remain to be
pursued.
Toxicity of LAAO

Other LAAO structures
In addition to the structure of Calloselasma rhodostoma
LAAO, crystal structures have also been determined
of the enzymes from the venom of Agkistrodon
halys pallas [51] and from bacterial sources including
Rhodococcus opacus [52] and Streptomyces species [34],
where the enzyme has been called l-glutamate oxidase,
and Pseudomonas species, where the enzyme has been
called l-phenylalanine oxidase [53]. The structures of
snake venom LAAOs, l-glutamate oxidase from Streptomyces and l-phenylalanine oxidase from Pseudomonas strategically position the helical domains to seal
off the active site from the external aqueous environment forming a funnel that has been proposed for substrate entry. The sequestered active site is likely to be
more favorable for redox catalysis, as it creates an
environment more amenable to substrate oxidation. In
contrast, in the enzyme from R. opacus, the helical
domain swings away from the active site and makes
extensive contacts with the same domain in the second
monomer such that an intermolecular four-helix bundle is formed. Faust et al. [52] have proposed that the
helical domain in the Rhodococcus enzyme is important for dimerization. However, one cannot eliminate
the possibility that different orientations of this
domain may also be needed for different stages of
catalysis.
Mechanism of catalysis
The structure of the enzyme in the presence of an
amino acid substrate has provided insights into the
mechanism of ﬂavin-mediated substrate oxidation
[49,52]. To obtain this complex, oxidized crystals of
4550

A number of studies have indicated that LAAO contributes a role to the toxicity of the venom. However,
there is not a clear consensus on the mechanism of
this role. Although some reports suggest that the
enzyme inhibits platelet aggregation [54–56], others
report that platelet aggregation is induced by the
enzyme and that antibacterial effects are observed
through the production of H2O2 [57–59]. In the early
1990s, studies by several groups showed that snake
venom induced apoptotic activity in vascular endothelial cells [60–62]. The apoptotic activity is most likely
related to an increase in the concentration of H2O2.
Torii et al. [62] reported complete inhibition of apoptosis upon incubation of cells with catalase, a scavenger of H2O2. However, a number of other studies
showed that cell viability was not completely recoverable in the presence of catalase, suggesting that the
apoptotic effect of LAAO is not solely due to the
production of H2O2 [61,63,64]. Studies by Ande et al.
[63] show that apoptotic activity may be partially due
to the depletion of essential amino acids from the
cell.
Role of glycosylation in the toxicity of LAAO
Another factor thought to play a role in the cell death
process is the presence of the glycan moiety on the
enzyme, which may interact with structures at the cell
surface [61,63,65]. Fluorescence microscopy using
LAAO conjugated with a ﬂuorescence label revealed a
direct attachment of the protein to the cell surface of
mouse lymphocytic leukemia cells [61], human umbilical vein endothelial cells, human promyelocytic leukemia cells, human ovarian carcinoma cells and mouse
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endothelial cells [62] but not to human epitheloid carcinoma cells [61]. The differing levels of cytotoxic effects
of the enzyme on the different cell lines suggest varying extents of cell–surface interaction between the cells
and the enzyme.
The localization of the enzyme at the cell surface
has been implicated in producing high concentrations
of H2O2 localized at the membrane and attributed to
apoptotic activity. The structure of LAAO from snake
venom revealed electron density consistent with a carbohydrate moiety attached to the side chains of
Asn172 and Asn361. Electron density for the more distal carbohydrate units was not of adequate quality to
enable their identiﬁcation, most probably due to the
ﬂexible nature of the glycan chain [45]. Subsequent
studies using two-dimensional NMR spectroscopy and
MALDI-TOF mass spectrometry on the isolated glycan enabled identiﬁcation of the oligosaccharide moiety as a bis-sialylated, biantennary, core-fucosylated
dodecasaccharide [66]. The glycan moiety at Asn172
lies near to the proposed O2 entry and H2O2 exit channel. The co-localization of the enzyme’s host-interacting glycan moiety with the H2O2 release site on the
enzyme has been suggested as a possible mechanism
for facilitating apoptosis activity. However, the full
role of the glycan moiety requires further investigation.

IIC, IID, IIE, IIF, III, V, IX, X, XIA, XIB, XII, XIII
and XIV [71,72]. Many of the sPLA2s display the phenomenon called interfacial activation [84,85] where
they demonstrate a remarkable augmentation in their
catalytic activity when the substrate is presented as a
large lipid aggregate rather than a monomeric form
[86,87]. Initially, snake venom PLA2s were classiﬁed
into two groups, I and II, which are easily distinguishable based on the positions of cysteine residues in their
sequences [73] (Fig. S1). The amino acid sequences
show that group II PLA2s have ﬁve to seven residues
more than group I PLA2s. There are deletions around
residue 60 in group II corresponding to the elapid loop
found in group I PLA2s. To date crystal structures of
several groups I and II PLA2s have been determined
both in unbound and ligand bound states [88–104].
Both types of PLA2s share a homologous core of
invariant tertiary structure. Since the secretory
group II PLA2s are considered to be important drug
targets for aiding the development of new anti-inﬂammatory agents, they have been most extensively studied, and we shall focus here on group II secretory
PLA2s and their inhibition by natural and synthetic
inhibitors. However, the structural details of group I
PLA2s are also described below.
Structure of group I secretory PLA2

Phospholipases A2
PLA2s (phosphatide 2-acylhydrolase, EC 3.1.14)
represent a superfamily of lipolytic enzymes which
speciﬁcally catalyze the hydrolysis of the ester bond
at the sn-2 position of glycerophospholipids resulting
in the generation of fatty acid (arachidonate) and
lysophospholipids [67–70]. The PLA2 superfamily consists of about 15 groups which are further subdivided
into several subgroups, all of which display differences in terms of their structural and functional speciﬁcities [71,72]. However, the four main types or
classes of PLA2s are the secreted (sPLA2s), the cytosolic (cPLA2s), the Ca2+-independent (iPLA2s) and
the lipoprotein-associated (LpPLA2s) phospholipases
A2 [71].
The sPLA2s, which were the ﬁrst PLA2s to be discovered, are 14–18 kDa secreted proteins and are
mainly found in snake, bee, scorpion or wasp venoms
[73–79], mammalian tissues such as pancreas and kidneys [80,81] and arthritic synovial ﬂuids [82,83]. They
usually contain ﬁve to eight disulﬁde bonds and, in
order to function, these proteins need the availability
of Ca2+ ion for the hydrolysis of phospholipids. The
sPLA2s from various sources belong to one of the several characteristic groups such as IA, IB, IIA, IIB,

Group I contains mammalian pancreatic PLA2s and
venoms of snakes belonging to the families Elapinae
and Hydrophinae. These PLA2s possess seven disulﬁde
linkages with a unique disulﬁde bridge formed between
half cysteines 11 and 72. The six remaining disulﬁde
bonds are Cys27-Cys119, Cys29-Cys45, Cys44-Cys100,
Cys51-Cys93, Cys61-Cys86 and Cys79-Cys91 (sequence
numbering has been indicated in Fig. S2).
To date, crystal structures of several group I PLA2s
are known [94,96,100,101,104,105]. The structures consist of an N-terminal helix H1 (residues 2–12), helix
H2 (residues 40–55) and helix H3 (residues 86–103).
There are other two short 310 helices involving residues
19–22 (SH4) and 108–110 (SH5) (Fig. S2). They also
contain a b-wing with two short antiparallel b-strands,
70–74 and 76–79. The presence of calcium ion in the
structure is stabilized by sevenfold pentagonal coordination: two carboxylate oxygen atoms of Asp49, three
main chain oxygen atoms of Tyr28, Gly30 and Gly32,
and two oxygen atoms of two structurally conserved
water molecules. The ligand binding site in group I
PLA2 consists of residues Leu2, Phe5, Ile9, Trp19,
Phe22, Ala23, Gly30 and Tyr64. The wall at the back
of the protein molecule contains active site residues
His48, Asp49, Tyr52 and Asp94.
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Structure of group II secretory PLA2
Group IIA along with groups V and X sPLA2s are
highly expressed in humans and mouse atherosclerotic
lesions where each group contributes differentially to
atherogenesis [106,107]. All three sPLA2s are relevant
for drug design, but group IIA PLA2 has been investigated the most extensively (Fig. S3).
The crystal structures of a large number of isoforms
of group IIA PLA2 are already available [92,93,95,97–
99,102,104,108,109]. There are three main a-helices:
N-terminal helix H1 (residues 2–12), helix H2 (residues
40–55) and helix H3 (residues 90–108). The a-helices
H2 and H3 are antiparallel and are at the core of the
protein. There are two additional short helices SH4
(residues 114–117) and SH5 (residues 121–125), as well
as a short two-stranded (residues 74–78 and 81–84)
antiparallel b-sheet which is called the b-wing. There
are two functionally relevant loops, the calcium binding loop (residues 25–35) and a very characteristic and
ﬂexible external loop (residues 14–23).
The a-helices H2 and H3 are amphipathic in nature
with their hydrophilic side chains exposed to the solvent and the hydrophobic side chains buried deep
inside the protein interior with the only notable
exceptions being the four highly conserved residues in
the active site: His48, Asp49, Tyr52 and Asp99. A signiﬁcant structural feature of the activation domain of
the PLA2 molecule is the hydrophobic channel which
begins from the surface and spans across the width of
the molecule diagonally and widens to be ﬁnally connected to the active site. The entrance of this channel
is ﬂanked by the bulky side chains of Trp31 and
Lys69. The walls of this channel are lined up by sev4552

