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Abstract. The venoms of Australian snakes contain a
myriad of pharmacologically active toxin components.
This study describes the identification and compara-
tive analysis of two distinct toxin families, the kunitz-
type serine protease inhibitors and waprins, and
demonstrates a previously unknown evolutionary
link between the two. Multiple cDNA and full-length
gene isoforms were cloned and shown to be composed
of three exons separated by two introns. A high degree
of identity was observed solely within the first exon

which coded for the propeptide sequence and its
cleavage site, and indicates that each toxin family has
arisen from a gene duplication event followed by
diversification only within the portion of the gene
coding for the functional toxin. It is proposed that
while the mechanism of toxin secretion is highly
conserved, diversification of mature toxin sequences
allows for the existence of multiple protein isoforms in
the venom to adapt to variations within the prey
environment.
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Introduction

Australian elapid snake venoms contain a complex
mixture of potent peptidic molecules that specifically
target, and adversely effect, the homeostatic mecha-
nisms of their prey. Numbered among these are a class
of small molecules that demonstrate inhibitory activ-
ity towards proteases, most notably those involved in
haemostatic processes [1]. These toxins demonstrate
significant structural and functional identity to the
kunitz class of serine protease inhibitors, the most well
characterised member of which is bovine pancreatic
trypsin inhibitor (BPTI) or aprotinin [2]. Kunitz-type

inhibitors are approximately 7kDa in size and are
typically characterised by a tight tertiary fold made up
of three conserved disulfide bonds. They act as
competitive antagonists binding to, and inhibiting,
the active site of serine proteases such as trypsin and
chymotrypsin [3].
Kunitz-type inhibitors have been isolated from the
venom of a number of Elapidae and Viperidae snakes
[4–7]. In addition to their ability to act as protease
inhibitors, some snake venom kunitz-like homologs
have evolved as neurotoxins by inhibiting calcium and
potassium channels [8]. To date, two distinct types of
kunitz inhibitors have been characterised from the
venom of Australian elapid snakes. Taicatoxin serine
protease inhibitor (TSPI) was purified as part of a
multimeric complex from the venom of the coastal* Corresponding author.
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taipan (Oxyuranus scutellatus) and has been shown to
have inhibitory activity towards both trypsin and
chymotrypsin [9]. Subsequently, a second family of
kunitz-type inhibitors were purified, cloned and
characterised from the venom of the common brown
snake (Pseudonaja textilis) [10, 11]. Two of these
inhibitors, Textilinin-1 and -2, demonstrated potent
inhibition of plasmin and are thought to be respon-
sible for the anti-fibrinolytic properties of this venom
[12].
More recently, a new class of small molecule peptides
called waprins have been described from snake
venom. First isolated from the venom of the green
mamba (Naja nigricollis), waprins demonstrate struc-
tural homology to the whey acidic protein (WAP)
family [13]. Members of the WAP family are typically
50 amino acids in approximate length with a conserved
four disulfide bond arrangement with variable inter-
vening residues. Identified in a number of tissue types
from numerous organisms, they have been shown to
have inhibitory activity towards a wide variety of
proteases, including roles in the innate immune system
and anti-bacterial effects [14–16]. The functional
activity of venom waprins, however, still remains
poorly characterised, with the only known activity to
be the selective antimicrobial effects of Omwaprin
recently reported from the Australian elapid Oxy-
uranus microlepidotus (inland taipan) [17]. Further-
more, there is little information on the evolutionary
and genomic relationship of this potentially significant
toxin family. Indeed, the recent description of the
presence of waprins within the venom of five Colubrid
snakes represents the first description of a cDNA
sequence for this toxin family [18].
Advances in transcriptomic and proteomic technolo-
gies have contributed to the identification of some of
the less abundant toxins within the venom of Austral-
ian snakes [19, 20]. However, to date only a handful of
full-length genomic sequences have been identified
for Australian elapids toxins, most notably for the
phospholipase A2 (PLA2) and neurotoxin families
from P. textilis [21–23]. This study describes the
cloning and comparative analysis of two types of
kunitz inhibitor along with waprin toxin sequences
from a total of eleven Australian elapid snakes,
demonstrating a common evolutionary relationship
between the three types of toxin. This data is
supported by identification of the genomic sequences
of all three toxins, in conjunction with venom immu-
noblotting, and represents one of the most compre-
hensive comparative studies of the gene sequences
from Australian elapids to date.

Method and Materials

RNA and DNA isolation. Venom glands were excised
from Australian elapid snakes including the coastal
taipan (Oxyuranus scutellatus), inland taipan (Oxy-
uranus microlepidotus), common brown snake (Pseu-
donaja textilis), red-bellied black snake (Pseudechis
porphyriacus), mulga (Pseudechis australis), tiger
snake (Notechis scutatus), rough-scaled snake (Tropi-
dechis carinatus), Stephen�s banded snake (Hoploce-
phalus stephensii), small-eyed snake (Rhinoplocepha-
lus nigrescens), black whip snake (Demansia vestig-
iata) and copperhead snake (Austrelaps superbus),
RNA isolated and cDNA synthesised as previously
described [24]. In addition, genomic DNA was
isolated from O. scutellatus, O. microlepidotus and P.
textilis via the Tri Reagent method (Sigma, St. Louis,
MO) with final samples resuspended in sterile water
and stored at -20 8C.

