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Abstract Venom as a form of chemical prey capture is a
key innovation that has underpinned the explosive ra-
diation of the advanced snakes (Caenophidia). Small
venom proteins are often rich in disulfide bonds thus
facilitating stable molecular scaffolds that present key
functional residues on the protein surface. New toxin types
are initially developed through the venom gland over-ex-
pression of normal body proteins, their subsequent gene
duplication and diversification that leads to neofunction-
alisation as random mutations modify their structure and
function. This process has led to preferentially selected
(privileged) cysteine-rich scaffolds that enable the snake to
build arrays of toxins many of which may lead to
therapeutic products and research tools. This review fo-
cuses on cysteine-rich small proteins and peptides found in
snake venoms spanning natriuretic peptides to phospholi-
pase enzymes, while highlighting their three-dimensional
structures and biological functions as well as their potential
as therapeutic agents or research tools.
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Introduction

While venom in reptiles had a single, early evolution [1, 2],
it is at the base of the advanced snakes that it truly became
a key evolutionary innovation that underpinned the ex-
plosive radiation of this lineage [3]. Snake venom is a
complex mixture of enzymes, proteins and peptides. Many
of these toxin families have stable molecular scaffolds
(Table 1). The toxins within the venom are a result of gene
duplication of proteins or peptides typically used elsewhere
in the body, with the copy being selectively expressed in
the venom gland [4]. These genes are often amplified into
multi-gene families with diverse neofunctionalisation fol-
lowed by the deletion or conversion of some copies to non-
functional or pseudogenes [5].

While the stable, disulfide-rich molecular scaffold is
preserved among the newly emergent multi-gene family,
neofunctionalisation is facilitated by mutation of key resi-
dues or domains on the molecular surface. A well-studied
example comprises the three-finger toxins that are found in
elapids as well as various non-front-fanged lineages [6-8].
The members of this multi-gene family all have a similar
pattern of protein folding consisting of three loops extending
from a central hydrophobic core containing four ubiqui-
tously conserved disulfide bonds, of the five bonds present in
the plesiotypic form. Despite the similar scaffold, the subtle
differences in sequence and conformation of the loops and
C-terminus of this family results in a broad range of biolo-
gical effects when binding to its various receptors [7].

Venom proteins and peptides target physiological pro-
cesses at sites accessible by the blood-stream, inducing a
myriad of toxic effects upon prey, ranging from precisely
targeted toxicity to modulation of blood chemistry, the
cardiac system, muscles, or neurological systems through
cell death or necrosis. Structure-function investigations have
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elucidated how different functions are exerted by toxins with
similar folds and how similar functions may be shared by
structurally different toxins thus, providing tools to either
determine the molecular pharmacology of different toxins or
to provide lead molecules to develop therapeutic agents.
Snakes and medicine have origins in the sixth century BC
with the god of medicine, Asclepius, represented by a
wooden staff entwined by a snake while the antidote for
snake bite and other diseases from the first century included
not only more traditional remedies such as plant extracts,
including opium, but also viper venoms [9]. However, the
true potential of snake toxins as therapeutic agents was only
realised in the last half of the 20th century when a
bradykinin-potentiating peptide isolated from the Brazilian
viper Bothrops jararaca was developed using a combination
of structure-activity relationships, molecular design and in-
tuition, into the small molecule ACE-inhibitor drug
captopril® to treat renovascular hypertension [10]. In addi-
tion to having potential as drug leads, snake toxins have also
been utilised as research tools. For example, the cu-
raremimetic neurotoxins from the three-finger toxin family

@ Springer

have been instrumental in the discovery, isolation, distri-
bution and characterisation of the muscarinic and nicotinic
acetylcholine receptors located at the neuromuscular junc-
tion [11].

In this review, we look at the array of small toxins
identified in snake venom that range from the natriuretic
peptides to the phospholipase A, enzymes. We highlight
the overall peptide and polypeptide structure and confor-
mation (Table 1), homology to other vertebrate and
mammalian peptides, the structure-function relationships
between the toxin and target protein with their ensuing
pharmacological effects, and whether the toxin has been
further processed as a therapeutic agent or research tool.

Privileged frameworks: structure and function

Natriuretic peptides

Natriuretic peptides are synthesised as preprohormones with
further processing occurring in the endoplasmic reticulum
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and proteolytic cleavage of the propeptide by serine pro-
teases to produce the mature peptide [12, 13]. The
mammalian natriuretic peptides (ANP, BNP and CNP) are a
family of structurally similar hormones/paracrine factors
primarily involved in natriuresis, diuresis and vasorelaxation
as a result of cardiac wall stretch. These three forms differ
largely on the relative presence (ANP and BNP) or absence
(CNP) of a C-terminal tail, with the cysteine-linked loop
conserved (Table 2). Recent research has identified the ef-
fects of these peptides are widespread and complex. They
include regulation of blood volume, blood pressure, ven-
tricular  hypertrophy, pulmonary hypertension, fat
metabolism and long bone growth in response to a number of
pathological conditions [14]. A recent study showed BNP
and NPR-A receptors are expressed in rat dorsal root gan-
glion and upregulated after peripheral tissue inflammation.
Activation of the signalling pathway in nociceptive afferent
neurons inhibits inflammatory pain thereby suggesting BNP
as a potential drug in pain treatment [15].

Natriuretic peptides bind to three receptors in mammals,
NPR-A, NPR-B and NPR-C. Both NPR-A and NPR-B are
transmembrane homodimers with the intra-cellular domain
consisting of a protein kinase-like domain and a guanylate
cyclase domain [16]. These two receptors mediate the
majority of known biological effects by catalysing the
synthesis of the intra-cellular signalling molecule cGMP.
All three mammalian natriuretic peptides contain the con-
served sequence CFGXXXDRIXXXXGLGC and these
form a 17 amino acid ring structure via a disulfide bridge of
the flanking cysteine residues [17] (Table 1). This receptor
selectivity is modulated by extensive interaction between
natriuretic peptide and the receptor with residues Phe§,
Argl4 and the C-terminal sequence of ANP and Phe7,
Argl3 and Metl7 of CNP important for binding to NPR-A
and NPR-C, respectively [18, 19].

Natriuretic peptides were first identified as a toxin in
snake venom in D. angusticeps [20]. The toxin is struc-
turally and functionally homologous to mammalian
natriuretic peptides and produces a hypotensive effect de-
signed to aid in incapacitation of prey [21]. D. angusticeps
natriuretic peptide (DNP) is a 38-residue structure that
relaxes rat aortic strips precontracted with KCI and
stimulated cGMP in cultured aortic myocytes and bovine
aortic endothelial cells [20] with potent natriuretic and
diuretic activity [22, 23]. Natriuretic peptides have been
subsequently isolated from a wide range of advanced
snakes including the front-fanged Elapidae and Viperidae
families and also non-front genera Philodryas and Rhab-
dophis. While a variety of N- or C-terminal tailed and tail-
less forms have been sequenced from various snake ven-
oms, all form a tight monophyletic clade within non-venom
CNP precursors [24], thus revealing that the forms pos-
sessing a C-terminal tail have secondarily evolved this tail.

To illustrate the functional diversity of snake venom
natriuretic peptides, despite only subtle differences in
sequences of the three natriuretic peptides TNP-a, TNP-b
and TNP-c from Oxyuranus microlepidotus, a significant
difference in bioactivity was noted [21]. Only TNP-c was
equipotent to ANP or DNP in relaxing precontracted rat
aortic rings or in binding to over-expressed NPR-A re-
ceptors. Similarly, two peptides from other venoms
(PaNP-c from Pseudechis australis and PtNP-a from P.
textilis) also showed quite variable activity despite dis-
playing obvious sequence similarity. While both PaNP-c
and PtNP-a inhibited angiotensin converting enzyme
conversion in a dose-dependent manner, only recombinant
PtNP-a showed a dose-dependent stimulation of cGMP
production [25].

