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Snake venoms contain a complex mixture of polypeptides that modulate prey homeostatic mechanisms
through highly specific and targeted interactions. In this study we have identified and characterised
cystatin-like cysteine-protease inhibitors from elapid snake venoms for the first time. Novel cystatin
sequences were cloned from 12 of 13 elapid snake venom glands and the protein was detected, albeit at
very low levels, in a total of 22 venoms. One highly conserved isoform, which displayed close sequence
identity with family 2 cystatins, was detected in each elapid snake. Crude Austrelaps superbus (Australian
lowland copperhead) snake venom inhibited papain, and a recombinant form of A. superbus cystatin
inhibited cathepsin Ly papain > cathepsin B, with no inhibition observed for calpain or legumain. While
snake venom cystatins have truncated N-termini, sequence alignment and structural modelling sug-
gested that the evolutionarily conserved Gly-11 of family 2 cystatins, essential for cysteine protease
inhibition, is conserved in snake venom cystatins as Gly-3. This was confirmed by mutagenesis at the
Gly-3 site, which increased the dissociation constant for papain by 104-fold. These data demonstrate that
elapid snake venom cystatins are novel members of the type 2 family. The widespread, low level
expression of type 2 cystatins in snake venom, as well as the presence of only one highly conserved
isoform in each species, imply essential housekeeping or regulatory roles for these proteins.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Snake venoms contain a myriad of polypeptide components,
including protease inhibitors, which are designed to interfere with
prey homeostasis. Potent inhibition of papain-like cysteine prote-
ases has previously been observed for several snake venoms and
attributed to a cystatin-like protein in Bitis arietans (African puff
adder) [1] andNaja naja atra (Taiwan cobra) [2]. The only Australian
elapid snake venom previously examined for cysteine protease
inhibition is that of Notechis scutatus (tiger snake), which demon-
strated potent inhibition of cathepsin L and papain [3], although the
specific inhibitor was not identified. More recently, the cDNA for
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Bitis gabonica (Gaboon viper) “bitiscystatin” has been identified
(GenBank� accession # AY430403) [4].

The cystatin superfamily of cysteine-protease inhibitors is sub-
divided into three families: Family 1 stefins are single chain poly-
peptides of approximately 100 amino acids; family 2 cystatins are 120
amino acid single chain polypeptides with two intra-molecular
disulfide bonds; and family 3 kininogens are glycosylated proteins
which consist of three cystatin-like subunits. Recent data-mining
analyses indicate that family 1 and family 2 cystatins are the intra-
cellular and secreted ancestors, respectively, for a whole range of
multi-cystatin domain proteins in addition to the kininogens, which
do not necessarily function as cysteine-protease inhibitors [5].

The few snake venom cystatins previously identified show high
sequence identity with the family 2 cystatins. The best characterised
family 2 cystatins are chicken cystatin/ovocystatin and human cys-
tatin C. These proteins form 1:1 stoichiometric complexes with C1
family cysteine proteases, in competition with the substrate [6].
Crystal structure analyses and docking studies indicate that the N-
terminal region, loop1 (Gln-55-Gly-59) and loop2 (Pro-105-Trp-106)
in cystatin C form a wedge-shaped enzyme binding region essential
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for inhibition of C1 family cysteine proteases [7,8]. The topology of
this binding area is shared by cystatins, stefins and also the evolu-
tionarily distinct chagasins [9,10]. The evolutionarily conserved Gly-
11 of cystatin C is essential for inhibition as it allows the N-terminal
segment of the inhibitor to adopt a conformation appropriate for
interactionwith the substrate binding pocket of the C1 protease [11].
This part of the molecule constitutes the structurally most highly
conserved region across these three inhibitor families. A number of
cystatins also exhibit inhibition of legumain, a C13 family cysteine
protease, which is mediated by a separate region known as the back-
side loop (BSL), located between the main a-helix and the second
strand of the b-sheet [12].