Identification of waprin toxin cDNA sequences. The
mature protein sequence of native Omwaprin has
previously been described from the venom of O.
microlepidotus (P83952). Using this native sequence,
forward 5�-AA(A/G) GA(C/T) (A/C)G(A/C/G/T)
CC(A/C/G/T) AA(A/G) AA(A/G) CC(A/C/G/T)
GG-3� and reverse 5�-TC(A/G) TC(C/T) TT(A/G)
CA(A/C/G/T) CC(A/G) TC(A/G) TT(A/G) CA-3�
degenerate primers were designed to amplify a
corresponding region of the cDNA sequence. PCR
amplification was performed from O. microlepidotus
cDNA with 1 unit of AmpliTaq Gold DNA polymer-
ase buffered in 1x buffer, 2 mM MgCl2 and 200 mM
dNTPs with 50 1mol of each primer (Applied Bio-
systems, Foster City, CA). The reaction was thermo-
cycled 95 8C for 8 min followed by 30 cycles of 95 8C
for 25 s, 53 8C for 25 s and 72 8C for 30 s with a final
extension of 72 8C for 5 min. A single, 124bp product
was visualised on a 1 % TAE agarose gel, excised using
a QIAex II gel extraction kit (Qiagen, Hilden,
Germany) and cloned via the pGEM-T vector system
(Promega, Madison, WI). The ligation mix was trans-
formed into competent dH5a Escherichia coli, with
clones selected on LB-Ampicillin (50mg/mL) plates
supplemented with IPTG and X-Gal. Multiple clones
were isolated and sequenced with an ABI Big Dye
Terminator cycle sequence ready reaction kit (Perkin-
Elmer, Norwalk, CT) and alignments performed with
BioEdit Software (Isis Pharmaceuticals Inc., Carls-
bad, CA).
From the degenerate Omwaprin PCR product, inter-
nal forward (5�-CAC TTC TGC TGC CCA GGA
CAA CTC CAG-3�) and reverse (5�-CTG TGT CCC
CCA CGC CCT CAA AAA CC-3�) primers were
designed for 5� and 3� RACE. Reactions were
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performed with a SMART RACE cDNA Amplifica-
tion kit according to manufacturer�s instructions
(Clontech, Palo Alto, CA), prior to cloning, sequenc-
ing and alignment as described above. After identi-
fication of the 5� and 3� untranslated regions of the
Omwaprin cDNA sequence, forward (5�-GAG CTT
CAT CAT GTC TTC TGG-3�) and reverse (5�-GGT
GGG TTT CCT TGT TGG-3�) primers were de-
signed to amplify the full-length cDNA sequence of
waprins from a total of 10 Australian elapids. Ampli-
fication and cloning was performed as described
above, with reactions thermocycled at 95 8C for
8 min followed by 32 cycles of 95 8C for 20 s, 58 8C
for 20 s and 72 8C for 30 s with a final extension of 72
8C for 3 min.

Identification of kunitz-type inhibitor toxin cDNA
sequences. Identification of Kunitz-type inhibitor
cDNA sequences was performed by two different
methods. Initially, full-length PCR was performed
using forward (5�ATG TCT TCT GGA GGT-3�) and
reverse (5�TCA GGC AGC ACA GGT-3�) primers
designed from the previously identified Textilinin-1
cDNA sequence from P. textilis (AF402324). The
reaction was set up as previously described, and
thermocycled at 95 8C for 8 min followed by 30 cycles
of 95 8C for 25 s, 50 8C for 25 s and 72 8C for 1 min with
a final extension of 72 8C for 5 min. Additional kunitz
sequences were also identified via 3�RACE as descri-
bed above, using a propeptide specific forward primer
(5�GAG CTT CAT CAT GTC TTC TGG AGG TCT
TCT TC-3�). Full-length PCR and 3�RACE products
from 11 Australian snake species were subsequently
cloned and sequenced, and alignments performed.

Recombinant protein production. Recombinant pro-
tein samples used in antibody production, immuno-
blot detection and functional assays were produced by
a number of methods. Recombinant Textilinin-1 was
produced as an E. coli expression product by Bresa-
Gen Ltd. (Australia) as previously described [12].
Recombinant omwaprin-b was initially produced as a
bacterial GST-fusion product using the pGEX-6P-1 E.
coli expression system (GE Healthcare, Rydalmere,
Australia). Subsequent to cloning into the pGEX-6P-1
vector, recombinant omwaprin-b was expressed and
purified according to the protocols of Frangioni and
Neel [25]. Additionally, both omwaprin-b and TSPI
were produced recombinantly as a yeast expression
product using the EasySelect Pichia pastoris Expres-
sion Kit (Invitrogen) according to manufacturer�s
protocol. Expression constructs were generated using
the cDNA sequence corresponding to the mature
omwaprin-b and TSPI, and cloned into the pPICZaA
vector via XhoI and XbaI restriction sites. Constructs

were then transformed into KM71H P. pastoris,
positive clones selected, protein expression induced
and recombinant protein purified by immobilised
metal affinity chromotography with Ni-NTA nickel
agarose beads according to manufacturer�s instruc-
tions (Qiagen, Hilden, Germany).