Both human ANP and BNP have been investigated as
candidates for treatment of congestive heart failure re-
sulting from myocardial infarction and/or hypertension [26,
27]. Carperitide, which is a synthetic form of ANP [28],
was approved for use in Japan in 1995 and showed im-
provement in 82 % of patients with acute heart failure but
adverse effects included low blood pressure and renal
function disturbance [29]. Nesiritide is a recombinant form
of BNP and was found to improve left ventricular function
by vasodilation and natriuretic action [26], as well as im-
proving dyspnoea and fatigue [27] in patients with
congestive heart failure.

Sarafotoxins

Sarafotoxins are derived from the vasoconstrictive en-
dothelin family (ET). These hormonal (autocrine or
paracrine) peptides are involved in modulation of the
contraction of cardiac and smooth muscle in different tis-
sues in vertebrates [30, 31]. The endothelin family consists
of four isopeptides containing 21 amino acids (Table I;
Fig. 1) mainly synthesised by endothelial cells: ET-1, ET-2
and ET-3 in human, and vasoactive intestinal contractor
(VIC) in rodents [32, 33]. Two G-protein-coupled en-
dothelin receptors, endothelin-A (ET,) and endothelin-B
(ETg), have been cloned and characterised [34, 35]. Acti-
vation of ET by ET-1 results in vasoconstriction and cell
proliferation. ETg receptors are expressed on endothelial
and vascular smooth muscle cells. These receptors cause
vasodilation, inhibit cell growth and vasoconstriction, and
mediate the clearance of ET-1 from circulation [36]. Ad-
ditionally, novel bioactive 31-amino acid ETs have been
described that are also vasoconstrictors though in a dif-
ferent manner to ET-1, -2 and -3 [37].

Sarafotoxins (SRTXs) are toxins unique to the venoms
of the enigmatic Atractaspis genus (stiletto snakes). The
first SRTXs, SRTX-a, b and ¢, were isolated from the
potent venom of Atractaspis engaddensis [38] and
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Table 2 Natriuretic peptide

Sequence

—--SDSKIGDGCFGLPLDHIGSVSGLGCNRPVQNRPKK-—-—--
—--SDPKIGDGCFGLPLDHIGSVSGLGCNRPVQONRPKK-—-—-~—
—--SDSKIGNGCFGFPLDRIGSVSGLGCNRIMONPPKKFSGE—
—-—-SGSKIGNGCFGLPLDRISNTSGMGCRNPIQNRPKSTPGGS
SGSKTAEIGDGCFGVPIDHIGSTSGMGCGRPRPKPTPGGS-——
SGSETAKIGDGCFGLPIDRIGSASGMGCGSVPKPTPGGS——-~—

. Peptide Species
sequence alignment of i
mammalian and snake species hANP H. sapiens
rANP R. norvegicus
hBNP H. sapiens
hCNP H. sapiens
rCNP R. norvegicus
DNP D.angusticeps
) TNPa O. microlepidotus
Conserved cyste.:mes are shown TNPb 0. microlepidotus
in bold. Accession numbers are ) )
as follows: PO1160, PO1161, TNPe  O. microlepidotus
P16860, P13205, P23582, PtNP-a P textilis
P55207,P28374,P83224, PaNP-c P. australis
P83227, P83230, Q3SAF6, TcNP-a T carinatus
Q3SAF3, Q3SAE9
Fig. 1 Multiple sequence Peptide Species
alignment and three- - -
. . Endothelin-1 H. sapiens
dimensional structures of
sarafotoxin and endothelin Endothelin-2 H. sapiens
peptides. Conserved cysteines Endothelin-3 H. sapiens
are shown in bold in the Endothelin2 R o
sequence alignment. Accession ndothelin- - norvegicus
numbers are as follows: P05305, SRTX-a A. engaddensis
P20800, P14138, P23943, SRTX-b A. engaddensis
P13208, Q6RY98. A The NMR )
structure of SRTX-b from SRTX-c A. engaddensis
Atractaspis engaddensis (1SRB) SRTX-M1 A. m. microlepidota

Sequence

CSCSSLMDKECVYFCHLDIIW
CSCSSWLDKECVYFCHLDIIW
CTCFTYKDKECVYYCHLDIIW
CSCNSWLDKECVYFCHLDIIW
CSCKDMSDKECLNFCHQDVIW
CSCKDMTDKECLYFCHQDVIW
CTCNDMTDEECLNFCHQDVIW
CSCNDMNDKECMYFCHQDVIWDEP

showing the Ser2 residue
important for vasoconstriction
activity. B The NMR structure A
of human endothelin-1 (1V6R)
showing Asp8, Glul0 and
Phel4 important for biological
activity. Functional residues are
highlighted in red and disulfide
bridges are depicted in yellow

comprised of 21 amino acids stabilised by two conserved
disulfide bonds [39, 40]. Analysis of the biological effects
of A. engaddensis crude venom on heart and nerve-muscle
preparations showed a predominant cardiotoxic effect, but
no pre- or post-synaptic neurotoxicity [41]. Additionally,
SRTXs showed various degrees of vasoconstriction effects
on isolated smooth muscle systems of rabbit aorta, rat
uterus and guinea pig ileum [42—44].

As with long-form endogenous ET peptides, longer
SRTX isoforms were identified in A. m. microlepidota
venom that contained three additional residues at the
C-terminus [45]. A recent study showed long sarafotoxins
are highly toxic in mice but the C-terminus extension in-
duced decreased affinity between the long SRTX and
cloned ETA/ETg receptors indicating a new receptor
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subtype is present or reduced affinity at the receptor sites
does not affect the signalling cascade [46].

NMR resolution and molecular modelling of ET-1 and
SRTX-b in solution show that the peptides adopt a disul-
fide-stabilised a-helical motif characterised by an extended
structure of the first three or four amino acids; a B-turn
from positions 45 to 4-8; an a-helical conformation in the
sequence region Lys9-Cysl5, and, absence of conforma-
tion in the C-terminus [47, 48] (Fig. 1). A sequence
modification study of SRTX-b confirmed the serine at
position 42 is important for vasoconstriction activity with
the synthetic [Thr2]SRTX-b showing similar toxicity but
reduced vasoconstriction efficacy [49] (Fig. 1). Chemical
mutagenesis studies on ETs have determined the terminal
amino and carboxy groups and residues Asp8, Glul0 and
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Phel4 are important for biological activity and efficacy of
binding to the ET receptor [50] (Fig. 1). Sarafotoxins la-
belled with iodine demonstrated high affinity and
specificity for rat atrial and brain membranes in a rapid and
reversible manner. Elevated levels of ET-1 have been as-
sociated with a number of diseases including hypertension,
asthma, artherosclerosis, myocardial arrhythmias and is-
chaemia, and renal failure as well as a number of cancers
including prostate, ovarian, colorectal, bladder, breast and
lung carcinomas [36]. Thus sarafotoxins may provide a
source of molecular probes in identifying processes in such
diseases and structure-function relationship studies be-
tween receptor subtypes and SRTX/ET ligands may
provide a source of antagonist peptides.

B-Defensin peptides

Human and mammalian (-defensins are produced in ep-
ithelial cells and immune cells including monocytes,
macrophages and monocyte-derived dendritic cells and are
involved in the innate immune response as anti-microbials
and chemokines [51]. These highly cationic and amphipathic
peptides disrupt bacterial membranes through electrostatic
interaction with the negatively charged bacterial membrane,
resulting in loss of membrane integrity possibly by insertion
of the peptide into the phospholipid layer when the critical
peptide/lipid ratio is achieved [52, 53].