Family 2 cystatins are conserved throughout evolution, are
present in both prokaryotic and eukaryotic organisms and the
proteins are expressed in awide array of tissues and fluids in higher
eukaryotic organisms [5]. Tight-binding inhibition of C1 family
cysteine proteases led to the early assumption that cystatins
primarily function to protect multi-cellular organisms from tissue
injury caused by unregulated proteolytic activity. However, it is
evident that the specific and elegant regulation of C1 family
cysteine protease activity influences many aspects of vertebrate
biology. Lysosomal cysteine proteases (cathepsins) effect tissue
remodelling and tumour cell invasion through degradation of
extra-cellular matrix (ECM) proteins [13]. Site-specific cleavage by
various cathepsins leads to activation of immune, inflammatory
and apoptotic cascades, which may be relevant to cancer progres-
sion and other diseases [13e15]. Cystatin interaction with exoge-
nous proteases and non-protease targets has also been observed.
For instance, cystatins and cystatin-derived peptides inhibit
microbial growth through both cysteine protease inhibition-
dependent and -independent mechanisms [16].

To date, very few snake venom cystatins have been isolated and
only one cDNA sequence has been cloned. Here we describe the
identification of 12 new cystatin cDNA sequences from elapid snake
venom glands. These sequences show high conservation between
snake species and demonstrate high identity with family 2 cys-
tatins. Moreover, cDNA and/or protein expression was observed,
albeit at very low levels, in all of the 22 snake species examined.We
further demonstrate by recombinant expression and mutagenesis
that the functional characteristics of Austrelaps superbus “AsCysta-
tin” are consistent with family 2 cystatins. This study represents the
first description of cystatin cDNA sequences for elapid snakes and
demonstrates widespread expression within elapid snake venoms
as well as conservation of sequence and functional characteristics
of family 2 cystatins. We propose that these proteins are not toxins
per se, but instead play essential housekeeping or regulatory roles.

2. Materials and methods

2.1. RNA isolation and cDNA synthesis

Venomglandswere excised fromanumber of Australian, Papuan
and Asian elapid snakes including A. superbus (Australian lowland
copperhead snake), N. scutatus (tiger snake), Oxyuranus scutellatus
(coastal taipan), Oxyuranus microlepidotus (inland taipan), Pseudo-
naja textilis (common brown snake), Tropidechis carinatus (rough-
scaled snake), Hoplocephalus stephensii (Stephen’s banded snake),
Pseudechis porphyriacus (red-bellied black snake), Pseudechis aus-
tralis (mulga), Rhinoplocephalus nigrescens (Australian small-eyed
snake) (collected under National Parks and Wildlife’s permit
number W4\00261\01\SAA), Micropechis ikaheka (Papua New
Guinean small-eyed snake) (supplied by David Williams and Owen
Paiva, The University of Papua New Guinea and the Australian
Venom Research Unit, The University of Melbourne) and Naja
kaouthia (Thai cobra) (Venom Supplies Pty Ltd). Snap frozen glands
were homogenised with a polytron and RNA isolated using the Tri
Reagent method (Sigma, St Louis, USA). First strand cDNA was
synthesised from1 mg of total RNAwith an oligo(dT)12e18 primer via
reverse transcription with 200 units of Superscript III RNAse H�

Reverse Transcriptase (Invitrogen, Mt Waverly, Australia). The final
reaction was ethanol precipitated and cDNA samples resuspended
in sterile water and stored at �20 �C.

2.2. Identification of cystatin cDNA sequences

A partial cDNA clone demonstrating similarity to other known
venom cystatin sequences via BLAST homology searches was
identified from a cDNA library from the venom gland of A. superbus.
Subsequently, a primer was designed to the 30UTR of this sequence
(50-GCT GGA CAC ACT CAG GAT CAT TTG CC-3), and 50RACE per-
formed to identify the full-length sequence from the venom gland
of this snake using a SMART RACE cDNA Amplification kit according
to the manufacturer’s instructions (Clontech, Palo Alto, CA). Briefly,
upon amplification of the full-length transcript, a band was excised
from a 1% TAE agarose gel containing ethidium bromide and puri-
fied using an Eppendorf (North Ryde, Australia) Perfectprep Gel
Cleanup Kit. This transcript was subsequently cloned via the pGEM-
T vector system (Promega, Madison, WI) and the ligation mix
transformed into competent dH5a Escherichia coli, with clones
selected on LB-Ampicillin (50 mg/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 (Per-
kineElmer, Norwalk, CT) and alignments performed with BioEdit
Software (Isis Pharmaceuticals Inc., Carlsbad, CA).