Fig. 4. The three-dimensional structure of
PLA2. (A) A view of the PLA2 structure
showing active site residues in yellow. The
substrate diffusion channel with hydrophobic residues Leu2, Leu3, Phe5, Ile9, Tyr22,
Trp31 and Lys69 is also seen. (B) The catalytic network in PLA2 is shown. OW indicates a water molecule oxygen atom which
serves as the nucleophile. The dotted lines
indicate hydrogen bonds.

eral hydrophobic residues including Leu2, Phe5, Met8,
Ile9, Tyr22, Cys29, Cys45, Tyr52, Lys69 Ala102,
Ala103 and Phe106 (Fig. 4A).
The active site of the PLA2 molecule is a semicircular cavity at the end of the hydrophobic channel. It
consists of four residues: His48, Asp49, Tyr52 and
Asp99. A conserved water molecule plays an essential
role in the catalysis and is connected to the side
chains of the active site residues His48 and Asp49
through hydrogen bonds (Fig. 4B). Based on the
extensive structural data of PLA2s in their native
states [91–93,109] and in complexes with small molecules [88,90,91,93,110–118], six distinct subsites have
been deﬁned in the PLA2 enzyme, namely subsite 1
(residues 2–10), subsite 2 (residues 17–23), subsite 3
(residues 28–32), subsite 4 (residues 48–52), subsite 5
(residues 68–70) and subsite 6 (residues 98–106)
(Fig. S4).
Mechanism of action
Catalytic action
The catalytic network in secretory PLA2 resembles
those of serine proteinases [75,119,120]. The reaction
mechanism follows a general base-mediated attack on
the sessile bond through the involvement of a conserved water molecule which serves as a nucleophile.
The residues involved in catalysis and their hydrogen
bonding network are illustrated in Fig. S5.
Interactions of PLA2 with substrate analogs
The interactions of the substrate analogs provide valuable information about the potential recognition ele-
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Fig. 5. Interactions of PLA2 with a substrate analog tridecanoic
acid. The dotted lines indicate hydrogen bonds.

ments in the substrate binding site. Therefore, the
complex of PLA2 with tridecanoic acid was examined
(Fig. 5). One of the carboxylic group oxygen atoms of
tridecanoic acid forms a hydrogen bond with the conserved water molecule designated as OW while the second oxygen atom forms another hydrogen bond with
Gly30 N. The hydrocarbon chain of tridecanoic acid is
placed in such a way as to form a number of van der
Waals contacts Leu2, Leu5, Met8 and Ile9 of the
hydrophobic channel.

tures of complexes of PLA2 with natural compounds
have been reported [91,93,101,116]. These compounds
include aristolochic acid, vitamin E and atropine
(Fig. S6). All the natural compounds studied so far
have been shown to ﬁt in the active site with the classical ‘head to tail’ hydrogen bonded interactions
between the hydroxyl groups or oxygen atoms of the
ligand with the active site residues of PLA2 molecule,
in which His48 and Asp49 form hydrogen bonds either
directly or through the conserved water molecule that
bridges His48 and Asp49. They bind to PLA2 in a similar manner at the substrate binding site but occupy
the subsites according to the size of their hydrophobic
moiety. As a result, these compounds are similarly
placed in the hydrophobic channel. While subsites near
the active site residues are similarly saturated, subsites
distant from the active sites are dissimilarly occupied.
The hydroxyl groups of both aristolochic acid and
vitamin E form two hydrogen bonds with the side
chains of His48 and Asp49. The conserved water molecule in both these cases has been replaced by the
hydroxyl moieties of these compounds and generates
direct hydrogen bonding interactions. In the case of
atropine, while the oxygen atom of the atropine makes
a direct hydrogen bond with His48, it also makes indirect interactions with the active site residues His48 and
Asp49 through the conserved water molecule. Additionally, the hydroxyl group of atropine forms a
hydrogen bond with the carbonyl group of Asp49.
Unlike that of vitamin E and aristolochic acid, the
conserved water molecule in the active site of the
PLA2 is not displaced by atropine.
Inhibition of PLA2 by indole compounds

Inhibition of PLA2
The binding afﬁnities of all known ligands of PLA2
are in the range 10)4–10)8 m, which make them poor
to moderate candidates as drugs. Examination of the
structures PLA2 complexed with the known ligands
showed that the poor potency can be attributed to the
fact that these compounds are able to occupy only a
few of the subsites within the overall substrate binding
space, hence generating only a limited number of interactions with the protein. Thus, keeping the stereochemical features of the subsites in the substrate
binding site in mind, there is an immense possibility to
design highly potent inhibitors.
Inhibition of PLA2 by natural compounds
Although there have been numerous reports on natural
compounds inhibiting PLA2, only ﬁve crystal struc-

In recent years, there have been several reports on the
inhibition of secretory PLA2 by indole derivatives,
notably complexes of human secretory PLA2 with indolizine inhibitors [113], human non-pancreatic secretory PLA2 with indole inhibitors Indole-3 [(1-benzyl-5methoxy-2-methyl-1H-indol-3-yl)-acetic acid], Indole-6
[4-(1-benzyl-3-carbamoylmethyl-2-methyl-1H-indol-5-yloxy)butyric acid] and Indole-8 [{3-(1-benzyl-3-carbamoylmethyl2-methyl-1H-indol-5-yloxy)-propyl}-phosphonic acid]
[114], and complex of PLA2 with the indole derivative
[2-carbamoyl methyl-5-propyl-octahydroindol-7-yl-acetic] acid [88]. Additionally, there is a molecular modeling study which highlights the importance of various
substitutions of indole derivatives and resulting interactions with PLA2 [121].
In all the crystal structures of the complexes of
PLA2 with the indole derivatives, the indole molecule
is positioned in the hydrophobic channel and makes
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hydrogen bonds with His48 and Asp49 through its
ethanamide group, mimicking the nature of inhibition
of natural compounds, by displacing the conserved catalytic water molecule in the active site of the molecule.
The ethanamide group appears to be more preferred
than the hydroxyl group for intermolecular interactions involving Asp49 and His48 of the catalytic network in PLA2. Upon comparison of this structure with
the other complexes of human PLA2 with indole derivates [114], it was observed that essentially all the
indole molecules and their derivatives occupied the
same binding site in the hydrophobic channel of PLA2
(Fig. S7). It is noteworthy that the orientations of the
indole ring of various derivatives in the hydrophobic
channel remain unaltered which indicates a degree of
complementarity of indole derivatives vis-à-vis the
hydrophobic channel in PLA2. It has been indicated
that the substitutions at different sites of indole rings
alter the binding constants [122]. Accordingly, the
complexes show different binding interactions and
hence different afﬁnities.
Inhibition of PLA2 by NSAIDs
The structure analyses of the complexes with non-steroidal anti-inﬂammatory drugs (NSAIDs) was carried out
primarily for understanding the mechanisms of action of
NSAIDs [117,118,123] and they led to several interesting
and yet unpredictable observations. It was observed
that most of the NSAIDs bind to PLA2 in the conventional manner (Fig. S8A,B); they bind either directly
with the help of interactions with His48 and Asp49 or
indirectly through the conserved water molecule. Indomethacin, one of the most potent NSAIDs, was found to
be interacting with PLA2 in a different mode: one of the
carboxylic group oxygen atoms forms a hydrogen bond
with the catalytic water molecule while the second
oxygen atom interacts with Lys69 (Fig. S8C).
A