The majority of the research into snake venom [-defensin
peptides has concentrated on the crotamine and myotoxin-o
peptides from Crotalus (rattlesnake) venoms [54, 55]. The
B-defensin toxin contains 42—43 residues that are stabilised
by three disulfide bonds and show high sequence homology
plus similar chemical and biological properties between
members (Table 1; Fig. 2) [56]. Crotamine was originally
isolated from the venom of the Argentinian rattlesnake
Crotalus durissus terrificus [57] and is a extremely basic
toxin shown to exist in two conformation states due to cis-
trans isomerisation at Pro20 [58].

Initially, crotamine was shown to induce spastic paralysis
of the hind limbs of mice, rats, rabbits and dogs. Recent studies
have shown the action may not involve Na™ channels [55, 59]
but may be similar in mechanism of action to myotoxin o [60].
Myotoxin o, isolated from the prairie rattlesnake, induces
local skeletal muscle contracture followed by myofibril de-
generation and a vacuolisation pattern similar to crotamine
[61-63]. Both crotamine and myotoxin o cause strong Ca’"
release from heavy sarcoplasmic reticulum through the
ryanodine receptor [64] and in the case of myotoxin o, the
mechanism may also involve the 30 kDa protein [65].

NMR spectroscopy has demonstrated that crotamine
structure is composed of a short N-terminal o-helix and a
small anti-parallel triple-stranded B-sheet arranged in a
aB1B2B3 arrangement (Table 1) [66]. The disulfide bridge

arrangement and characteristic twisted anti-parallel 3-sheet
fold conformation is similar to the mammalian and human
antibacterial B-defensin family, which may be used to group
these proteins as a superfamily (Fig. 2). The cysteine resi-
dues are paired in a 1-5, 2—4, 3—-6 arrangement positioned in
the centre of the molecule resulting in a hydrophobic core
and compact fold [67]. Whereas the disulfide bonds are
conserved, the remaining amino acid sequences show less
than 30 % homology between family members [68].

Crotamine also has potent analgesic activity that in-
volves both central and peripheral nervous system
mechanisms [69]. Furthermore, the toxin shows a unique
penetrating property by localising and concentrating in the
cytoplasm and nucleus of different cell types and demon-
strated its potential as a biotechnology tool by targeting
delivery of plasmid DNA into actively proliferating cells
in vivo and in vitro [70, 71]. Further analysis identified the
penetration process as endocytosis with accumulation of
crotamine in acidic endosomal/lysosomal vesicles of CHO-
K1 cells and causing lysosome lysis at higher concentra-
tions, leading to cell death [72].

Kunitz-type serine protease inhibitors

Serine proteases are ubiquitous in animals, plants and mi-
cro-organisms. The first X-ray structure of a kunitz-type
serine protease inhibitor was that of basic pancreatic
trypsin inhibitor (BPTI) which is a small, soluble, stable
peptide of 58 amino acids isolated from bovine pancreas
with three conserved, characteristic disulfide bridges
(Table 1; Fig. 3) [73, 74]. Kunitz inhibitors bind an-
tagonistically to the serine protease active site by an
exposed binding loop in a substrate-like manner known as
the ‘standard’ mechanism [75]. The mechanism involves
the peptide bond of the reactive site of the inhibitor in-
teracting with the active site of the serine peptidase [74,
76]. Schechter and Berger identified six residues (P3, P2,
P1, P1’, P2’, P3’) that were involved with the interaction at
the active site that mimics an ideal protease substrate [77]
with the conformation of the peptide containing the reac-
tive site described as canonical [78]. A positively charged
residue (Arg or Lys) at the P1 position can be indicative of
trypsin inhibition while the presence of a hydrophobic
residue (Leu, Phe or Tyr) at this position is linked to
chymotrypsin inhibition [74].

Kunitz-type serine protease inhibitors have been iden-
tified in the venom of a wide range of advanced snake
species, particularly from the Elapidae and Viperidae
families, with the majority tested thus far having non-
specific antitrypsin and antichymotrypsin activity. The first
kunitz-type inhibitor was isolated from the venom of
Daboia russelii and was shown to inhibit kallikrein, trypsin
and plasmin [79]. A novel chymotrypsin inhibitor from
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Toxin Species Sequence
p-defensin 1 H. sapiens DHYNCVSSGGQC---LYSACPIFTKIQG--TCYRGKAKCCK
B-defensin 4A H. sapiens GIGDPVTCLKSGAIC---HPVFCPRRYKQIG--TCGLPGTKCCKKP

YKQCHKKGGHCF-PKEKICLPPSSDFGKMDCRWR-WKCCKKGSG
YKQCHKKGGHCF-PKEKICIPPSSDLGKMDCRWK-WKCCKKGSG
YKRCHKKEGHCF-PKTVICLPPSSDFGKMDCRWK-WKCCKKGSVN
YKRCHKKGGHCF-PKEKICTPPSSDFGKMDCRWK-WKCCKKGSVN

Crotamine C. d. terrificus
Myotoxin o C. v. viridus
Myotoxin I C. v. concolor
Myotoxin II C. v. concolor
DLP-1 O. anatinus

FVQHRPRDCESINGVCRHKDTVNCREIFLA----DCYNDEQKCCRK

Fig. 2 Multiple sequence alignment and three-dimensional structures
of B-defensin peptides. Conserved cysteines are shown in bold in the
sequence alignment. Accession numbers are as follows: P60022,
015263, P01475, P01476, P12028, P12029, P82172. A The NMR

Bungarus fasciatus contained asparagine as the P1 residue
instead of the traditional hydrophobic residue [80] (Fig. 3).
A potent trypsin inhibitor isolated from the Naja naja
venom had the characteristic six cysteine residues and
42 % homology with BPTI. The strong trypsin inhibition
may be attributed to a charged lysine residue at the P3’
position, instead of a hydrophobic isoleucine as seen in
BPTI [81] or an aromatic phenylalanine observed in the
majority of Australian elapids [82]. In addition, the enzyme
inhibitor from P. textilis affects blood coagulation through
plasmin inhibition [83] while the protease inhibitor type
from D. angusticeps does not interact with enzymes but
instead binds to L-type Ca*" channels [84].

A comprehensive cDNA study of eleven Australian
elapids identified kunitz-type inhibitors in all species and
multiple isoforms in most species. Sequence analysis
showed homology in the cysteine residues and the C-ter-
minus but a high degree of variability within the canonical
loop region (P3-P3’). Further phylogenetic analysis clus-
tered the Australian elapids as evolutionary distinct from
the kunitz serine inhibitors previously characterised from
vipers, colubrids and non-Australian elapids [82].