From the identified 50RACE A. superbus cystatin transcript,
a forward (50-CGC TCT GCC TTG TCT GCC AGC-30) primer was
designed within the 50UTR and used along with the above reverse
primer to amplify full-length homologues from the other elapid
species. A 518 bp PCR product was amplified from 12 elapid snake
cDNAs with 1 unit of AmpliTaq gold (Applied Biosystems, Foster
City, USA) buffered in 1� buffer, 2.25 mMMgCl2 and 200 mMdNTPs
with 25 pmol of each of the primers. The reaction was thermo-
cycled at 95 �C for 8 min followed by 30 cycles of 95 �C for 25 s,
52 �C for 25 s and 72 �C for 1 min with a final extension of 72 �C for
3 min. All PCR products were visualised on a 1% TAE agarose gel,
purified, cloned, sequenced and aligned as described above.

2.3. Recombinant expression of AsCystatin

Recombinant expression was performed using two different
systems. Initially, a clone was generated for mature AsCystatin in
XhoI and XbaI restriction sites of pPICZa for expression as a secreted
yeast 6xHis-tag fusion protein (Invitrogen, Mt Waverly, Australia).
Constructs were then transformed into KM71H Pichia pastoris,
positive clones selected and protein expression induced by addition
of 0.5% methanol. Recombinant protein (rAsCystatin) was then
purified by immobilised metal affinity chromatography with Ni-
NTA nickel agarose beads according to manufacturer’s instructions
(Qiagen, Hilden, Germany).

Subsequently, AsCystatinwas cloned and expressed in thepGex6P
E. coli expression system (GE Healthcare, Rydalmere, Australia),
which generates an N-terminal GST-tagged protein with a specific
protease cleavage site to enable tag removal. The mature cystatin
sequence was cloned into the vector via BamHI and EcoRI restriction
sites. A mutant Gly-3-Ser (G3S) AsCystatin pGex6P1 construct was
generated using an alternate 50 (BamHI) cloning primer that incor-
porated the mutant sequence. Constructs were confirmed by
sequencing and transformed into BL21 (DE3) strain E. coli (Invi-
trogen), and GST-fusion proteins were expressed and purified
according to the protocols of Frangioni and Neel [17]. Briefly, bacteria
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were grown to OD6001.0 and expressionwas induced at 16 �C for 16 h
with 0.5 mM IPTG. Cells were lysed and the soluble GST-fusion
protein was purified by the glutathione sepharose 4B batch method,
as per the manufacturer’s instructions (GE healthcare, Rydalmere,
Australia). The GST tag was removed and the recombinant protein
eluted by cleavage of the bead-bound material with PreScission
protease (a fusion of GST and human rhinovirus type 14 3C protease,
GE Healthcare). Residual GST and GST-fusion proteins were removed
from the final recombinant protein preparation by binding to fresh
glutathione sepharose4Bbeads. Recombinantprotein (wild-typeand
mutant) integrity was confirmed by N-terminal sequencing
(Australian Proteome Analysis Facility).