Inhibition of PLA2 by designed peptides
The atomic details of PLA2 have been structurally analyzed and the results have revealed useful details of the
hydrophobic channel leading to the active site. To harness the structural knowledge of PLA2 ligand binding
site for drug design, highly speciﬁc peptide inhibitors
of PLA2 showing binding afﬁnities at 10)9 m concentrations were designed, synthesized and co-crystallized
with PLA2.
A peptide with the sequence Leu-Ala-Ile-Tyr-Ser
(LAIYS) was designed with hydroxyl moiety containing
residues tyrosine and serine at the carboxyl terminus
that can make hydrogen bonds with His48 and Asp49
and the Leu-Ala-Ile moiety for generating hydrophobic
interactions with the protein residues lined up along the
hydrophobic channel. The structure analysis of the
complex of LAIYS with PLA2 revealed that the inhibitor occupied the substrate binding site in a tight ﬁt. As
predicted, the hydroxyl group of the side chain of tyrosine was found to be interacting with Asp49 and His48
while the hydrophobic residues of the peptide were
involved in the interactions with the residues of the
hydrophobic channel (Fig. 6A). The close ﬁt of the
peptide was substantiated with the high binding afﬁnity
of  8.8 · 10)9 m estimated using surface plasmon resonance experiments. In a further attempt to exploit the
negative charge on Asp49 and the positive charge on
His48, a peptide Phe-Leu-Ser-Tyr-Lys (FLSYK) with a
lysine residue at the C-terminus was designed. The
structure of the PLA2 complex with peptide FLSYK
revealed that the side chain of lysine was well placed in
the active site and its NH2 group made a strong ionic
interaction with the side chain of Asp49 while the negatively charged carboxyl group of the peptide interacted
with His48 (Fig. 6B). Predictably, due to stronger ionic
interactions, the peptide FLSYK displayed a high binding afﬁnity of 1.1 · 10)9 m.

B
Fig. 6. Structures of two representative
PLA2 complexes with designed peptides:
(A) Leu-Ala-Ile-Tyr-Ser (LAIYS) and (B) PheLeu-Ser-Tyr-Lys (FLSYK). The interactions
with peptide LAIYS involve the hydroxyl
group of peptide tyrosine that forms two
hydrogen bonds with protein residues His48
and Asp49. The interactions with peptide
FLSYK include two important ionic interactions involving the side chains of Lys and
Asp49 while the C-terminal carboxyl group
of peptide interacts with the side chain of
His48 of the protein.
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Fig. 7. The structure of vipoxin (PDB code 1JLT). The basic, toxic
and catalytically active subunit is colored in red. The active site residues are shown. The acidic and non-toxic subunit is colored in blue.
The substitution in position 48 in the acidic chain is also shown.

monomeric counterparts. ncHdPLA2s were isolated
from Crotalinae and Viperinae snakes. They consist of
a basic toxic PLA2 and an acidic non-toxic and enzymatically inactive PLA2-like protein which probably
results from accelerated evolution for acquisition of
diverse physiological function. The acidic subunits are
multifunctional and differ in their function: in addition
to targeting the toxic component to speciﬁc membrane
receptors, they potentiate or inhibit the PLA2 toxicity
and, in some cases, can modulate its catalytic activity
and stabilize the other subunit. ncHdPLA2s differ
mainly in the structure of the acidic subunit. Comparison of ncHdPLA2s from snakes inhabiting South
America, Europe and Asia showed unexpected structural identity. We describe and discuss structure–function relationships of ncHdPLA2s using mainly
crystallographic investigations and results on the heterodimeric neurotoxins and their components.
Structural investigations on crotoxin

Overview of inhibitor design
The analysis of interactions of PLA2 with various
ligands including the designed peptides reveals that the
ligands containing OH or COOH groups interact
directly with the side chains of active site residues
His48 and Asp49. The presence of carbonyl or carboxyl groups in ligands tends to promote interactions
with protein through conserved water molecules. The
peptides containing residues with side chains of serine,
threonine or tyrosine interact directly with His48 and
Asp49 through bifurcated hydrogen bonds. However,
peptides containing positively charged side chains of
Lys or Arg at the C-terminus form ionic interactions
through their side chains with Asp49 while the carboxyl terminal of the peptide forms ionic interactions
with the side chain of His48. Additional hydrogen
bonds have been observed involving Gly30 NH and
Trp31 Ne1. The hydrophobic moieties of ligands and
peptides form interactions with protein residues Leu2,
Leu3, Phe5, Ile9, Leu10, Ala18, Ile19, Phe22, Ala23,
Tyr28, Gly30, Trp31, Gly32, Tyr52, Tyr63, Tyr64,
Lys69, Phe98, Phe101 and Phe106.

Heterodimeric neurotoxic PLA2
complexes
In venoms, PLA2s function as monomers or multimeric complexes in which at least one subunit is catalytically active. Non-covalent heterodimeric PLA2
complexes (ncHdPLA2s) are neurotoxins with a sophisticated mechanism of action in comparison with their

The Crotalinae subfamily consists of over 190 species in
29 genera [124] found in the Americas and Asia. These
are the only viperids found in the Americas. A heterodimeric neurotoxin was isolated for the ﬁrst time in
1938 by Slotta and Fraenkel-Conrat from the venom of
the south American rattlesnake Crotalus durissus terrificus and called crotoxin [125]. It consists of a basic
PLA2 with low toxicity subunit B or crotactin and an
acidic, non-toxic polypeptide, subunit A or crotapotin.
The second subunit has no enzymatic activity and consists of three polypeptides linked by disulﬁde bonds
[126]. Crotoxin was identiﬁed as a presynaptic toxin.
The crotoxin subunits dissociate in the presence of synaptic membranes [127]. The acidic component of the
neurotoxic complex increases the lethal potency of the
crotoxin basic PLA2 [128]. In this respect it differs from
the acidic subunit of vipoxin, another ncHdPLA2 from
the venom of the European snake Vipera ammodytes meridionalis, which reduces the neurotoxicity of
the basic component [129]. At least 15 homologous isotoxins have been isolated so far [130]. A single Crotalus d. terrificus snake produces up to 10 different
crotoxin-like toxins [130]. The three-dimensional structure of this toxin complex is not yet known. The heterodimer and its isolated subunits were crystallized and
preliminary X-ray data were collected [131]. The structure of crotapotin was studied by small-angle X-ray
scattering [132]. Recently, the structure of a tetrameric
complex of the crotoxin basic subunit B was reported
[133].
Crotoxin-like neurotoxin complexes have been identiﬁed from the venom of other rattlesnake species,

FEBS Journal 278 (2011) 4544–4576 ª 2011 The Authors Journal compilation ª 2011 FEBS

4555

Enzymatic toxins from snake venom

T. S. Kang et al.

including
Sistrurus catenatus tergeminus,
Crotalus
mitchelli mitchelli, Crotalus horridus atricaudatus, Crotalus basiliscus and Crotalus durissus cumanensis [134].
Among these crotoxin-like complexes, the ncHdPLA2
complex Mojave toxin isolated from the venom of
Crotalus scutulatus scutulatus is one of the best characterized, and is structurally and functionally similar to
crotoxin [135].
Structural investigations on vipoxin
The venomous viper species Vipera ammodytes of the
subfamily Viperinae is the most dangerous of the
European vipers [136]. Vipoxin, a neurotoxic ncHdPLA2, represents the ﬁrst ncHdPLA2 isolated from the
venom of a European venomous snake, in this case
Vipera a. meridionalis [137]. Vipoxin is composed of a
basic, highly toxic group IIA PLA2 and a non-toxic
catalytically inactive PLA2-like protein [138]. Vipoxin
is unusual; it has an acidic subunit (Inh) which inhibits
the catalytic activity of the basic component up to
60% and decreases considerably (ﬁvefold) its toxicity
[129]. The two subunits are closely related proteins,
with 62% sequence identity [139]. However, due to the
substitution of the active site His48 by glutamine, Inh
has no enzymatic activity. Vipoxin is a postsynaptic
neurotoxin, but the separated basic PLA2 acts at presynaptic level changing the target of the physiological
attack [138]. The acidic component of vipoxin is a natural inhibitor of the basic and catalytically active
PLA2. In the absence of the PLA2-like protein, the
toxic component loses its catalytic activity after
2 weeks at 0 C and the toxicity gradually decreases
[129]. In the presence of the acidic subunit the toxin is
stable for years. Most probably, Inh is a product of
divergent evolution in order to stabilize the relatively
unstable PLA2 and to preserve the pharmacological
activity of the toxin for a long period. Vipoxin is the
ﬁrst reported example of a PLA2 acquiring an inhibitory function [140].
We analyzed the vipoxin structure at 1.4 Å resolution [108]. The three-dimensional structures of the two
subunits are identical (Figure 7) which conﬁrms the
hypothesis that the enzymatically non-active and nontoxic acidic component of the complex, modulating
both the enzymatic activity and toxicity of the basic
subunit, is a product of divergent evolution of the catalytically active and toxic PLA2. The salt bridge
between Asp48 of the PLA2 molecule and Lys60 of the
acidic subunit (Asp49 and Lys69 according to the
numbering of Renetseder et al. [141]) stabilizes the
whole complex. The X-ray model revealed that hydrophobic forces and electrostatic interactions between the
4556