Immunoblot detection of waprins and kunitz-type
inhibitors in snake venom. Polyclonal antibodies were
raised in rabbits which were injected with one of either
three toxin antigens: native Textilinin purified from
the venom of P. textilis, native TSPI purified from the
venom of O. scutellatus and the recombinant omwap-
rin-GST fusion product generated from O. micro-
lepidotus cDNA. The immunisation protocol was
performed by the Institute of Medical Veterinary
Sciences (Adelaide, Australia) and antibodies subse-
quently purified by affinity chromatography as pre-
viously described [26]. The presence of kunitz-type
inhibitors, TSPI and waprins in the venom of Austral-
ian elapids was then determined via immunoblot
analysis. Briefly, a total of 30 mg of lyophilized crude
venom resuspended in 50 % glycerol, 50 % saline from
O. microlepidotus, O. scutellatus and P. textilis were
separated under reducing conditions on a 15 % SDS-
polyacrcylamide gel in addition to 5 mg of recombinant
omwaprin-b, Textilinin-1 and TSPI as controls. Venom
proteins were subsequently transferred to a nitro-
cellulose membrane at 100 V for 1 h at 4 8C and
probed with one of the three primary antibodies
described above. Immunoblots were then probed with
anti-rabbit secondary antibody conjugated to horse-
radish peroxidase and the protein signal detected with
enhanced chemiluminescence reagents (Perkin-
Elmer).

Functional assays. The activity of recombinant om-
waprin-b was probed using a number of functional
assays. The potential for omwaprin-b to act as an
inhibitor of enzymatic activity was examined against a
number of key enzymes within the haemostatic system
including plasmin, trypsin, tissue plasminogen activa-
tor, kallikrein and urokinase. Tests of enzyme inhib-
ition were performed as a chromogenic assay with
appropriate controls as previously described [12]. The
effects of omwaprin-b upon blood coagulation and
fibrinolysis was examined using a thromboelastograph
(Haemoscope Corporation, Niles, Illinois) in addition
to tests of prothrombin time and activated partial
thromboplastin time [27, 28]. Anti-bacterial effects of
omwaprin-b were further examined using the gram
positive bacterial strains Staphylococcus aureus,
Staphylococcus epidermis and Streptococcus epider-
mis in addition to the gram negative strains Escher-
ichia coli and Pseudomonas aeruginosa according to
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the protocols described by Nair et al. [17]. Potential
neurotoxic effects of omwaprin-b were also examined
via an ex vivo amphibian electrophysiological assay,
testing inhibitory effects on end-plate potentials
(EPPs) and minature EPPs at the toad neuromuscu-
lar-junction as previously described [29].

Identification of toxin genomic sequences. The full
length gene sequences of the three toxin families from
the eleven Australian snakes under investigation were
identified by PCR and cloning from genomic DNA
preparations. Waprin genomic sequences were ampli-
fied by PCR from all snakes with forward (5�-GAG
CTT CAT CAT GTC TTC TGG-3�) and reverse (5�-
CTT CCA ATT CTG GTG GGT TTC CTT G-3�)
primers. Kunitz-type genes were amplified with for-
ward (5�-GAG CTT CAT CAT GTC TTC TGG AGG
TCT TCT TC-3�) and reverse (5�-GAT CCA ATC
CAG GAG GGT CTC CTC A-3�) primer sequences,
whilst the TPSI gene sequence was isolated with the
same forward primer sequence, but specific reverse
(5�-TGC CAT GCA GAT TCT GCT AGG GTG-3�)
sequence. PCR products were subsequently ampli-
fied, cloned and sequenced and alignments performed
as described above.

Results

Identification of waprin toxin cDNA sequences. The
full-length cDNA clone of a member of the waprin
family from the venom gland of O. microlepidotus was

determined via a combination of PCR, 5� and 3�
RACE (Fig. 1). Differing by three amino acids in
comparison to the mature protein sequence of the
reported native peptide Omwaprin (P85932), this
toxin was designated the name Omwaprin-b. Cloning
of Omwaprin-b demonstrated the presence of a 24
amino acid propeptide leader sequence within the
corresponding translated protein, along with a 10
nucleotide 5�UTR and 251 nucleotide 3�UTR. Sub-
sequently, toxin gene homologues were cloned and
sequenced from the venom glands of a total of nine
other Australian elapids (Fig. 2). Alignment of the
deduced waprin protein sequences demonstrates a
significantly high degree of homology between the
Australian snakes, with 76 % overall identity and
complete conservation of the cysteine residues in-
volved in putative disulfide bond formation. Phyloge-
netic analysis of the waprin cDNA sequences with
those recently reported from a number of colubrid
snakes also indicate this high degree of identity, with
clustering of the Australian elapid sequences into a
single clade upon phylogenetic analysis (Supplemen-
try Fig. 1A). Figure 3A demonstrates an alignment of
the translated protein sequence of Omwaprin-b with
the mature protein sequences of native Omwaprin and
the first identified venom waprin sequence, Nawaprin,
from N. nigricollis [13] . A significant degree of
sequence variability between the two snake species
was observed apart from conservation of a number of
proline and cysteine residues, suggesting a highly
divergent function for these molecules within the
venom.