Textilinin-1 isolated from the venom of the P. fextilis is
a kunitz-type inhibitor showing a single stage, reversible
mechanism specific for the serine proteases plasmin and
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structure of human B-Defensin 1 (1KJ5). B The NMR structure of
crotamine (1H50) showing the region of cationic residues (red)
responsible for anti-microbial activity. Disulfide bridges are depicted
in yellow

trypsin [83]. The inhibitor contains 59 residues and
demonstrates a fold similar to BPTI that is stabilised by
three disulfide bonds (Table 1; Fig. 3) [85]. Determination
of the crystal structure from recombinant textilinin-1
showed the molecule differs to aprotinin at the critical
residues of P1 and P1” with textilinin-1 containing arginine
and valine at these sites, while aprotinin contains lysine
and alanine, respectively [85]. Aprotinin potently inhibits a
number of enzymes including plasmin, trypsin and kallik-
rein which led to its development as an anti-fibrinolytic
agent to reduce blood loss in cardiac surgery [86]. How-
ever, in 2007 marketing was suspended due to a study
finding the use of aprotinin increased the risk of heart at-
tack, stroke and renal failure [87]. As textilinin-1 is more
specific than aprotinin for plasmin, exhibits a reversible
mechanism and reduces bleeding in a murine bleeding
model by 60 % [88], it remains a lead candidate as a re-
placement anti-fibrinolytic agent to aprotinin [89].
Kunitz-type serine protease inhibitors interact with other
toxins to form complexes. B-Bungarotoxin from Bungarus
multicinctus is a neurotoxic covalently linked heterodimer
consisting of a Group I PLA, enzyme (Chain A) and a
kunitz-type serine protease inhibitor (Chain B) [90]. The
complex disrupts neurotransmission by binding to the
presynaptic site of the neuromuscular junction while the
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Peptide Species Sequence

HAI-2 H. sapiens CLVSKVVGRCRASMPRWWYNVTDGSCQLEFVYGGCDGNSNNYLTKEECLKKC
TFPI-1 H. sapiens CLLPLDYGPCRALLLRYYYDRYTQSCRQFLYGGCEGNANNFYTWEACDDAC
BPTI B. taurus RPDFCLEPPYTGPCKARIIRYFYNAKAGLCQTEFVYGGCRAKRNNFKSAEDCMRTCGGA

Stephenin-1  H. stephensii

Textilinin-1 P. textilis

Taicatoxin O. scutellatus
Mulgin-1 P. australis
KPI N. naja

BF9 B. fasciatus

KDRPEFCELPADPGPCNALSQAYYYNPVQHKCLKFRYGGCKANPNTFKTIEECKRTCAA
KDRPDFCELPADTGPCRVREPSFYYNPDEKKCLEFIYGGCEGNANNFITKEECESTCAA
KDRPKFCHLPPKPGPCRAAIPRFYYNPHSKQCEKFIYGGCHGNANSFKTPDECNYTCLGV
KDRPRFCELPADPGPCNGLFQAFYYNPVOQRTCLKFRYGGCKGNPNTFKTIEECKRTCAA
RPGFCELPAAKGLCKAHKPAFYYNKDSHRCOKFIYGGCGGNANRFRTIDECNRTCVG

KNRPTFCNLLPETGRCNALIPAFYYNSHLHKCQKENYGGCGGNANNFKTIDECQRTCAAKYGRSS

PRO-15

Fig. 3 Kunitz-type serine protease inhibitor sequence alignment. The
residues highlighted in red on the textilinin-1 sequence are the amino
acids involved in the anatagonistic interaction with the protease active
site. Conserved cysteines are shown in bold. Accession numbers are
as follows: 043291, P10646, P00974, BSKF94, Q90WAT1, B7S4N9,
Q6ITC1, P19859, B2KTG]1. 3D structures are shown for A Textilinin-

kunitz subunit directs the interaction by binding with high
affinity to a specific subclass of voltage-sensitive potassium
channels [91]. Taicotoxin is an oligomeric complex isolated
from Oxyuranus scutellatus venom and consists of an o-
neurotoxin-like peptide; a neurotoxic PLA, and a protease
inhibitor. The complex blocks Ca** channels, however, the
activity is lost when the protease inhibitor is removed from
the complex [92]. Another such complex is MitTx, a
heteromeric complex made up of a kunitz peptide and a
PLA, which acts as a powerful agonist on acid-sensing ion
channels (ASICs), inducing excruciating pain [93].

Waprins

The relatively recent discovery of nawaprin from the venom
of Naja nigricollis is evidence that novel protein families
continue to be discovered from snake venoms [94]. Nawa-
prin is structurally similar to whey acidic proteins (WAPs)

1 (3BYB) and B chymotrypsin inhibitor from Bungarus fasciatus
(1JC6). Textilinin-1 shows the P3-P3’ residues in red with Argl7
(P1") typical for trypsin inhibition. The chymotrypsin inhibitor
denotes the P3-P3’ residues in red but with an asparagine residue
at P1’ instead of the typical hydrophobic residues of Leu, Phe and Tyr.
Disulfide bridges are depicted in yellow

and hence, this snake toxin family has been termed waprins.
Omwaprin is a 50-amino acid cationic waprin recently
isolated from O. microlepidotus and shows 37-41 % se-
quence similarity to nawaprin, elafin and SLPI [95].
Functional analysis of the recombinant form displayed no
anti-proteinase effect but showed selective and dose-de-
pendent antibacterial activity against Gram-positive
bacteria; omwaprin had no effect on eukaryotic membranes
as demonstrated by the lack of activity on human erythro-
cytes [95]. Reduction and alkylation of the cysteine residues
and deletion mutagenesis of the N-terminal region indicated
the disulfide bridges and the cationic N-terminus are im-
portant for antibacterial function. Scanning electron
microscopy indicated that the antibacterial mechanism is
via membrane disruption [95] (Fig. 4).

Whey acidic proteins are the major whey protein found
in the milk of a range of animals with the mouse type being
the prototypic member of the family [96, 97]. The WAP
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Peptide Species Sequence

Elafin H. sapiens KGPVSTKPGSCPIIL--—-——- IRCAMLN-PPNRCLKDTDCPGIKKCCEGSCGM-ACFVPQ
SLPI H. sapiens RKPGKCPVTY--———-— GQCLMLN-PPNFCEMDGQCKRDLKCCMGMCGK-SCVSPVKA
WFDC-1 H. sapiens PRQPRADRCPPPPRTLPP-GACQAA————— RCQADSECPRHRRCCYNGCAY-ACLEAV
Kal-1 H. sapiens LLVKQGDCPAPEKASGFAAACVE--———-— SCEVDNECSGVKKCCSNGCGH-TCQVPK
Nawaprin N. nigricollis NEKSGSCPDMSMPIPPLGICKT-——---- LCNSDSGCPNVQKCCKNGCGFMTCTTPV
Omwaprin-a O.microlepidotus RPKKPGLCPP----RPQK-PCVK--—-—--— ECKNDDSCPGQQKCCNYGCKD-ECRDPI
Auswaprin-a P. australis RPKKPGLCPP----RPQK-PCVK--——-— ECKNDWSCSGQQKCCNYGCID-ECRDPI
Textwaprin-a P. textilis RPKKPGLCPP----RPQKPPCVK--—-—--— ECKNDWSCPGQQKCCSYGCID-ECRDPI

Fig. 4 Waprin sequence alignment and X-ray structures of A human
elafin and B omwaprin. Conserved cysteines are shown in bold.
Accession numbers are as follows: P11957, P03973, Q9HC57,
P23352, P60589, P83952, B5G6GY9, BSL5SP9. A Human elafin
(1FLE) showing Leu20 (P5) to Leu26 (P2) of the primary binding

domain consists of 40-50 amino acids with eight conserved
cysteine residues forming four disulfide bonds (Table I;
Fig. 4) [98] and the inter-cysteine residues show great di-
versity resulting in divergent functions among the protein
family. Members of this family are termed WDFC
(whey/four disulfide core) proteins with the WDFC domain
present in numerous proteins; not all of which are present
in milk [99]. The crystal structure of the WAP elafin
complexed with porcine pancreatic elastase shows the
seven residues Leu20 (P5) to Leu26 (P2’) (contains the
second cysteine) of the primary binding loop and Ser4S,
Cys49 and Ala52 of the adjacent hairpin loop are in contact
with the enzyme and shows the scissile peptide bond in the
primary binding site to be intact [100] (Fig. 4). Site-di-
rected mutagenesis of secretory leucocyte protease
inhibitor (SLPI) determined the C-terminal WFDC domain
was responsible for the anti-protease activity of trypsin,
chymotrypsin and leucocyte elastase and indicated that
residue Leu72 binds to the S1 site of the enzyme [101].
The spacing of the cysteine residues in elafin and SLPI
is identical and are important for anti-proteinase activity;
variation from this may be responsible for the lack of anti-
proteinase activity observed in other mammalian WFDC
proteins [102]. Therapeutically, in addition to anti-micro-
bial roles, both elafin and SLPI inhibit HIV infection and
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loop and Ser47, Cys49 and Ala52 of the adjacent hairpin loop that are
in contact with the enzyme. B Omwaprin (3NGG) 3D figure
highlighting the cationic N-terminus and disulfides important for
antibacterial action. Disulfide bridges are depicted in yellow

are possible anti-infectives of the viral disease [103]. Both
SLPI and elafin also show potential as aerosol drugs in
reducing the chronic protease-induced inflammation asso-
ciated with lung diseases such as cystic fibrosis and chronic
obstructive pulmonary disease [104].