two oppositely charged subunits provide further stability to the heterodimer. In this way the toxic subunit
preserves the catalytically and physiologically active
conformation. The acidic subunit partially shields the
entrance to the active site of PLA2 but this does not
preclude the access of small substrates. Only the reaction velocity is decreased which explains the reduced
enzymatic activity of the basic subunit towards synthetic substrates when it is in a complex with Inh.
However, in the presence of aggregated substrates the
complex dissociates [142] and the liberated PLA2 is
fully active. The non-toxic subunit partially blocks the
segment 109–114 (residues 119–125 according to
Renetseder et al. [141]) of the PLA2 important for the
neurotoxicity.
Elaidoylamide is a powerful inhibitor of the vipoxin
toxic PLA2. The crystal structure of the vipoxin
PLA2–elaidoylamide complex (Fig. 8) revealed a new
mechanism of inhibition: one molecule of elaidoylamide is bound simultaneously to the hydrophobic
channels of the substrate binding sites of two associated PLA2 molecules [143]. This observation is of
pharmacological interest and can be used to support
the design of new anti-inﬂammatory drugs.
The interaction of snake venom PLA2 toxins with
negatively charged surface regions is an important
initial step during the catalysis. The non-catalytic
subunit of vipoxin targets the toxic component to the

Fig. 8. The three-dimensional structure of the complex between
the vipoxin toxic PLA2 and elaidoylamide (PDB code 1RGB). The
structure demonstrates a new mode of PLA2 inhibition: one molecule of the fatty acid derivative inhibits two neurotoxic molecules
blocking their substrate binding channels. The chain of the inhibitor
elaidoylamide is colored in black.
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negatively charged membrane surface [130,142]. We
analyzed the 1.9 Å structure of the vipoxin non-toxic
subunit complexed to sulfate ions which mimic negatively charged groups on anionic membranes [144].
The crystallographic model of the dimeric Gln48 PLA2
revealed two anion binding sites per subunit. Site 1 is
common for the two monomers. It is located at the
C-terminus of the polypeptide chain, in a region which
in the basic PLA2 is involved in neurotoxic activity.
The sites of the non-catalytic protein of the vipoxin
complex may interact with negative charges on synaptic membranes.
Structural investigations on viperotoxin F
An ncHdPLA2 presynaptic heterodimeric neurotoxin,
viperotoxin F, was isolated from the venom of Vipera
russelli formosensis (Taiwan Russell’s viper) [145]. It
consists of two subunits: a basic and neurotoxic PLA2
(RV-4) and an acidic non-toxic component with a very
low enzymatic activity (RV-7). RV-7 potentiates the
lethal effect of RV-4 and reduces its enzymatic activity
[145]. It is surprising that viperotoxin F from the
Taiwan viper (Asia) is structurally closely related to
vipoxin
from
Vipera a. meridionalis
(southeast
Europe). There are signiﬁcant differences in the
biochemical and pharmacological properties of the two
neurotoxins: vipoxin exerts postsynaptic effects while
viperotoxin F is a presynaptic toxin; the acidic component reduces the neurotoxicity of the basic PLA2 in the
ﬁrst case while RV-7 potentiates the toxicity of the
other subunit; RV-7 possesses low PLA2 activity preserving the catalytically active His48 while the vipoxin
acidic component has no catalytic activity due to the
substitution of the active site His48 by Gln48. We have
crystallized viperotoxin F and the structure was solved
at 1.9 Å resolution [146]. Comparison of the vipoxin
and viperotoxin F X-ray structures showed that major
differences in the conformation and amino acid substitutions are located on the molecule surfaces. This is in
accordance with the theory of Kini and Chan [147]
that the mutational rates of the surface residues in
PLA2 enzymes are much higher than those of the buried residues.
Structural investigations on b-bungarotoxins
b-Bungarotoxin (b-BTx) is a presynaptic heterodimeric
neurotoxin isolated from Bungarus multicinctus (Taiwan banded krait, Asia) [148]. It is a covalent complex
between group I PLA2 (chain A) and a Kunitz type
serine protease inhibitor (chain B) [149]. Sixteen isoforms of the b-BTx are known [150,151]. The crystal

structure of this toxin was determined at 2.45 Å resolution [152]. The structure of the enzymatically active
subunit is similar to that of other class I PLA2s. Chain
B is structurally similar to the bovine pancreatic trypsin inhibitor. Interactions between the subunits in the
interface region create conformational changes in both
chains. The molecular recognition by the ion channel
binding region of the Kunitz module differs from that
of other related proteins [152].

Snake venom serine proteinases
(SVSPs)
Serine proteinases catalyze the cleavage of covalent
peptide bonds in proteins and play key roles in diverse
biological processes ranging from digestion to the control and regulation of blood coagulation, the immune
system and inﬂammation [153]. They probably originated as digestive enzymes and subsequently evolved
by gene duplication and sequence modiﬁcations to
serve additional functions [154]. They are grouped into
six major clans and further subdivided into families
based on sequence and functional similarities (MEROPS classiﬁcation, http://merops.sanger.ac.uk; [155]):
SVSPs are exclusively from clan SA and speciﬁcally
belong to the S1 family. They interfere with the regulation and control of key biological reactions in the
blood coagulation cascade, ﬁbrinolytic system and
blood platelet activation. Despite signiﬁcant sequence
identity (50–70%), SVSPs display high speciﬁcity
toward distinct macromolecular substrates [156]. Based
on their biological roles, they have been classiﬁed as
activators of the ﬁbrinolytic system, procoagulant,
anticoagulant and platelet-aggregating enzymes [157].
The procoagulant SVSPs activate FVII [158], FX
and prothrombin [159] and shorten the coagulation
times. Some SVSPs also possess ﬁbrinogen-clotting
activity [160] and are often referred to as thrombin-like
enzymes. Thrombin-like enzymes have been extensively
investigated over the last decade for potential therapeutic uses. For example, ancrod, batroxobin and reptilase are available commercially for the treatment of
cardiovascular diseases [161–163]. Ancrod is used clinically for the treatment of heparin-induced thrombocytopenia and thrombosis and acute ischemic stroke
[161]. Batroxobin is used for the treatment of thrombotic diseases [162]. Batroxobin and ancrod are under
clinical trials for the treatment of deep vein thrombosis. Additionally, reptilase is used as a diagnostic tool
for disﬁbrinogenemia [163].
The anticoagulant SVSPs activate protein C via a
thrombomodulin-independent mechanism [163]. The
most studied SVSP enzyme is from Agkistrodon contor-
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trix contortrix venom, commercially referred to as Protac, which speciﬁcally converts protein C to activated
protein C by hydrolyzing the Arg169–Leu170 bond,
functioning independently of plasmatic factors. This is
in contrast to the physiological activation of protein C
by thrombin, which is dependent on thrombomodulin
[163]. Protac is used clinically in functional assays of
protein C determination, total protein S content, and
other protein S assays in plasma [164].
Fibrinolytic SVSPs have been isolated from the
venoms of Trimeresurus stejnegeri [165], Agkistrodon
blomhoffii [166] and Lachesis muta muta [167]. These
enzymes convert plasminogen to plasmin that rapidly
degrades preexisting clots. The most studied ﬁbrinolytic SVSP is the T. stejnegeri venom plasminogen activator (TSV-PA), which cleaves the Arg561–Val562
bond in plasminogen with high speciﬁcity and is resistant to inhibition [168].
From the above-mentioned clinical applications of
SVSPs, it is clear that, in addition to their importance
in snake envenomation, these venom enzymes also
serve as important tools in the study of hemostasis
and are clinically used for clotting assays, diagnosis, determination of protein C, protein S, plasma
ﬁbrinogen, study of platelet function, as deﬁbrinogenating agents, to investigate desﬁbrinogenemias, test the
contractile system of platelets, and for deﬁbrinogenation of plasma.