Figure 1. Full-length cDNA se-
quence of Omwaprin-b
(DQ917552) identified by 5� and
3� RACE and PCR from the
venom gland of the inland taipan
(Oxyuranus microlepidotus),
aligned with the predicted trans-
lated protein sequence. mRNA
features including 5� and 3� UTR
as well as polyadenylation signal
are indicated, as well as the pro-
peptide and mature peptide se-
quences of the corresponding pro-
tein.
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Identification of different kunitz-type toxin cDNA
sequences. Given the known presence of kunitz-type
inhibitor cDNA sequences within the venom glands of
P. textilis and D. vestigiata, and given the conservation
of their propeptide leader sequences with the waprin
protein family, the existence of these toxins within
other Australian elapids was investigated via a combi-
nation of 3�RACE and PCR for comparative analysis.
Figure 4 demonstrates an alignment of kunitz-type
inhibitor cDNA clones identified from a total of nine
other Australian snakes with those reported from P.
textilis and D. vestigiata. Note that multiple isoforms
were identified in many of the snakes, with a high
degree of identity within the propeptide leader
sequence (a feature common to all Australian elapid
toxin families) as well as complete conservation of
cysteine residues involved in the formation of the

three disulfide bonds. Interestingly, the arginine
residue present at position 19 of the mature protein
sequences of Textilinin-1 and -2, which plays a key role
in the plasmin inhibitory effects of these toxins (as well
as in the bovine homolog, Aprotinin), is absent from
every other kunitz-type inhibitor cloned from the
other Australian elapids [10, 30]. Indeed, there is a
significant degree of sequence variability within this
region of the molecule, suggesting Australian snake
venom kunitz-type inhibitors may have evolved to
adopt a range of different activities. The Australian
elapid kunitz-type inhibitors are, however, evolutio-
narily distinct from other kunitz-type inhibitors pre-
viously characterised from the venom glands of a
number of vipers, colubrids and non-Australian elap-
ids, clustering together in a phylogenetic analysis
(Supplementary Fig. 1B).

Figure 2. Alignment of the deduced amino acid sequence of waprins identified from a total of 10 Australian elapid snakes. Sequence
identity is shown in black, gaps inserted for optimal alignment and the cleavage site between propeptide leader sequence and mature
protein indicated. Conserved cysteine residues involved in putative disulfide bond formation are shaded gray and the Genbank accession
numbers for each cDNA clone are provided at the end of each sequence.

Figure 3. (A) Alignment of the deduced protein sequence of Omwaprin-b from multiple cDNA clones with the native protein sequences of
Omwaprin (P85932) from the venom of the inland taipan (Oxyuranus microlepidotus) and Nawaprin (P60589) from the Spitting cobra
(Naja nigricollis). Note the presence of a 24 amino acid propeptide leader sequence in the Omwaprin precursor protein as well as
conservation of a number of cysteine and proline residues between the Naja and Oxyuranus species. (B) Alignment of the deduced amino
acid sequence from multiple cDNA clones of Omwaprin-b from O. microlepidotus (DQ917552), Taicatoxin Serine Protease Inhibitor-1
from O. scutellatus (EF112393) and Textilinin-1 from P. textilis (AF402324). Note complete conservation of the propeptide leader
sequence, as well as the first four amino acids of the mature protein across the three distinct toxin families from the three different snake
species despite significant differences in the mature toxin.
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A cDNA clone representing TSPI was also identified
using the 3�RACE approach in O. scutellatus. This
sequence was consistent with the amino acid sequence
for TSPI previously determined by Possani et al. [9].
Comparison between the TSPI precursor protein
sequence and Textilinin-1 precursor protein sequence
demonstrates significant variation between the two
types of kunitz inhibitor (Fig. 3B). In particular, the
TSPI precursor protein is 5 amino acids longer than
Textilinin-1 and the other kunitz inhibitors from the
Australian elapid snakes with only 68 % amino acid
sequence identity between TSPI and Textilinin-1.
Interestingly, comparisons of Omwaprin-b with the
precursor proteins of TSPI-1 from O. scutellatus and
Textilinin-1 from P. textilis demonstrates 100% con-
servation of the propeptide sequences between these
three toxins, as well as the first four amino acids of the
mature protein, which represent the cleavage site for
the leader sequence (Fig. 3B). This is despite a
relatively low degree of sequence identity of 10 %
through the remainder of the mature protein. Con-
servation of the propeptide sequences suggests that all
three toxin families are subject to a highly conserved
mechanism of processing and secretion within the
venom gland despite occurring in three different
species, and also suggests a common point of evolution
despite the significant degree of variability within the
mature protein sequence.

Detection of waprins and kunitz-type inhibitors in
venom. Since multiple cDNA isoforms for each of the
waprin and kunitz-type serine protease inhibitor
sequences were cloned from the venom glands of
Australian elapids, their actual presence within the
venom was confirmed by immunoblotting with anti-
bodies raised against either native or recombinant
forms of each toxin protein. Figure 5A demonstrates
loading of an SDS-polyacrylamide gel with reduced
venom from the two taipan species O. microlepidotus
and O. scutellatus, as well as the brown snake P. textilis,
along with recombinant forms of Omwaprin-b from O.
microlepidotus, Textilinin-1 from P. textilis and TSPI
from O. scutellatus. Affinity-purified antibody raised
against recombinant Omwaprin-b detected the pres-
ence of this toxin, but failed to detect either recombi-
nant Textilinin-1 or TSPI (Fig. 5B). A band of similar
molecular size was also detected in the venom of O.
microlepidotus, confirming the presence of Omwap-
rin-b in this snake. Interestingly, although a less
abundant band was observed in the venom of the
closely related O. scutellatus, no protein was detected
from the venom of P. textilis supporting the absence of
cDNA for this toxin within the venom gland of this
snake. When O. microlepidotus venom was run under
non-reducing conditions and an immunoblot analysis