Three-finger toxins

The Ly-6/uPAR peptide superfamily is structurally char-
acterised by three B-stranded loops extending from a small,
globular, hydrophobic core stabilised by 10 highly con-
served cysteine residues [105, 106]. Included in this diverse
assemblage are the glycosylphosphatidyl inositol (GPI)
anchored LYNX neuropeptides that bind to a4 2 nicotinic
acetylcholine receptors (nAChRs) in the central nervous
system and have been shown in vitro and in vivo to reg-
ulate nAChR activity and prevent excess excitation [107].

The homologous three-finger toxins (3FTxs) found in
the venoms of elapids, hydrophiids and colubrids typically
contain three distinct B-stranded loops extending from a
disulfide-rich hydrophobic core. The ancestral 10-cysteine
pattern is preserved in the basal-type a-neurotoxins found
in the venoms of non-front-fanged snakes and still secreted
in low-levels in the front-fanged elapid snakes (Table 1) [6,
106]. Significantly, the more potent elapid a-neurotoxins
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have lost the second and third ancestral cysteines. The
deletion of these two cysteines also led to an explosive
radiation of this toxin class, with the subsequent flourishing
of neurotoxic, haemotoxic and cytotoxic pharmacological
activities (Table 3). The subtle differences in primary
structure and conformation of the three-finger toxins are
also reflected in the diversity of biological activities
demonstrated by the toxins. Despite the extremely large
scope and complexity of the snake 3FTx family [6, 7], only
the neurotoxins and cytotoxins/cardiotoxins have been
well-characterised and consequently only they will be re-
viewed here.

Neurotoxic three-finger toxins

The separation of the venom of B. multicinctus using zone
electrophoresis on starch to investigate the ‘curare like
action of the venom’ was one of the earliest identifications
of three-finger toxins (3FTxs) in snake venom [108]. The
main fraction, designated o-bungarotoxin, was shown to
irreversibly block neuromuscular transmission via the
acetylcholine receptor at the motor end plate [108]. Ana-
lysis of cobratoxin from the venom of Naja atra
demonstrated the potent neuromuscular blocking properties
of the toxin was reliant upon the integrity of the disulfide
bonds, and hence the conformation of the molecule [109].
Both the Type I and Type II o-neurotoxins have proven
invaluable in the discovery, purification and ligand inter-
action characterisation of the neuromuscular nAChRs [11].

The basal activity of the neurotoxic 3FTxs is binding at
the ol nAChR, with relative potency reflective of prey-
specificity, and hence most plesiotypic forms are much
more potent against reptiles and avians than mammals [106,
110, 111]. Secondary to the evolution of the intricate venom

system of the elapid snakes, characterised by a high-pres-
sure delivery system linked to syringe-like hollow fangs, the
second and third ancestral cysteine residues were lost, with
a dramatic increase of the o-neurotoxicity by the Type I o~
neurotoxins (also known as the short-chain o -neurotoxins)
[6, 112] (Fig. 5). Subsequent to the loss of the second and
third ancestral cysteines, the a-neurotoxicity specificity was
modified in one derived clade [the Type II o-neurotoxins
(also known as the long-chain neurotoxin)] to have two new
cysteines stabilising loop-2 and with the derived activity of
an additional target; the o7 nAChRs [113].

In addition to potentiating neurotoxicity, the structural
constraints brought about by the deletion of the second and
third ancestral cysteines freed up the scaffold for the
derivation of new neurotoxins with activities such as k-
neurotoxins targeting neuronal nicotinic receptors [114];
adrenergic/muscarinic neurotoxins targeting a wide array
of adrenergic and muscarinic nAChR subtypes [115];
blockage of L-type calcium channels; and inhibition of
acetylcholinesterase [116, 117]. Notably, 3FTxs known as
mambalgins, isolated from the venom of Dendroaspis
polylepis, show potential therapeutic value as an analgesic
by blocking ASIC channels. The peptides target both pri-
mary nociceptors and central neurons through different
ASIC subtypes and hence, are not only potential analgesics
but are excellent tools for understanding pain [118].

Cytotoxins

The second largest group of 3FTxs are the cytotoxins (aka
cardiotoxins). Structurally, cytotoxins are similar to short-
chain neurotoxins; they contain four of the ancestral disul-
fide bonds; contain 59-62 residues and are unusually highly
conserved, with approximately 90 % sequence homology

Table 3 Bioactivity and
cysteine spacing of 3ftx types

Functional Class Action

Cysteine pattern

Human SLURP-1 [185]

Basal-type a-neurotoxins [6]

Type I a-neurotoxins [6]
Type II a-neurotoxins [6]
Type III a-neurotoxins [6]
Type A muscarinic [186]

Type B muscarinic [186]
Type C muscarinic [186]

K-neurotoxins [187]

ASIC channel

blockers [118]

L type Ca®* channel
blockers [116]
Antiplatelet toxins [188]

Acetylcholinesterase
inhibitors [189]
Cytotoxins [119]

Positive allosteric effector of a7 nAChRs

al nAChR antagonist-greater potency to
avian/reptile to mammals

al nAChR antagonist
al and o7 nAChR antagonist
al nAChR antagonist

Adrenergic and muscarinic receptor
antagonist

M2 muscarinic receptor antagonist

Adrenergic and muscarinic receptor
antagonist

a3B2 nAChR antagonist
Inactivated ASICla-ASIC2a antagonist

L-type calcium channels antagonist

GPIIb/I1Ia receptor competitor

Acetylcholinesterase inhibitor

Pore-forming action by a hydrophobic
patch

2-C-2-C-8-C-5-C-6-C-22-C-3-C-15-CC-4-C4
9-C-2-C-7-C-5-C-6-C-20-C-3-C-10-CC-4-C-1

2-C-13-C-8-C-16-C-1-C-10-CC-4-C-2
2-C-10-C-6-C-5-C-3-C-10-C-3-C-11-CC-4-C-7
2-C-9-C-6-C-17-C-3-C-7-CC-4-C2
2-C-13-C-6-C-17-C-3-C-11-CC-4-C-2

2-C-13-C-6-C-20-C-3-C-10-CC-4-C2
2-C-13-C-6-C-17-C-3-C-10-CC-4-C-2

2-C-10-C-6-C-5-C-3-C-10-C-3-C-11-CC-4-C-2
2-C-8-C-6-C-17-C-3-C-7-CC-4-C2
2-C-13-C-4-C-16-C-1-C-10-CC-4-C2

2-C-13-C-4-C-14-C-1-C-11-CC-4-C2
2-C-13-C-4-C-16-C-1-C-10-CC-5-C2

2-C-10-C-6-C-16-C-3-C-10-CC-4-C-1
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Fig. 5 Multiple sequence alignment and three-dimensional structures
of 3FTxs. Alignment of snake venom short chain (Aa-c, Taipan-1,
erabutoxin a, mambalgin-2), long chain (Bungarotoxin a, acanthopin
d), muscarinic toxins (MT 7), cardiotoxins (CTX V, Toxin gamma),
B-cardiotoxins (f-cardiotoxin) and mammalian 3FTxs (Lynx 1, Slurp
1) using CLC Main Workbench 6. Highly conserved residues are
highlighted in green while semi-conserved residues are a lighter
green. The consensus sequence is shown above the multiple sequence
alignment with disulfide connectivity shown in solid red lines. The
fifth disulfide observed in long chain 3FTxs is linked by a dotted red