A C-terminal lobule

N-terminal lobule

B

S-S unique in SVSPs
174-loop

N96A

C-terminal extension
99-loop

D102

H57

S195
N38
60-loop

Overall structure

N148

Similar to chymotrypsin-like serine proteinases, the
structures of SVSPs consist of approximately 245 amino
acid residues, each containing two-six-stranded b-barrels that have evolved by gene duplication (Fig. 9A).
SVSPs are unique since they possess an extended C-terminal tail, which forms an additional disulﬁde bridge
that is considered to be important for structural stability and allosteric regulation [156] (Fig. 9B).
The N-terminal subdomain is composed of six
b-strands, as well as a short a-helix positioned between
strands 3 and 4 on which the catalytic residue His57
(all sequence numbering is based on chymotrypsinogen) is located. This domain is stabilized by an intrachain disulﬁde bridge (Cys42 ⁄ Cys58) and two other
disulﬁde bridges (Cys22 ⁄ Cys157 and Cys91 ⁄ Cys245E),
the latter of which is unique to SVSPs (Fig. 9B). In
addition, the N-terminal subdomain contains two
putative glycosylation sites positioned in the loops
between strands 1 and 2, and 4 and 6 (Fig. 9B), which
play a pivotal role in macromolecular selectivity of
SVSPs. The catalytically important residue Asp102 is
also located in this domain and precedes strand 6.
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37-loop

148-loop

Fig. 9. The structure of SVSPs. (A) Cartoon and surface representations of SVSPs highlighting the two-six-stranded b-barrel structural
lobes (in green and grey). The N-terminal domain contains six
b-strands and a single short a-helix. (B) Cartoon representation of
SVSPs; the extended C-terminal tail which contains an additional
disulfide bridge is presented in blue. The side chains of His57,
Asp102 and Ser195 are included (atom colors) as are the two putative N-linked glycosylation sites (positions N96A and N148). The
intra-chain disulfide bridge Cys42 ⁄ Cys58 and two other disulfide
bridges Cys22 ⁄ Cys157 and Cys91 ⁄ Cys245E are included.

The C-terminal subdomain encompasses the sixstranded b-sheet and contains two a-helices, one
inserted between strands 8 and 9, and the other located
at the C-terminus preceding the extended C-terminal
tail; a disulﬁde bridge interconnects the tail with the
N-terminal subdomain (Fig. 9). This subdomain is
further stabilized by three disulﬁde bridges Cys136 ⁄
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Cys201, Cys168 ⁄ Cys182 and Cys191 ⁄ Cys220. The reactive serine residue at position 195 is positioned in the
loop between strands 9 and 10 of this subdomain
(Fig. 9B). A third glycosylation site typically encountered in SVSPs is located in the loop between strands 7
and 8 (Fig. 9B).
Active site
The catalytic triad (His57, Asp102 and Ser195) is positioned at the junction between the two barrels and is
surrounded by the conserved 70-, 148- and 218-loops,
as well as the non-conserved 37-, 60-, 99- and 174loops (Fig. 9B). The catalytic residue His57 possesses a
non-optimal Nd1-H tautomeric conformation which is
essential for catalysis. The catalytic triad is supported
by an extensive hydrogen bonding network formed
between the Nd1-H of His57 and Od1 of Asp102, as
well as between the OH of Ser195 and the Ne2-H of
His57. The hydrogen bond between the latter pair
is disrupted upon protonation of His57. Recent studies suggest that Ser214, which was once considered
essential for catalysis, only plays a secondary role
[169,170]. Hydrogen bonds formed between Od2 of
Asp102 and the main chain NHs of Ala56 and His57
are structurally important to ensure the correct relative
orientations of Asp102 and His57.
A salient feature of chymotrypsin-like enzymes is the
presence of an oxyanion hole formed by the backbone
NHs of Gly193 and Ser195. These atoms contribute to
form a positively charged pocket that activates the carbonyl of the scissile peptide bond and additionally stabilizes the negatively charged oxyanion of the
tetrahedral intermediate. The oxyanion hole is structurally linked to the catalytic triad and the
Ile16)Asp194 salt bridge via Ser195.
Substrate recognition sites – subsites
Subsites are structural motifs involved in the recognition and binding of the substrate. Based on the nomenclature of Schechter and Berger [171], the speciﬁcity of
proteases is generally focused on S1 ⁄ P1 and S1¢ ⁄ P1¢
interactions and additionally on positions S2 ⁄ S2¢ and
S3 ⁄ S3¢. Speciﬁcity of chymotrypsin-like serine proteases
is generally classiﬁed in terms of the P1)S1 interaction.
The S1 site pocket lies adjacent to Ser195 and is
formed by residues 189)192, 214)216 and 224)228.
Speciﬁcity is usually determined by the residues at positions 189, 216 and 226 [172]. Chymotrypsin has a high
preference for hydrophobic residues at the S1 subsite
due to the deep hydrophobic pocket formed by Ser189,
Gly216 and Gly226 [119]. On the other hand, the S1

subsite in trypsin-like enzymes is populated by Asp189,
Gly216 and Gly226, which create a negatively charged
S1 subsite that accounts for trypsin’s preferred speciﬁcity for substrates containing Arg or Lys at P1 [173].
SVSPs are trypsin-like enzymes with highly conserved S1 subsites, but exhibit high selectivity towards
macromolecular substrates such as blood coagulation
factors [165,174]. Since catalysis and speciﬁcity are not
controlled by the characteristics of a few residues but
are properties of the entire protein’s structural and
biochemical framework, the structural basis for SVSPs’
selectivity remains unclear. However, structural studies
of TSV-PA [175] and Protac [156] have suggested the
importance of key speciﬁc elements that might be
responsible for their high substrate selectivity.
In Protac [156], the three carbohydrate moieties
strategically positioned at the tips of the 37-, 99- and
148-loops form the entrance to the active site pocket
and could play important roles in the modulation and
expression of selectivity towards macromolecular substrates (Fig. 9B). Two snake venom serine proteinase
isoforms from Agkistrodon acutus, AaV-SP-I and AaVSP-II, also possess an N-linked carbohydrate group
(Asn35) that is considered to interfere with the binding
of macromolecular inhibitors [176]. Another key structural element implicated in the functional differentiation in SVSPs is the surface charge distribution.
Murakami and Arni [156] suggested that the charge
around the interfacial surface of Protac mimics the
thrombin–thrombomodulin complex presenting high
electrostatic afﬁnity for the Asp ⁄ Glu pro-peptide of
protein C (Fig. 10).
In the case of TSV-PA, the enzyme has a unique
glycosylation site at the Asn178 residue located on the
opposite face and apparently does not play a role in
the binding of macromolecular substrates at the interfacial site [175]. Mutational studies of TVS-PA demonstrated that Asp97 is crucial for the enzyme’s
plasminogenolytic activity. In addition, phylogenetic
analysis demonstrated conservation of this key residue
in both types of mammalian plasminogen activator
(tissue type and urokinase type), thereby supporting
the hypothesis that Asp97 could be a common element
for plasminogen recognition [168].
Mechanism of catalysis
The ﬁrst step to the highly efﬁcient acid–base catalytic
mechanism of SVSP involves Ser195, which initiates
the attack on the carboxyl group of the peptide. The
reaction is assisted by His57 which acts as a general
base to form the tetrahedral intermediate, stabilized by
interactions with the main-chain NHs of the oxyanion
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Fig. 10. Surface charge representations of
the protein C activator and plasminogen activator in the regions of the active site
gorges.

hole. Following the collapse of the tetrahedral intermediate and the expulsion of the leaving group, His57-H+
plays the role of a general acid and the acyl–enzyme
intermediate is formed. In the second step of the reaction, His57 deprotonates a water molecule which then
interacts with the acyl–enzyme complex to yield a second tetrahedral intermediate, the collapse of which
results in the liberation of the carboxylic acid product.
Zymogen activation
Activation of mammalian serine proteinases participating in digestion and the blood coagulation cascade,
which are synthesized as inactive zymogens, requires
the cleavage of the N-terminal peptide and additional
cleavages in the regions 142–152, 184–193 and 216–223
[173]. This autocatalytic cleavage and subsequent
removal of the N-terminal peptide results in the formation of a salt bridge between the new N-terminus and
Asp194, and causes dramatic structural changes in
both the S1 subsite and the oxyanion hole [177].
Since neither the activity of SVSP zymogens nor
their structures have been determined, we can only
infer the molecular mechanism involved in the maturation process. It is presumed that in the SVSPs, as in
the case of trypsin, the S1 subsite and oxyanion hole
are only formed upon cleavage and removal of this
peptide since the N-terminal portion is conserved in
snake and mammalian enzymes. Thus, as in the other
serine proteinases, the loss of proteinase activity at
high pH probably results from the deprotonation of
the N-terminus and the disruption of the salt bridge,
shifting the conformational equilibrium to resemble
the inactive zymogen-like conformation [178].
Prothrombin activators
Serine proteinases which activate prothrombin are
found exclusively in Australian snake venoms. The two
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groups differ in their co-factor requirements and structure: prothrombin activators consist of enzymes (e.g.
trocarin D from Tropidechis carinatus venom) that
require Ca2+, FVa and negatively charged phospholipids for their optimal activities [179], whereas other
enzymes (e.g. pseutarin C from Pseudonaja textilis
venom) require Ca2+ and negatively charged phospholipids but not FVa for optimal activity [180]. Trocarin
D is structurally and functionally similar to FXa; it
has a light chain consisting of one Gla domain and
two epidermal growth factor domains, linked by a single interchain disulﬁde bond to a heavy chain consisting of a serine proteinase domain [179]. In contrast,
pseutarin C consists of two subunits, a catalytic subunit and a non-enzymatic subunit, which are structurally and functionally similar to FXa and FVa,
respectively [181–183]. The catalytic subunit has similar
light and heavy chains to trocarin D. The non-enzymatic subunit has a heavy chain (consisting of A1 and
A2 domains) and a light chain (consisting of A3, C1
and C2 domains) that are held together by non-covalent interactions. Similar to FVa, the non-enzymatic
subunit signiﬁcantly increases the catalytic efﬁciency of
the enzymatic subunit. Both these groups of prothrombin activators activate prothrombin by targeting the
same cleavage sites as endogenous FXa and its complex with FVa. Thus these prothrombin activators are
similar to blood coagulant factors and are probably
evolved from blood coagulant factors by gene duplication [184–187].