performed with the Omwaprin-b specific antibody, a
band of similar molecular weight to the single peptide
was detected, suggesting that Omwaprin-b does not
form a covalent complex with any other toxin within
the venom (result not shown).
Immunoblotting with an antibody raised against the
native form of Textilinin from the venom of P. textilis
detected the recombinant and native forms of this
toxin but failed to detect either recombinant Omwap-
rin-b or TSPI from the taipans (Fig. 5C). A less
prominent band was also observed in O. microlepido-
tus, probably representing some cross reactivity with
the Microlepidins which were observed in the cDNA
of this elapid. Similarly, an antibody raised against
native TSPI from the venom of O. scutellatus was
specific for the recombinant form of this toxin and
only detected protein from the venom of this snake
(Fig. 5D). This is in agreement with observations at
both the cDNA and genomic DNA levels, which
indicated that a TSPI-like gene was only present in O.
scutellatus. Finally, immunoblotting with commercial
CSL taipan antivenom demonstrated significant
cross-reactivity against the denatured venoms of all
three Australian snakes examined (Fig. 5E). This
immuno-reactivity may be a result of the detection
of either the waprins, the kunitz-type serine protease
inhibitors or another toxin family of similar molecular
size such as the a-neurotoxins. However, whilst the
taipan anti-venom was strongly immuno-reactive with
recombinant TSPI and somewhat reactive with the
recombinant kunitz-type inhibitor Textilinin-1, it
failed to detect recombinant Omwaprin-b, which
may be a reflection of the low abundance of this
toxin within the venom of the coastal taipan from
which the anti-venom is derived.

Common genomic structures of toxin gene families.
The multitude of toxin sequences observed in snake
venoms is often the result of a process of gene
duplication and diversification under positive selec-
tion [3]. To further characterise the evolutionary
relationship between waprin and kunitz-type toxin
families in Australian elapid venoms, full-length
genomic sequences were amplified by PCR, cloned
and sequenced from the same 11 snake species from
which cDNA clones were isolated. Table 1 contains a
list of the waprin, kunitz-type and TSPI-like genomic
sequences identified from the Australian snakes,
along with nomenclature, Genbank references, gene
size and whether an exact corresponding cDNA
sequence was also observed. Note that for many of
the snake species, multiple genomic sequences were
observed for each toxin family, suggesting that they
have undergone gene duplication and divergence. A
number of single nucleotide polymorphism differ-
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ences between genomic and cDNA sequences were
also evident.

Alignment of representative genomic sequences from
a member of each toxin family revealed similar
genomic structures composed of three exons sepa-
rated by two introns (Fig. 6A). Of significant interest
is the almost complete sequence conservation of the
first exon, not only between snake species, but also
between the waprin, kunitz-type and TSPI toxin
families. This first exon represents the entire propep-
tide leader sequence as well as the first four amino
acids of the mature protein (KDRP) corresponding to
the cleavage site of the active toxin (Figs. 6B–D). Note
in Figure 3B that it is this sequence that suggests an
evolutionary link between the waprins and two types
of kunitz serine protease inhibitor. Therefore, the
significant degree of variation observed between the
mature proteins of these toxin families can be solely
attributed to divergence within the second exon only,
with positive selection on the first exon for its almost

complete conservation. Alignment of the genomic
DNA sequence with the transcribed cDNA sequences
allows determination of the intron/exon gene organ-
isation, with all genomic sequences identified from the
Australian elapids in this study observing the GT/AG
rule of intron/exon boundaries.
The genomic sequence of Omwparin-c from O.
microlepidotus contains three exons 95bp, 141bp and
34bp in size with two intervening introns 422bp and
1049bp in size (Fig. 6B). An alignment of the genomic
sequence of Omwaprin-c with the cDNA sequence of
Omwaprin-b indicates only a few, single nucleotide
changes within exon-1. Note that the stop codon
occurs just a single nucleotide from the end of the
second exon, with the third exon represented by just 3�
UTR sequence. The full-length genomic sequences
from the other Australian snakes can be found in
Supplementary Figure 2A–J. These include a se-
quence cloned from P. textilis, Textwaprin-a, despite
no detection of a corresponding cDNA sequence in
the venom gland via either PCR or 3� RACE methods,

Figure 4. Alignment of the deduced amino acid sequence of kunitz-type serine protease inhibitor cDNA clones from eleven Australian
elapids. Note the presence of multiple toxin isoforms in most species. The propeptide and mature protein sequences have been indicated,
with putative cysteine residues involved in disulfide bond formation shaded gray. Genbank accession numbers are provided at the end of
each sequence and the P1 active site denoted by *.
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nor immunoblot detection of a native protein within
the venom (Table 1 and Fig. 5B). This suggests that
expression of Textwaprin-a is either negligible or non-
existent, which may be the result of potential alter-
ations to the as yet unidentified promoter region.
The genomic sequences of the kunitz-type protease
inhibitors, as exemplified by Textilinin-2 from P. tex-
tilis in Figure 6C, demonstrated overall similar struc-
tural organisation to the waprins, but were larger in
size due to longer intronic sequences. The exception to

this was the single genomic sequence identified from
P. australis, whose second intron contained approx-
imately a 1kb deletion (Table 1 and Supplementary
Fig. 2B). The coding sequence for the mature protein
of the kunitz type inhibitors also covered the entire
second exon, with the penultimate codon and stop
codon occurring at the beginning of the third exon, as
opposed to the waprin sequences, whose stop codon
was located within the second exon. This is reflected in
the larger size of the mature kunitz-type inhibitors