[119, 120] (Fig. 5). The non-specific pore-forming action,
guided by a hydrophobic patch that facilitates integration
into the lipid bilayer, has resulted in documentation of a
wide array of activities including effects resulting from
depolarisation of cardiomyocytes and nerve cells; depo-
larisation and contracture of smooth and skeletal muscle;
lysis of erythrocytes, necrotic cell death in foetal rat car-
diomyocytes and apoptosis in cortical neurones [121-124].
Comparison of the solution structures of the potent cyto-
toxin CTX V to other cytotoxin isoforms from N. atra
venom identified the amino acids Met26 and Lys44 are
important for the lethal activity of cytotoxins [125] (Fig. 5).

While, the cardiomyocyte target or receptor involved in
the cytotoxins interaction is yet to be identified, it is ap-
parent that the cytotoxic effects are the result of the toxin
damaging cells by interacting with anionic lipids on the
cell membrane resulting in pore formation and increased
membrane permeability [126—128].

Interestingly, an investigation using H9C2 cardiomy-
oblast cells and rat cardiomyocytes showed CTX A3 from
the Taiwan cobra binds to the sulphatide 3’-sulphated B1-d-
galactosylceramide in the plasma membrane resulting in
pore formation and internalisation and disruption of the
mitochondrial network [129, 130].

A divergent cytotoxin subclade called B-cardiotoxins
have recently been isolated from Ophiophagus hannah
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line. Ribbon models A-D represent the short-chain neurotoxin
erabutoxin-a (1QKE-purple ribbon), mambalgin-2 (2MFA-orange
ribbon); long-chain neurotoxin alpha-bungarotoxin (1KFH-blue rib-
bon); cardiotoxin analogue V (CTX V) (1CHV-green ribbon); and the
water-soluble domain of human LYNXI1 (2L03-light blue ribbon),
respectively. The conserved disulfide bridges are shown in yellow and
functional residues are shown in red; 1QKE-K27, W29, D31, F32,
R33, K47; 1KFH- A7, S9, 111, R36, K38, V39, V40; 1CHV- M26,
K44. The added methionine of water-soluble LYNX-1 lacking the
GPI anchor is shown in black

venom [131]. These peptides induce a dose-dependent
decrease in heart rate both in vivo and ex vivo by blocking
B-adrenergic receptors. Compared to cytotoxins, they show
approximately 55 % sequence homology and differ struc-
turally within the loop regions. Adult clinical trials in the
1990s showed a reduction in mortality risk of 30-35 %
using B-adrenergic receptor blockers as standard therapy
for chronic heart failure instead of B-agonists [132]. B-
receptor signalling research on isolated cardiomyocytes has
indicated that the ;-receptor regulates cardiotoxicity (pro-
apoptotic signalling) and P,-receptors are primarily in-
volved in cardioprotection (anti-apoptotic signalling).
However, research utilising B1- and B2-receptor knockout
mice has shown the role of each B-adrenergic receptor
subtype in regulating cardiotoxicity and cardioprotection is
complex and variable, depending on the particular stressors
involved and whether the stressors are acute or chronic
[133]. Hence, the recently discovered B-cardiotoxins show
potential as research tools for B-adrenergic receptors and as
therapeutics for cardiovascular disease.

Avit proteins
A small, non-toxic protein isolated from D. polylepis just

over 30 years ago was initially designated as protein A and
was later found to potently contract gastrointestinal (GI)
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Peptide Species Sequence

PK1 H.sapiens AVITGACERDVQCGAGTCCAISLWLRGLRMCTPLGREGEECHPGSHKVPFFRKRKHHTCPCLPNLLCSRFPDGRYRCSMDLKNINE
MIT1 D.polylepis AVITGACERDLQCGKGTCCAVSLWIKSVRVCTPVGTSGEDCHPASHKIPFSGQRMHHTCPCAPNLACVQTSPKKFKCLSKS

Bv8 B.variegata AVITGACDKDVQCGSGTCCAASAWSRNIRFCIPLGNSGEDCHPASHKVPYDGKRLSSLCPCKSGLTC-SKSGEKFKCS

PK1 M.musculus AVITGACERDIQCGAGTCCAISLWLRGLRLCTPLGREGEECHPGSHKIPFLRKRQHHTCPCSPSLLCSRFPDGRYRCFRDLKNANE
PK2 R.norvegicus ~AVITGACDKDSQCGGGMCCAVSIWVKSIRICTPMGQVGDSCHPLTRKVPFWGRRMHHTCPCLPGLACLRTSFNRFICLARK

Fig. 6 Sequence alignment and 3D structures of AVIT proteins.
Cysteine residues are shown in bold. Accession numbers are as
follows: P58294, P25687, Q9PW66, Q14A28, Q8R413. A NMR
structure of MIT1 (1IMT) highlighting the AVITGA residues in stick

smooth muscle and produce hyperalgesia [134]. It was re-
named MIT1 (mamba intestinal toxin 1) with the structure
containing 80 residues stabilised by five disulfide bonds and
resembles a close structural homolog to pig colipase [135]
(Table 1; Fig. 6). This family of proteins are known as
prokineticins (PK) or AVIT proteins and three isoforms have
been identified in humans; PK1 [endocrine gland-derived
vascular endothelial growth factor (EG-VEGF)], PK2
[mammalian Bv8 (mBv8)], and PK2p. The tertiary structure
of MIT1 consists of a central B-sheet region supported by
disulfide bridges with the secondary structure motifs com-
posed of two three-stranded inverse B-sheets [135]. Recently,
an NMR analysis of Bv8 from B. variegata was shown to be
structurally similar to MIT1 [136] (Fig. 6). All of these
proteins contain an identical N-terminal sequence, AVITGA,
that is important for receptor binding [136] (Fig. 6). AVIT
proteins bind to two mammalian receptors (PKR1 and PKR?2)
that are G-protein-coupled receptors with MIT1 having
preferred affinity for PKR2 at least one order of magnitude
higher than PK1 [137]. The physiological role of proki-
neticins binding to their respective receptors have been
implicated in biological functions such as angiogenesis,
neurogenesis, reproduction, inflammation, inflammatory
pain and cancer [138]. Bv8 is a main pronociceptive mediator
upregulated in neutrophils and inflammatory cells and is in-
volved in initiating inflammatory responses and peripheral

format (red). B NMR structure of Bv8 from B.variegata (2KRA)
showing the AVITGA N-terminal region in red. Disulfide bridges are
depicted in yellow

sensitisation. Blocking receptors PKR1 and PKR2 with an-
tagonist PC1 led to pain and tissue recovery time reduction
and could be a lead to chronic pain treatment [139].

Disintegrins

Disintegrins are a domain of the snake venom metallo-
proteases (SVMP) and may act either as part of the
complete SVMP, as post-translationally cleaved peptides
from the SVMP or as selectively expressed gene products
[140, 141]. These small cysteine-rich polypeptides are re-
leased in the venom by proteolytic processing of
multidomain Zn®"-dependent metalloproteinases. Snake
venom haemorrhagic metalloproteinases (SVMP) are
found in the venoms of all advanced snakes and are clas-
sified into four classes depending upon their domain
structure [142]. The ancestral state is the multidomain PIII
form (60-100 kDa) that contains a metalloproteinase do-
main with disintegrin-like and cysteine-rich domains at the
C-terminus. This toxin type is derived from the ADAM-
type metalloprotease [4] and while PIII is found in all
snake venom, the derived PI, PII and PIV types are unique
to viper venoms.