Snake venom metalloproteinases
(SVMPs)
It is estimated that SVMPs comprise at least 30% of
the total protein of most viperid venoms [188]. SVMPs
are primarily responsible for the hemorrhagic activity
and the induction of local and systemic bleeding.
SVMPs also possess diverse functions such as the dis-
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ruption of hemostasis mediated by procoagulant or
anticoagulant effects, platelet aggregation, and apoptotic or pro-inﬂammatory activities. Recent crystallographic studies of high-molecular-weight SVMPs and
phylogenetically related ADAM (a disintegrin and
metalloproteinase) and ADAMTS (ADAM with
thrombospondin type-1 motif) family proteins have
shed new light on the structure–function properties of
this class of metalloproteinases.

Classification of SVMPs
SVMPs range in size from 20 to 100 kDa and are classiﬁed into three groups (P-I to P-III) according to their
domain organization (Fig. 11A) [188,189]. P-I SVMPs
are the simplest ones and they contain only a metalloproteinase (M) domain in their mature form. P-II
SVMPs contain an M domain followed by a disintegrin (D) domain. In most cases, P-II SVMPs further

Fig. 11. The classification and structure of SVMPs. (A) Schematic representation of the domain structure of SVMPs, disintegrins and mammalian ADAM ⁄ ADAMTS family proteins. Each domain or subdomain is represented by a different color. CLP, C-type lectin-like domain; Pro,
pro domain; CT, cytoplasmic domain; TSP, thrombospondin type-1 motif; EGF, epidermal growth factor like domain; S, spacer domain. The
D domain of ADAMTSs does not possess a disintegrin-like structure but adopts an ADAMs’ Ch-subdomain-like fold (see Fig. 13A) and thus
is represented as D*. Calcium and zinc binding sites are schematically indicated. In VAP1, the ammonium group of Lys202 occupies the
position of the calcium ion in the site I observed in other SVMPs. Some P-II SVMPs do not possess a calcium binding sequence at site II.
ADAM10 and ADAM17 are atypical members of ADAMs as they lack calcium binding sites I and III and the EGF domain. (B) Ribbon structure of adamalysin II (PDB ID 1IAG), a structural prototype of P-I SVMPs. Zinc and calcium ions are represented as magenta and black
spheres, respectively. (C) Close up view of the catalytic site of BaP-1 bound with the peptide mimetic inhibitor WR2 (PDB ID 2W12). The
inhibitor (shown in light salmon) binds in an extended conformation closely mimicking the C-terminal part (P1¢ to P3¢ residues) of
the enzyme-bound substrate. WR2 forms hydrogen bonds (represented by yellow dotted lines) with the adjacent b4 strand and the part of
the loop connecting the a4 and a5 helices in BaP-1.
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undergo proteolysis to produce non-enzymatic disintegrins that have strong platelet aggregation inhibitory
activity. P-III SVMPs contain M, disintegrin-like (D)
and cysteine-rich (C) domains. P-III SVMPs are further divided into subclasses based on their distinct
post-translational modiﬁcations, such as dimerization
(P-IIIc) or proteolytic processing (P-IIIb). The heterotrimeric subclass of SVMPs formerly called P-IV [189]
is now included in the P-III group as a subclass
(P-IIId), representing another post-translational modiﬁcation of the canonical P-IIIa SVMPs [188]. All the
classes have a signal (pre) and a pro domain sequence
before the M domain in their gene structures, but none
of the SVMPs with the pro domain has been isolated
from the venom.
Related mammalian proteins
SVMPs are phylogenetically most closely related to
ADAM family proteins and, together with ADAMs and
ADAMTSs, constitute the adamalysin ⁄ reprolysin ⁄
ADAM family or M12B clan of zinc metalloproteinases
(MEROPS classiﬁcation, http://merops.sanger.ac.uk/).
ADAM family proteins are mammalian glycoproteins
that have been implicated in cell–cell and cell–matrix
association and signaling [190–193]. The best characterized in vivo activity of ADAMs is the ectodomain-shedding activity, which releases cell-surface-protein
ectodomains including growth factors and cytokines,
their receptors and cell adhesion molecules. ADAM17
was initially identiﬁed as the physiological convertase
for tumor necrosis factor a [194,195]. In humans, 20
members of this family play key roles in development
and homeostasis, as well as in pathological states including cancer, cardiovascular diseases, asthma and Alzheimer’s disease [190–193]. Typical ADAMs are type-1
integral membrane proteins and have an epidermalgrowth-factor-like domain, a transmembrane domain
and a cytoplasmic domain, in addition to the metalloproteinase ⁄ disintegrin ⁄ cysteine-rich (MDC) domains
(Fig. 11A).
The ADAMTS family proteinases have a modular
structure similar to that of the ADAM family proteins,
but they have a varying number of C-terminal thrombospondin type-1 repeats instead of a transmembrane ⁄ cytoplasmic segment, which identiﬁes them as
secreted proteinases (Fig. 11A). Nineteen members of
this family have diverse functions including procollagen processing, aggrecan degradation, organogenesis
and hemostasis in the human body [196,197]. Recent
crystallographic studies have revealed that the D
domains of ADAMTS proteins showed no structural
homology to disintegrins but were very similar in
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structure to part of the C domains of P-III SVMPs
and ADAMs (see below) [198–201]. Thus, while the
‘disintegrin-like’ nomenclature has been used, ADAMTSs actually have no disintegrin-like structures.
Crystal structures of SVMPs
Table S1 summarizes the structures of the adamalysin ⁄ reprolysin ⁄ ADAM family proteins determined by
X-ray crystallography to date. The structure of adamalysin II, a non-hemorrhagic P-I SVMP isolated from
Crotalus adamantus, is the ﬁrst one to be resolved
[202,203]. Crystal structures of nine P-I SVMPs are
currently available in the Protein Data Bank (PDB).
Vascular
apoptosis-inducing
protein-1
(VAP1)
[204,205], a P-IIIc dimeric class SVMP isolated from
Crotalus atrox venom, is the ﬁrst P-III SVMP structure
to be solved [206,207]. To date, structures of seven
P-III SVMPs have been deposited in the PDB and they
include almost all P-III subclass structures. P-II SVMP
structures are currently unavailable, although an
increasing number of crystal and solution structures of
disintegrins are being added to the PDB.
Figure 11B depicts the crystal structure of adamalysin II, a structural prototype of the P-I class of SVMPs
[202,203]. The M domain structures that are currently
available for SVMPs (P-I and P-III classes), ADAMs
and ADAMTSs can be superposed with each other
with variability found only in the peripheral loop
regions. The M domain has an oblate ellipsoidal shape
with a notch in its ﬂat side (Fig. 11B). The core of the
M domain is formed by a ﬁve stranded b-sheet and
ﬁve a-helices, and it contains the conserved Zn2+ binding HEXXHXXGXXHD sequence at the bottom of
the catalytic gorge. The catalytic zinc ion is tetrahedrally coordinated by the three histidines and by a
water molecule (Fig. 11B). The bound water molecule
is polarized by the Glu residue and is involved in
nucleophilic attack at the scissile peptide bond.
Crystal structures of SVMPs in complex with peptide-like inhibitors have shed light on the molecular
mechanism of substrate recognition for catalysis
(Fig. 11C) [208]. The inhibitor closely mimics the C-terminal part (P1¢ to P3¢) of an enzyme-bound substrate:
the peptide-like inhibitor lies within the shallow catalytic gorge from left to right by forming hydrogen
bonds with adjacent strands of the BaP-1 backbone in
addition to a number of van der Waals contacts
between the two molecules. The hydrogen bonding network between the enzyme and inhibitor resembles that
of an antiparallel b-sheet, in essence extending the central b-sheet by two strands. Cleavage of basement membrane proteins with the consequent weakening of the
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capillary structure is one of the mechanisms by which
SVMPs induce hemorrhage [209]. Structural comparisons among SVMPs have revealed differences in the features of the substrate binding gorge in the M domain;
however, no correlation between these structural differences and hemorrhagic activity has been found to date.
Figure 12A depicts the crystal structure of catrocollastatin ⁄ VAP2B from C. atrox venom, a structural
prototype of the P-III class of SVMPs [210]. All the