Figure 5. Immunoblot detection
of Australian snake venom pro-
teins. (A) Coomassie stained gel
demonstrating loading of 30 mg
O. microlepidotus, O. scutellatus
and P. textilis venom samples and
5 mg of recombinant omwaprin,
textilinin and TSPI. The presence
of specific toxin families was
determined via western blot anal-
ysis using a range of antibodies,
including those raised against (B)
recombinant omwaprin, (C) na-
tive textilinin, (D) native TSPI
and (E) CSL taipan anti-venom.
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Table 1. List of the genomic sequences identified from Australian elapids for the waprin, kunitz-like and TSPI-like toxin families.

Species Toxin name Genbank Gene size cDNA observed

Waprin

O. microlepidotus Omwaprin-c EU401817 1741bp No

O. scutellatus Scuwaprin-a EU401818 1714bp Yes

P. australis Auswaprin-b EU401819 1700bp No

P. porphyriacus Porwaprin-b EU401820 1730bp No

Porwaprin-c EU401821 1702bp No

Porwaprin-d EU401822 1576bp No

R. nigrescens Nigwaprin-a EU401823 1730bp Yes

Nigwaprin-b EU401824 1730bp No

N. scutatus Notewaprin-a EU401825 1576bp Yes

Notewaprin-b EU401826 1702bp Yes

T. carinatus Carwaprin-a EU401827 1681bp Yes

Carwaprin-b EU401828 1702bp No

H. stephensii Stewaprin-a EU401829 1700bp Yes

A. superbus Supwaprin-b EU401830 1700bp No

Supwaprin-c EU401831 1730bp No

Supwaprin-d EU401832 1706bp No

D. vestigiata Veswaprin-a EU401836 1705bp Yes

Veswaprin-b EU401833 1681bp No

Veswaprin-c EU401834 1576bp No

Veswaprin-d EU401835 1730bp No

P. textilis Textwaprin-a EU401837 1719bp No

Kunitz-like inhibitors

O. microlepidotus Microlepidin-3 EU401843 1993bp Yes

Microlepidin-5 EU401844 2081bp No

Kunitz-like seq. EU401845 1910bp No

O. scutellatus Scutellin-3 EU401840 1998bp Yes

Scutellin-5 EU401841 2056bp No

Kunitz-like seq. EU401842 1907bp No

P. textilis Textilinin-2 EU401838 2151bp Yes

Textilinin-7 EU401839 2143bp No

P. australis Mulgin-5 EU401846 1062bp No

P. porphyriacus Blackelin-2 EU401847 2110bp Yes

Blackelin-4 EU401848 2110bp No

Blackelin-5 EU401849 2110bp No

R. nigrescens Nigrescinin-1 EU401850 2077bp Yes

N. scutatus Tigerin-1 EU401851 2110bp Yes

Tigerin-4 EU401852 2109bp No

T. carinatus Carinatin-2 EU401853 2135bp Yes

H. stephensii Stephenin-2 EU401855 2100bp No

Stephenin-3 EU401854 2126bp No

A. superbus Superbinin-1 EU401856 1820bp Yes

Superbinin-4 EU401857 2111bp Yes

D. vestigiata Vestiginin-1 EU401858 2138bp Yes

Vestiginin-2 EU401859 2139bp Yes

Cell. Mol. Life Sci. Vol. 65, 2008 Research Article 4047



compared to the waprin proteins by approximately
nine amino acids. The overall domain arrangement,
(including intron/exon boundaries sites) of the kunitz-
type inhibitor genes from Australian elapids closely
reflects that of the only other known kunitz genes
from two other snakes: a putative chymotrypsin
inhibitor from the Taiwan cobra, Naja atra, and the
B chain isoforms of the potassium channel blocker b-
bungarotoxin from the Taiwan banded krait, Bunga-
rus multicinctus [5, 31, 32] . Indeed, the Textilinin-2
gene sequence demonstrates 87 % identity to the N.
atra sequence, whilst it is less similar to the b-
bungarotoxin B1 chain gene, primarily due to the
presence of a greater than 1kb insertion within the
second intron of this sequence. It is also notable that a
genomic sequence was identified from each of the
taipan species, O. microlepidotus (EU401845) and O.
scutellatus (EU401842), which shared significant iden-
tity to the other kunitz-type inhibitor genomic struc-
tures, with the exception that they were missing the
entire sequence corresponding to exon 2 (Supplemen-
tary Fig. 2K and L). These sequences probably reflect
divergence and a loss of gene function; however, they
may be involved in alternate splicing and processing of
the other functional kunitz-type or even waprin gene
products.
Although sharing overall domain arrangement with
the waprins and other kunitz-type serine protease
inhibitors, the TSPI gene sequence from O. scutellatus
was significantly smaller (due to a shorter second
intron) and contained more coding sequence within its
third exon (Fig. 6D). Comparisons of intronic sequen-