The small cysteine-rich disintegrins were originally
characterised as platelet aggregation inhibitors that are
mediated through the blockage of B; and B integrins and
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Fig. 7 Multiple sequence alignment and three-dimensional structures
of disintegrins. Alignment of snake venom long disintegrins (Bilitox-
in-1, Salmosin3), medium disintegrins (Trigramin, Barbourin),
dimeric disintegrins (Contortrostatin, EC3A, EC3B) and small
disintegrins (Echistatin, Obtustatin) using CLC Main Workbench 6.
Highly conserved residues are highlighted in purple while semi-

guided by a tripeptide motif (typically RGD) that binds
competitively to specific integrin receptors [143]. Integrins
are cell surface receptors that signal across the plasma
membrane in both directions and are involved in growth,
immune responses, leucocyte traffic, apoptosis, haemosta-
sis and cancer. They recognise short peptide motifs in
leucocytes as well as molecules such as laminin and col-
lagen and RGD tripeptide specific proteins including
fibronectin and vitronectin, with a key amino acid residue
generally being acidic [144]. This is evident in the active
inhibitory tripeptide sequences of disintegrins as each
contains aspartic acid with the only exception being KTS
that blocks the o3 integrin. The tripeptide RGD is active
in most single-chain disintegrins that show different se-
lectivity and binding affinity to the associated integrins
including ligands o5, agP, ovPy, ovPs and oyp,Ps [145,
146]. Venom from Sistrurus miliarius barbouri and Gloy-
dius ussuriensis contain medium-sized disintegrins
exhibiting a KGD sequence with barbourin showing a high
degree of selectivity for the oyy,Ps integrin [147, 148].
Obtustatin from the venom of M. lebetina is a small dis-
integrin with a KTS motif that is a potent and selective
inhibitor of the o;B; integrin [149]. Dimeric disintegrins
show greater sequence diversity of the integrin-binding
motifs and include the heterodimeric EC3 from Echis
carinatus with subunit B containing MLD tripeptide tar-
geting oy, 04P7. o3Py, a6P1, 07P1, and 0P, integrins; and
a VGD tripeptide from the A subunit inhibiting the func-
tion of asP; integrins [150] (Fig. 7).
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conserved residues are a lighter purple. Sequence logo is shown
below the alignment. Ribbon models A and B represent small
disintegrins Echistatin (1RO3) and Obtustatin (1MPZ), respectively.
Functional tripeptides are highlighted in red (Echistatin-RGD;
Obtustatin-KTS) and disulfide bridges are highlighted in yellow

NMR analysis of various disintegrins reveals a mobile
inhibitory loop containing the active tripeptide protruding
14-17 A from the protein core [151, 152] (Fig. 7). The
conformation of the loop, and hence, the biological activity
is critically dependent on the appropriate pairing of cys-
teines [153]. In the case of obtustatin, the NMR solution
structure shows the KTS inhibitory loop and C-terminus in
close proximity and the KTS flanking residues of W20,
Y28 and H27 acting as a hinge to provide overall flexibility
to the loop [154].

The oyy,P3 integrin plays a central role in platelet ag-
gregation and has been targeted therapeutically in the form
of antagonists to prevent thrombosis during percutaneous
coronary intervention and high risk patients with acute
coronary syndromes, such as diabetes mellitus [155]. The
RGD and KGD tripeptides recognise the oyy,f3 receptor
preventing fibrinogen binding and interplatelet bridging.
Hence two snake venom-derived drugs, Tirofiban (Ag-
grastat®) and Eptifibatide (Integrillin®), were designed as
antiplatelet agents based on snake venom disintegrins.
Tirofiban is based on the distance separating the side chains
of Arg and Asp in the RGD sequence of echistatin [156,
157] and Eptifibatide is based on the KGD motif of bar-
bourin isolated from Sistrurus m. barbouri venom [158].
Both drugs were beneficial in the treatment of acute
coronary syndromes, especially percutaneous coronary in-
tervention, but the emergence and success of
antithrombotic P2Y, antagonists like clopidogrel has re-
stricted the use of these drugs in recent years [159].
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A number of disintegrins from snake venom have been
investigated as potential anti-angiogenesis therapeutics in-
cluding RGD containing disintegrins triflavin, accutin,
salmosin, contortrostatin and rhodostomin. The KTS or RTS
containing disintegrins obtustatin, viperistatin, lebestatin and
jerdostatin targeting the o3, integrin have also been shown
to inhibit tumour angiogenesis. Contortrostatin, isolated
from A. c. contortrix has shown the most promising results.
The homodimeric RGD-disintegrin binds to an array of in-
tegrins (aIIbB37 Olvﬁ3, Olvﬁ5, and 0(5[31) [160, 161] and
therefore has potential to block a number of pathways as-
sociated with tumour development. Contortrostatin has been
effective in targeting integrin associated tumour growth,
angiogenesis and metastasis in breast [162, 163], ovarian
[164] and prostate [165] cancer models.

Phospholipase A,

PLA,s are esterases that cleave the glycerol sn-2 acyl bond
of glycerophospholipids to release lysophospholipids and
fatty acids. The general structure of snake venom PLA,
enzymes is similar to mammalian enzymes and consists of
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three a-helices and two anti-parallel B-sheets stabilised by
seven disulfides (Table 1) [166]. Snake PLA,s have been
recruited twice independently into snake venoms, once into
the Viperidae (Type IIA) and once into the non-front-fan-
ged snakes & Elapidae (Type IB) (Fig. 8) [167]. The basal
activity of Type I PLA, is neurotoxicity resulting from
physical damage to nerve terminals [7, 168] and this type
has been mutated for a wide array of new toxicities,
ranging from myotoxicity through to platelet aggregation
inhibition. For example, PLA; in the venoms of Australian
elapids (particularly Pseudechis species and sea snakes) are
powerfully myonecrotic releasing high amounts creatine
kinase and myoglobin [169] while platelet aggregation-
inhibiting Type I PLA, enzymes are typified by those
characterised from Austrelaps superbus [170]. In Type 11
PLA,s, Asp49 is conserved and important for catalysis on
artificial substrates [171] with the basal activity of these
toxins often neurotoxic but may also be myotoxic. Some
Group II PLA, enzymes have a lysine at position 49 re-
sulting in loss of hydrolytic activity on artificial substrates
and retaining non-enzymatic activities such as myotoxicity,
oedema formation and anti-coagulation [172, 173] (Fig. 8).
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Fig. 8 Multiple sequence alignment and three-dimensional structures
of snake and mammalian PLA,s. Alignment of snake venom Group
IA PLA, (Notexin, Pa-11); Group IB PLA, (OHV-PLA2); Group II
PLA, (Crotoxin basic chain, B. asper D49, B. asper K49) and
mammalian sPLA, (Human Group IIA, Human Group V) using CLC
Main Workbench 6. Highly conserved residues are highlighted in red
while semi-conserved residues are a lighter red. Sequence logo is

shown below the alignment. Toxin nomenclature is based on Uniprot.
Ribbon models are A Group IA Notexin (1AE7), red residues-H48,
D49, teal residues-Y75, Y76, Y83, pink square-elapid loop; B Group
IB OHV-PLA, (1GP7), red residues-H48, D49, pink square-pancre-
atic loop; C Group II RVV-VD (1VIP), red residues-H48, D49;
D Group II Piratoxin-II (1QLL), red residues-H48, K49. Both ribbon
models C and D show the extended C-terminus in blue
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Table 4 Therapeutic potential examples for particular snake toxin families