P-III SVMP structures revealed that the MDC
domains fold into a C-shaped conﬁguration in which
the distal portion of the C domain comes close to the
M domain catalytic site. Comparison of the available
MDC structures revealed a substantial diversity in the
relative orientation of the M and D domains, representing a dynamic property of the molecule that may
be important for the function of this class of proteins
[210,211]. Human ADAM22 also adopts essentially the
same C-shaped conﬁguration of the MDC domains as
in the P-III SVMPs [212].
Within the C-shaped conﬁguration of P-III SVMPs,
the M domain is followed by the D domain, which
protrudes from the M domain opposite to the catalytic
site and close to the calcium binding site I (Fig. 12A).
Non-catalytic domains of P-III SVMPs

Fig. 12. The structure of a typical P-III SVMP. (A) Ribbon structure
of catrocollastatin ⁄ VAP2B (A-chain of PDB ID 2DW0), a structural
prototype of P-III SVMPs and ADAMs [210]. Zinc and calcium ions
are represented as red and black spheres, respectively. Subdomains are shown in distinct colors A. (B) Superimposition of the Da
subdomain of catrocollastatin ⁄ VAP2B and RGD-containing disintegrin trimestatin (PDB ID 1J2L, shown in light green). The Arg-GlyAsp side chains in trimestatin and the disulfide bond between the
Da and Cw subdomains in catrocollastatin ⁄ VAP2B, which is strictly
conserved among the P-III SVMPs, are shown in ball-and-stick representation.

The D domain of P-III SVMPs is further divided into
two structural subdomains named the ‘shoulder’ (Ds)
and the ‘arm’ (Da). These subdomains consist largely
of a series of turns and constitute a continuous
C-shaped arm structure together with the N-terminal
portion of the C domain, which is designated the
‘wrist’ subdomain (Cw). The Ds and Da subdomains
contain structural calcium binding sites, sites II and
III, respectively (Fig. 12A). There are three disulﬁde
bonds in the Ds subdomain, three in Da and one in
Cw, and these subdomains are connected by a single
disulﬁde bond. The residues coordinating the calcium
ions and forming disulﬁde bonds are highly conserved
among P-III SVMPs and ADAMs [206,207].
The structure of the Da subdomain of the P-III
SVMPs is quite similar to that of the RGD-containing
disintegrin trimestatin [213] with the exception of the
RGD-containing loop, designated ‘disintegrin (D)
loop’, and the C-terminal region (Fig. 12B). These two
regions are highly mobile, partly due to the absence of
structural calcium ion in the core, and they are suggested candidate sites for integrin binding [214]. The
D-loop in P-III SVMPs and ADAMs usually contains
an XXCD sequence instead of the typical RGD motif.
Using recombinant D domains or synthetic peptides,
numerous P-III SVMPs and ADAMs have been shown
to interact with particular integrins. However, crystal
structures clearly indicate that the D-loop in P-III
SVMPs and ADAMs is packed against the Cw subdomain, making the D-loop itself unavailable for protein–protein interactions due to steric hindrance. These
ﬁndings highlight a discrepancy in the integrin binding
hypothesis for P-III SVMPs and ADAMs. Therefore
further studies are needed to elucidate whether and
how the interactions with integrins observed in model
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Fig. 13. Cysteine-rich (C) domain structures and potential protein–
protein interaction sites. (A) Comparison of the C domain structures
of SVMPs and mammalian counterparts. The Ch subdomains of
VAP1 [206], RVV-X [211], human ADAM22 [212], bovine ADAM10
[215] and the D and CA domains of human ADAMTS13 [200] are
shown in ribbon representation. The conserved N-terminal a-helix,
C-terminal b-strands and disulfide bonds are shown in red, yellow
and orange, respectively. The V-loop and the HVR, which are suggested protein–protein interaction sites, are shown in gray and
blue, respectively. Disordered regions within the crystals are shown
as dotted lines. The N and C termini of the subdomains are indicated. The part of the light chain A in RVV-X is shown in light pink.
The PDB accession code for each protein is indicated in parentheses. (B) Crystal structure of RVV-X in ribbon representation. Each
domain or segment in the heavy chain is shown in the same color
as in Fig. 11. The HVR of the RVV-X heavy chain is directly involved
in the inter-subunit interaction. (C) Docking model. The molecular
surfaces of RVV-X subdomains are colored as in (B). FXa is shown
in ribbon representation. The side chain of the N-terminal Ile195 in
the FXa heavy chain is shown in magenta. The concave gorge
formed between the light chains may serve as the primary capture
site for FX zymogen in the blood. The Ch ⁄ LA ⁄ LB portion may act
as a scaffold to accommodate the elongated FX molecule, while
separating the Gla domain and the scissile peptide bond. This relatively large separation between the catalytic site and the Gladomain-binding exosite ( 6.5 nm) may account for the high specificity of RVV-X for FX.

systems relate to the physiological functions of the
P-III SVMPs.
The C-terminal region of the C domain of the P-III
SVMPs, which is designated the ‘hand’ (Ch) subdomain, has a core made of a unique a ⁄ b-fold structure
with no structural homology to currently known proteins other than the corresponding segments of
ADAMs and ADAMTSs [198,201,206,212,215]. The
whole C domain of the P-III SVMPs and ADAMs has
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been deposited at the conserved domain database
(CDD, http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.
shtml) [216], as a member of the ADAM_CR Superfamily (cl02698). In addition to the D domain, the
N-terminal portion of the C domain of ADAMTSs,
designated the CA subdomain, was recently found to
adopt this ADAM_CR super-family fold [200]. Therefore, ADAMTSs have two ADAMs’ Ch-subdomainlike folds separated by a thrombospondin type-1 motif
within the molecule (Fig. 11A). Figure 13A represents a structural comparison of the Ch subdomains of
SVMPs and ADAMs, and the corresponding portions
of ADAMTSs. Despite low amino acid sequence identities (e.g.  15% between VAP and ADAM10,
 16% between VAP1 and ADAMTS13 (D), and
 17% between the D and CA domains of ADAMTS13), they share a similar core structure and topology, including an N-terminal a-helix (shown in red), a
C-terminal two-stranded b-sheet (shown in yellow),
and four disulﬁde bonds (shown in orange). The
peripheral loops, however, differ markedly in structure
between these proteins.
The Ch subdomain’s hyper-variable region (HVR,
blue regions in Figs 12A and 13A) has been identiﬁed
as the most variable in length and the area where the
amino acid sequences are most divergent between
SVMPs and ADAMs [206]. Different P-III SVMPs
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have distinct HVR sequences, which result in distinct
surface features. Therefore, they may function in speciﬁc protein–protein interactions, explaining the diversity of biological activities characteristic of this class of
SVMPs. Because of its location within the molecule,
opposite from the catalytic site (Fig. 12A), the HVR
has been putatively assigned a protein binding and
substrate recognition function [201,206].
Russell’s viper venom FX activator (RVV-X)
RVV-X isolated from Daboia russelli venom is a member of the P-IIId SVMP family that consists of an
MDC-containing heavy chain and two light chains of
C-type lectin-like protein (Fig. 11A) [217–220]. RVV-X
speciﬁcally activates FX by cleaving the same Arg194–
Ile195 bond that is cleaved during physiological coagulation. FXa in turn converts prothrombin to thrombin,
which ultimately leads to the formation of a hemostatic plug.
The crystal structure of RVV-X shows a hook–spanner–wrench-like architecture, in which the MD
domains of the heavy chain constitute a hook, and the
remainder of the molecule constitutes a handle [211]
(Fig. 13B). The RVV-X heavy chain has a unique cysteine residue [Cys389 (H)] in the middle of the HVR.
Cys389 forms a disulﬁde bond with the C-terminal cysteine residue of the light chain A [Cys133 (LA)]
(Fig. 13A,B). In addition to this inter-chain disulﬁde
bond, the HVR and surrounding residues form multiple
hydrophobic interactions and hydrogen bonds, which
further stabilize the continuous Ch ⁄ LA structure. The
pseudo-symmetrical RVV-X light chain dimer is quite
similar in structure to the FX binding protein (X-bp)
from Deinagkistrodon acutus venom [221] that is solved
in complex with the Gla domain of FX [222]. This
structural similarity and previous biochemical observations suggest that the concave gorge formed by the
light chains in RVV-X may function as an exosite for
FX. A 6.5-nm separation between the catalytic site and
the putative Gla-domain-binding exosite suggested a
docking model for FXa [211,223] (Fig. 13C).
C-domain-mediated protein–protein interactions
The D ⁄ C domains may function to target P-III class
SVMPs to their speciﬁc substrates, and they have
therefore been suggested as the key structural determinants of potent hemorrhagic activity or diverse biological activities of this class of SVMPs. A substantial
amount of isolated D ⁄ C-domain-containing fragments
with speciﬁc toxicities has also been identiﬁed in the
venoms that are probably the proteolytic products of