ces between the three different toxin families indi-
cated very little sequence homology. The exception to
this was the first intron of Scuwaprin-a compared to
the TSPI-1 genomic sequence from O. scutellatus,
where identity over the first three quarters of the
intron was as high as 94 %, before dropping to 21 %
over the remainder of the intron, suggesting possible
events of homologous recombination during gene
evolution. It is interesting to note that it is the first
intronic sequences of TSPI and waprins that are more
closely related, despite the mature protein sequence
of TSPI (and hence exon 2 sequences) being more
similar to the kunitz-type inhibitors. A sole TSPI-like
genomic sequence was also cloned from the DNA of
the copperhead snake, A. superbus, despite no evi-
dence for a cDNA sequence in the venom gland of this
elapid (Supplementary Fig. 2V). This sequence dem-
onstrated significant identity with TSPI-1 from O.
scutellatus up until the start of intron 2, where
homology drops off. The presence of a TSPI-like
sequence within the copperhead snake suggests the
evolution of this toxin gene occurred prior to the
divergence of these species, with subsequent loss of
function in A. superbus.

Functional relationships of waprin and kunitz-type
toxins. In an attempt to further characterise the
functional role of the waprins within the venom of
Australian snakes, a recombinant version of Omwap-
rin-b from O. microlepidotus was produced in both
bacterial and yeast protein expression systems. These
recombinant proteins were examined in a number of

Table 1 (Continued)

Species Toxin name Genbank Gene size cDNA observed

Waprin

Vestiginin-3 EU401860 2138bp Yes

Taicatoxin Serine Protease-like Inhibitors

O. scutellatus TSPI EU401816 1210bp Yes

A. superbus BPTI-like toxin EU401815 828bp No

Table 2. Summary of known functional activities of waprins, the kunitz-type inhibitor textilinin, and TSPI identified from the venom of
Australian elapid snakes.

Toxin
family

Functional activity

Antimicrobial effects Coagulopathic effects Enzyme inhibition Neurotoxic
effects

Omwaprin Yes – selected gram positive
bacteria

None observed None observed None observed

Textilinin Unknown Inhibition of
fibrinolysis

Plasmin, Trypsin, Chymotrypsin,
Kallikrein

Unknown

TSPI Unknown Unknown Trypsin and Chymotrypsin Unknown
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Figure 6. Toxin sequence genomic organisation. (A) Schematic structural organisation of the genomic sequences of waprins, kunitz-like
inhibitors and TSPI from Australian snake venoms. Representative genomic sequences of (B) the waprin, Omwaprin-c (EU401817) from
the inland taipan (O. microlepidotus), (C) the kunitz-type inhibitor, textilinin-2 (EU401838) from the common brown snake (P. textilis) and
(D) taicatoxin serine protease inhibitor (EU401816) from the coastal taipan (O. scutellatus). For genomic sequence alignments of each
toxin family for the remaining Australian elapid snakes (indicated in Table 1), refer to Supplementary Figure 2.
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functional assays, including tests for inhibitory activity
against enzymes including plasmin, kallikrein, trypsin,
tissue plasminogen activator and urokinase, an ex-
amination of their coagulopathic and fibrinolytic
effects, tests of their antibacterial properties as well
as an assay examining the potential neurotoxic effects
of the molecule. None of these assays detected a
positive activity with recombinant Omwaprin-b (re-
sults not shown). A summary of the observed and

known activities of Omwaprin-b is compared to those
previously reported from the kunitz-type inhibitor
Textilinin, as well as TSPI, in Table 2. Despite the
evolutionary relationship between these toxin fami-
lies, the waprins do not appear to act as inhibitors of
the same class of enzymes that the kunitz-type toxins
are specific for.

Figure 6. (continued)
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Discussion

Snake venoms are a source of diverse, yet functionally
specific bioactive molecules often encoded by multi-
gene families. Amongst the most potent venoms in the
world are those belonging to the Australian elapid
snake family, which are known to contain multiple
peptidic toxins with neurotoxic, coagulopathic, anti-
fibrinolytic and myotoxic effects to name a few [1]. In
this study, we described the cloning and comparative
analysis of members of three types of small-molecule
toxins from the venom glands of a total of eleven
Australian elapids, the waprins along with two distinct
types of kunitz-type inhibitor, and demonstrated a
previously unrealised evolutionary relationship be-
tween the three gene families.
The waprins represent a recently characterised toxin
family whose functional role within the venom
remains to be fully elucidated. Previously, only a
handful of waprin sequences have been identified
from snake venoms, namely the native protein se-
quences of Nawaprin and Omwaprin, as well as a

handful of cDNA sequences from a number of
colubrid snakes [13, 17, 18]. This study represents
the first description of a cDNA sequence of a waprin
from an elapid snake. A high degree of sequence
identity, and complete conservation of cysteine resi-
dues between the Australian snake waprin sequences
suggest they adopt a similar conformational fold, and
hence would be expected to have similar functional
activities. Indeed, the three dimensional conformation
and the presence of a number of N-terminal positively
charged amino acid residues have previously been
shown to be important for the antimicrobial activities
of Omwaprin [17]. A recent report of a fused toxin
protein cloned from the venom gland of the viper
Sistrurus catenatus edwardsii (Desert Massasauga
rattlesnake, DQ464286) demonstrates some sequence
homology to the Australian elapid waprins [33]. This
clone contains a leader sequence which shares 83 %
identity to the propeptide sequence reported here,
followed by a fusion of two sequences that have
homology to a kunitz-type inhibitor and a waprin,
respectively. The authors propose that the fused toxin