Toxin Toxin family Species Function Receptor/target Reference

TNP-c Natriuretic peptides  O. microlepidotus  Congestive heart failure NPR-A [21]

Crotamine B-Defensins C. d. terrificus Cationic probe/molecule Cell/nucleus [72]
delivery

Textlinin-1 (Q8008) Kunitz peptides P. textilis Perioperative bleeding Plasmin [89]

Omwaprin Waprins O. microlepidotus  Antibacterial Gram +ve bacteria [95]

o-Bungarotoxin Neurotoxic 3FTxs B. multicinctus Muscle and neuronal AChR al, o7 AChR [190]

B-Cardiotoxin CTX27 Cytotoxic 3FTxs O. hannah B-Adrenergic receptor B-adrenergic receptor [131]
blockers-heart failure

Contortrostatin Disintegrins A. c. contortrix Tumour growth, angiogenesis, o B3, OvP3, ovPs, osPy [191]
metastasis integrins

Crotoxin PLA,s C. d. terrificus Anti-inflammatory, anti-microbial, Multiple targets [184]

anti-tumour, analgesic

The pharmacological effects induced by snake venom
PLA, enzymes are a result of mechanisms either dependent
on or independent of the phospholipid hydrolytic activity,
or a combination of both. These include pre- or post-sy-
naptic neurotoxicity, cardiotoxicity, myotoxicity, platelet
aggregation induction and inhibition, oedema, anti-para-
sitic, bactericidal, anti-coagulation, cytotoxicity and
hypotension [166]. Hence, snake venom PLA,s are widely
used as pharmacological tools to determine their biological
and molecular role in diverse physiological processes.
Pharmacological effects due to enzymatic activity are a
result of membrane damage from hydrolysis of phospho-
lipids or the released products of lysophospholipids and
fatty acids that changes the local environment [166, 174].
Biological effects from enzyme-independent mechanisms
include acting as an agonist or antagonist or by disrupting
the protein-ligand interaction. Additionally, the venom
may contain a number of PLA, isoenzymes with distinct
biological effects. This results in a myriad of pharmaco-
logical effects that can be explained by target sites located
on cells or tissues that are recognised by specific pharma-
cological sites on the PLA, enzyme [175]. For a detailed
explanation of the ‘target model’ refer to Kini and Evans
1989 [175] and Kini review 2003 [166]. Chemical
modification studies to identify the specific region of the
molecule responsible for the pharmacological effect have
shown only moderate success but do support the concept of
separate catalytic and pharmacology sites [176].

PLA, show tremendous promise for therapeutic use in a
variety of areas. For example, Lys49 and Asp49 PLA,s
isolated from Bothrops asper venom both showed similar
bactericidal effects on both Gram-positive and Gram-
negative bacteria but only Asp49 displaying hydrolytic
activity [177]. The membrane perturbing bactericidal effect
of the Lys49 PLA, was attributed to the cluster of basic and
hydrophobic residues near the C-terminal loop of the
synthetic toxin [177]. Snake venom PLA,s also have
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potential as anti-neoplasmic agents. Moreover, crotoxin,
isolated from C. d. fterrificus venom, is a cytotoxic
heterodimeric, noncovalent complex consisting of an acidic
subunit A and a basic subunit B. The 1:1 complex circu-
lates undissociated until it binds to a target membrane
whereby the toxin dissociates and subunit B begins a
phospholipid hydrolysis of the ‘acceptor site’ leading to
cell death. Subunit A may act as a chaperone in the process
and also assist in target recognition. Crotoxin has produced
promising results in Phase I clinical trials as an anti-cancer
agent against solid tumours, with the principal side effect
of neurotoxicity appearing to be manageable [178]. The
cytotoxic action of crotoxin also demonstrates an au-
tophagic mechanism in apoptosis of the human breast cell
line MCF-7 cells [179]. Additionally, crotoxin shows
analgesic effects on mice and rats by acting on the central
nervous system but not by muscarinic or opioid receptors,
and with no neuronal damage involved [180]. Interestingly,
the excruciating pain caused by the bite from Micrurus
tener tener is attributed to a heteromeric complex of a
Kunitz-type serine protease inhibitor and a PLA, (MitTx)
acting as an agonist on acid-sensing ion channels (ASICs)
[93]. The highly selective and non-desensitising nature of
the complex has enabled the isolation of ASICs and their
association with pain sensation but, more so, has the po-
tential to reveal other physiological pathways related to
ASICs [93, 181] (Table 4).

Perspectives

In the past 20 years, the discovery and unravelling of
complex snake venom has largely paralleled the techno-
logical advancements in proteomic and transcriptomic
technology and separation techniques as well as the advent
of matrix-assisted laser desorption-ionisation (MALDI)
and electrospray as soft ionisation technologies in mass
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spectrometry. This review has underlined how snakes can
utilise a lavish repertoire of toxin functionality through a
molecular structural economy of employing privileged
frameworks with the depth of diversity only beginning to
be realised. Recent studies now show snake venom can
typically contain several hundred components and that the
high degree of variation is not only a result of the genetic
makeup of a particular species, but also from post-trans-
lational modifications such as glycosylation and
phosphorylation [182]. However, challenges still remain in
venom complexity and identifying the less abundant
components given the paucity of comprehensive snake
venom sequences allocated to public databases. Com-
pounded with the lack of genomic data, classic proteome
approaches in discovering toxins often rely on alignment
from established sequences. Until the snake venom content
in public databases such as Uniprot is dramatically in-
creased, there will be problems with utilising the present
sequences to identify novel toxins.

Venomic methodologies incorporating next generation
sequencing combined with highly sensitive and accurate
mass spectrometry proteomic data from the same species
(preferably from the same specimen) results in large-scale
sequence data and is slowly building the collection of ac-
curate snake toxins available in public databases. However,
these sequences also need to be characterised for bioac-
tivity and 3D structure to determine the pharmacophore;
both strategies traditionally viewed as bottlenecks in the
venomics pipeline [183]. High throughput screening of
crude or fractionated venom and improvements in NMR
are beginning to expedite the venomics process leading to
better understanding of ligand-receptor interactions.

A robust database dedicated to snake venom containing
sequence and structure information and classifying toxins
according to parameters such as pharmocophore, tax-
onomy, post-translational modifications and disulfide
scaffold, allows rapid and ease of access for the wider
research community. Importantly, certain toxin families
contain members displaying more than one pharma-
cophore. The heterodimeric toxin, crotoxin, displays many
biological activities including neurotoxicity, cardiotoxicity
and myotoxicity but has also shown immunomodulatory,
anti-inflammatory, anti-microbial, anti-tumour and anal-
gesic actions [184]. Identification and characterisation of
these pharmacophores, and subsequent classification on a
dedicated database is one example of enhancing
categorising of snake toxins to aid in future discovery of
novel proteins/peptides.

A further extension of pharmacophore characterisation
is the use of peptidomimetics. The epitope is infused into
small secondary structure conformations to characterise the
molecular basis of the ligand—receptor interaction and en-
hance stability or binding efficacy, but also facilitate

delivery to the proposed target in physiological conditions.
An example is the synthetic angiotensin converting enzyme
(ACE) inhibitor Captopril, developed from a bradykinin-
potentiating peptide from Bothrops jararaca (Brazilian pit
viper) to treat cardiovascular disease and is now one of the
twenty best selling drugs in the world. The characterisation
of snake toxin pharmacophores is expected to increase
rapidly in the next decade and peptidomimetics will play
an important role in subsequent diagnostic and drug design
from this research.
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