the processing of P-IIIb SVMPs. Jararhagin-C, catrocollastain-C and leberagin-C, which are D ⁄ C-domaincontaining fragments isolated from Bothrops jararaca,
C. atrox and Macrovipera lebetina, respectively, inhibit
collagen-induced platelet aggregation [224–226]. Alternagin-C from Bothrops alternatus has been shown to
modulate a2b1 integrin-mediated cell adhesion, migration and proliferation [227]. The C domain of P-III
SVMPS has not received the same level of attention as
the D domain due to lack of structural information.
The recombinant C domain of atrolysin A, another
P-IIIa SVMP from C. atrox venom, speciﬁcally binds
to collagen type I and von Willebrand factor (vWF),
blocking collagen–vWF interactions [228,229] through
the vWF A domain (vWA) [230]. This C domain also
binds to vWA-like domain-containing extracellular
matrix proteins, such as collagen XII, collagen XIV
and matrilins 1, 3 and 4 [231]. However, the speciﬁc
regions of the C domain involved in these interactions
remain to be elucidated.
The resolution of the VAP1 and other structures has
shed new light on the structure–function properties of
P-III SVMPs and suggests a model in which the HVR
constitutes an exosite that captures the target or associated proteins for processing by the catalytic site. The
structure of RVV-X is consistent with this model and
shows the ﬁrst example of an HVR-mediated protein–
protein interaction. In addition, this protease illustrates
evolutionary gain of speciﬁcity in the P-III class
SVMPs through the formation of an HVR-mediated
exosite for the binding of speciﬁc substrates. Several
reports suggest that the HVR directly contributes to
the function of SVMPs. The peptide derived from the
HVR of HF3, a hemorrhagic P-III SVMP from
B. jararaca, promoted leukocyte rolling that was inhibited by anti-aM ⁄ b2 antibodies [232]. The peptides
encompassing the HVR of jararhagin interfere with the
interaction between platelets and collagen [233]. The
peptide derived from the HVR of atragin inhibited cell
migration [234]. Although these studies shed light on
the functions of the HVR, short peptides do not
always mimic their counterparts in the folded proteins.
Additional structural and biochemical studies, including site-directed mutagenesis, will facilitate identiﬁcation of the key substrates of individual SVMPs and
enable a better understanding of the molecular mechanism of action of P-III SVMPs.

Functional role of the non-enzymatic
proteins
In most cases, snake venom enzymes act as monomers
and exhibit optimal pharmacological properties and
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contribute to toxicity. At times, they form complexes
with other non-enzymatic proteins to achieve higher
efﬁciency through synergy. These non-enzymatic components play distinct functional roles in different complexes. In serine proteinase prothrombin activators
(such as pseutarin C), a FVa-like non-enzymatic subunit enhances the Vmax of the prothrombin activation
reaction [181], whereas in procoagulant metalloproteinases (such as RVV-X and carinactivase), two light
chains of C-type lectin-like protein contribute to speciﬁcity (FX and prothrombin, respectively) and Ca2+
dependence [235]. In ncHdPLA2s, the basic components are toxic and induce a number of pharmacological effects, but the acidic subunits are neither toxic
nor enzymatically active (or possess very low catalytic
activity). These non-enzymatic subunits play distinct
roles in different complexes. The crotoxin subunits
dissociate when the complex interacts with synaptic
membranes. The toxic PLA2 binds to a speciﬁc membrane receptor while the non-toxic component remains
in solution. The acidic subunit behaves as a ‘chaperon’ preventing a non-speciﬁc binding of the enzyme
to other substrates and potentiates the toxicity [149].
The acidic component of viperotoxin F also potentiates the neurotoxicity of the basic subunit but reduces
its enzymatic activity, while that of vipoxin plays a
multifunctional role. It stabilizes the neurotoxic component of the complex preserving the toxicity for a
long time, and decreases the neurotoxicity of the basic
PLA2 and its catalytic activity. In b-BTx, the covalently linked proteinase inhibitor-like subunit confers
the target speciﬁcity by binding to voltage-dependent
potassium channels [151]. Thus non-enzymatic components contribute signiﬁcantly to the pharmacological
efﬁciency of their respective enzymatic subunits. However, some questions are yet to be answered: why in
some cases (crotoxin, viperotoxin F) does the acidic
chain potentiate the toxicity but in others (vipoxin)
reduce the pharmacological activity? How does the
acidic subunit in vipoxin assist basic PLA2 to switch
the target from the presynaptic to postsynaptic side?
Do they also affect other pharmacological effects of
the toxic components?

Conclusions and future prospects
Venoms of snakes represent a veritable source of potent
pharmacologically active molecules. The primary purpose of developing such a lethal concoction of toxins
was probably for prey capture and defense, and venom
proteins have certainly evolved to exhibit a plethora of
novel pharmacological functions with impressive speciﬁcity and functions. Higher catalytic efﬁciency, heat
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stability and resistance to proteolysis as well as
abundance of snake venom enzymes compared with
non-venom homologs make them attractive models for
biochemists, enzymologists and structural biologists.
Despite sharing similar structural scaffolds, some of
these enzyme toxins exhibit multiple pharmacological
functions. Thus, structure–function relationships of
such enzymes pose intriguing and exciting challenges to
scientists. Structural studies of the enzymes have not
only contributed to our understanding of the mechanism of catalysis but also to that of their inhibition.
Using structural information, highly speciﬁc, nanomolar afﬁnity inhibitory peptides have been designed successfully for PLA2 enzymes. These encouraging initial
successes will provide impetus. The inhibitors have signiﬁcant importance in developing therapeutic prototypes and lead compounds for various human diseases
and ailments (e.g. PLA2 inhibitors as anti-inﬂammatory
compounds, and metalloproteinase inhibitors as antimetastatic compounds).
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2.0 Å: an example of regulation of a toxic function
generated by molecular evolution. FEBS Lett 412, 573–
577.
Singh G, Gourinath S, Sharma S, Paramasivam M,
Srinivasan A & Singh TP (2001) Sequence and crystal
structure determination of a basic phospholipase A2
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Tang L, Zhou YC & Lin ZJ (1998) Crystal structure of
agkistrodotoxin, a phospholipase A2-type presynaptic
neurotoxin from Agkistrodon halys pallas. J Mol Biol
282, 1–11.
Xu S, Gu L, Jiang T, Zhou Y & Lin Z (2003) Structures of cadmium-binding acidic phospholipase A2
from the venom of Agkistrodon halys pallas at 1.9 Å
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new PLA2-like protein with a novel cys 32-Cys 49 disulphide bridge with a bound sugar at the substratebinding site. Proteins 62, 329–337.
Kugiyama K, Ota Y, Takazoe K, Moriyama Y, Kawano H, Miyao Y, Sakamoto T, Soejima H, Ogawa H,
Doi H et al. (1999) Circulating levels of secretory type
II phospholipase A(2) predict coronary events in
patients with coronary artery disease. Circulation 100,
1280–1284.
Webb NR, Bostrom MA, Szilvassy SJ, van der Westhuyzen DR, Daugherty A & de Beer FC (2003) Macrophage-expressed group IIA secretory phospholipase
A2 increases atherosclerotic lesion formation in LDL
receptor-deﬁcient mice. Arterioscler Thromb Vasc Biol
23, 263–268.
Banumathi S, Rajashankar KR, Notzel C, Aleksiev B,
Singh TP, Genov N & Betzel C (2001) Structure of the
neurotoxic complex vipoxin at 1.4 Å resolution. Acta
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