Figure 6. (continued)
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is a result of exon shuffling or transcriptional splicing,
and is further evidence for an evolutionary relation-
ship between these two toxin families.
This study also reports the presence of multiple
kunitz-type inhibitor cDNA isoforms from the
venom glands of an additional nine Australian elapids.
Sequence comparisons demonstrate a high degree of
identity between the toxins, particularly within the
cysteine residues, propeptide and C-terminal regions
of the molecule. This identity, however, does not
extend to the P1 antiproteinase site at amino acid
position 19 of the mature protein, which dictates
specificity towards serine proteases. None of the
variants in the Australian snakes contain the arginine
residue present within Textilinins-1 and -2 and apro-
tinin which have been demonstrated to be necessary
for plasmin and trypsin inhibition [10, 30]. This is in
keeping with the absence of plasmin inhibitory
activity observed in the crude venom of all Australian
snakes except for Oxyuranus and the Pseudonaja
genera [11]. However, a number of clones contain
leucine, phenylalanine and tyrosine residues within
the P1 active site, which are known to be important for
chymotrypsin inhibition [2]. The conservation of the
number and spacing of cysteine residues across the
Australian snake elapid kunitz-like inhibitor clones
indicates that they adopt a similar tertiary fold;
however, variations within key active sites of the
molecule suggest they may have evolved to have
altered functions or enzyme specificities within the
venom. Indeed, a class of kunitz-type toxins from
other snake venoms have lost their enzymatic inhib-
itory activity, and are instead neurotoxic, acting as K+

and Ca2+ channel blockers [34]. The neurotoxic effects
of the kunitz-type inhibitors from Australian elapid
venoms remain to be determined, with the numerous
cDNA isoforms identified in this study serving as an
excellent platform for such an investigation. In
addition to these kunitz-type inhibitors cloned from
Australian snake venom glands was a second type of
kunitz molecule, the serine protease inhibitor compo-
nent of Taicatoxin, a multimeric Ca2+ channel blocker
isolated from the venom gland of O. scutellatus [9, 35].
TSPI appears to be unique to this species� venom, with
immunoblot analysis, cDNA cloning and genomic
DNA sequencing all failing to detect a homolog within
the other elapid species. Hence, O. scutellatus appears
to be unique in that its venom contains two types of
kunitz-like inhibitors: TSPI and Scutellin.
In this study we compared the genomic sequences of
multiple isoforms of both waprin and kunitz-type
inhibitors from a total of eleven Australian elapid
snakes, and demonstrated a common evolutionary
link between the three gene families. Molecular
sequence data is a powerful phylogenetic tool, in

that it can provide a measure of the order and timing
of divergence between species [36]. Cloning of toxin
cDNA sequences identified a highly conserved pro-
peptide between the waprins and kunitz-type inhib-
itors not only within each snake species, but also
between species. Identification of the corresponding
gene sequences revealed that this propeptide region,
along with the first four conserved amino acids of the
mature protein, were encoded entirely by a single
exon which was present and conserved across all
species. The remainder of the gene sequences, how-
ever, were highly divergent between the waprins and
kunitz-type inhibitors, although they did retain their
overall genomic structural organisation of three exons
separated by two introns. This suggests that the waprin
and kunitz-type inhibitor gene sequences arose from a
common ancestral gene with subsequent duplication
and diversification. The significant degree of variation
across the gene compared to the highly conserved first
exon also suggests that this multigene family is subject
to variable rates of evolution under selective pressure,
as is observed for other snake venom toxin gene
families such as the phospholipase A2 (PLA2) family
[37, 38]. It is interesting to note that the sequence
coding for the propeptide is not subject to the same
degree of divergence as that coding for the functional
mature toxin, and is hence, not subject to the same
selective pressure of host-prey interaction.
Despite the significant clinical effects of envenoma-
tion from an Australian elapid, very little genomic
sequence data is available for venom components for
most species, being confined predominantly to a
number of PLA2 and neurotoxin sequences from P.
textilis and the Factor X-like prothrombin activator
Trocarin D gene from T. carinatus [21, 22, 39] . The
genomic data from T. carinatus does, however, indi-
cate that expression of Trocarin D was recruited to the
venom gland via the duplication and divergence of the
snake�s own haemostatic blood coagulation Factor X
gene typically expressed in the liver [39]. The recruit-
ment and tissue specific expression of other venom
gland toxins in Australian snakes, however, including
the waprins and kunitz-type inhibitors, remains to be
determined. It is interesting to note that the waprin
toxin family demonstrates structural homology to
other whey-acidic proteins present in milk, suggesting
a bias towards this stable structural conformation in
secreted fluids. Hence, this study describes for the first
time the complete gene cloning and comparative
analysis of a number of toxin isoforms from three
different toxin types, demonstrating a hitherto un-
realised evolutionary relationship which may have
important implications for determining their function
within the venom.
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