2.4. Antibody production and immunoblot detection
of cystatins in venom

Polyclonal antibodies were raised in rabbits injected with rAs-
Cystatin expressed in the P. pastoris yeast expression system,with the
immunisation protocol performed by the Institute of Medical Veter-
inary Sciences (Adelaide, Australia). Subsequently, these antibodies
wereused todetermine thepresenceand relativequantityof cystatins
within a number Australian and non-Australian venoms via immu-
noblotting. Briefly, a total of 12.5mg (immunoblot) or25mg (coomassie
stain) of lyophilised crude venom resuspended in 50% glycerol and
50% saline was separated under non-reducing conditions on a 12%
SDS-polyacrylamide gel. Venom samples were run from a total of 22
snake species including Austrelaps superbus, Austrelaps ramsayi,
N. scutatus, Notechis ater serventi, Notechis ater niger, O.microlepidotus,
O. scutellatus, Oxyuranus scutellatus canni, P. porphyriacus, P. australis,
Pseudechis gutatus, Pseudechis colletti, P. textilis, Pseudonaja affinis,
Pseudonaja nuchalis, H. stephensii, Demansia vestigiata, R. nigrescens,
T. carinatus, Acanthophis antarcticus, M. ikaheka and Naja naja along
with 8 ng recombinant AsCystatin expressed via the pGex6P system.
Gels were either subsequently stained with Coomassie R-250 or
venomproteins transferred to PVDFmembrane at 100V for 1 h at 4 �C
and probed with the rabbit antibody raised against yeast rAsCystatin.
Immunoblots were then probed with anti-rabbit secondary antibody
conjugated to eitherhorseradishperoxidase or IRDye800CW(Li-Cor)
and the signal detected with either enhanced chemiluminescence
reagent (PerkineElmer) or by infrared detection using a Li-Cor
Odyssey scanner, as indicated in figure legends.

2.5. Enzyme inhibition studies

To determine the inhibitory properties of rAsCystatin, spectro-
fluorometric and colorimetric assays were performed. The
concentration of papain was calculated by active site titration with
E64 and the concentration of rAsCystatin subsequently calculated
by titration with the known concentration of papain, based on the
assumption of 1:1 stoichiometry, using benzyloxycarbonyl-
Phe-Arg-p-nitroanilide (Z-FR-pNA) substrate (Enzo LifeSciences)
[18]. Inhibition of human calpain 1 (44 nM by protein content)
(SigmaeAldrich) was assessed using azocasein substrate as previ-
ously described [19]. At least two independent spectrofluorometric
assays were performed for each enzyme target. The assays were
performed in 96-well format with triplicates of each inhibitor
concentration and 2.0 mM Z-FR-7-amino-4-methylcoumarin (Z-
FR-AMC) substrate (Enzo LifeSciences) for papain and cathepsins
and 100 mM Z-Ala-Ala-Asn-7-amido-4-methylcoumarin (Z-
AAN-AMC) substrate (Bachem) for legumain. Enzymes (Carica
papaya papain 0.086 nM by E64 titration (SigmaeAldrich); Homo
sapiens cathepsin B 0.157 nM (SigmaeAldrich), cathepsin L 0.33 nM
(Merck), legumain 10.0 nM (R&D systems), by protein estimation)
were incubated with various concentrations of inhibitor or venom
(Venom Supplies Pty Ltd, Tanunda, Australia) for 60 min before
addition of substrate. The following assay buffers were used for the
different enzymes: papain, 100 mM potassium phosphate pH 6.5,
300 mM KCl, 1 mM EDTA, 0.01% Tween 20, 5 mM DTT; cathepsins,
50 mM NaAcetate pH 5.5, 1 mM EDTA, 5 mM DTT, 0.01% Tween 20;
legumain, 50 mM NaAcetate pH 4, 100 mM NaCl, 5 mM DTT.
Fluorescence was measured using a FLUOstar OPTIMA microplate
reader (BMG Labtech) with excitation and emission wavelengths of
380 and 460 nm, respectively.

The apparent dissociation constants were calculated from the
equation for simple reversible inhibition, vi¼ vo/(1þ Io/Kiapp), or in the
case of titrating inhibitors by the method of Morrison & Walsh [20]
using the equation for tight-binding inhibition. The experimentally
measured reaction rates (vi and vo) were fitted to the appropriate
equation over a range of inhibitor concentrations (Io), by non-linear
regressionanalysis performedwithSigmaPlot v11 (Systat Software Inc.
225 W Washington St., Suite 425, Chicago, IL 60606, USA).

For time-dependent inhibitors, residual activity (vi) was measured
after pre-incubating enzyme and inhibitor for 60 min. Dissociation
constants were generally determined at substrate concentrations
below the Michaelis constant (Km) to minimise substrate effects and
any difference between the apparent and the substrate-independent
values. These estimates were corrected for substrate concentration
assuming competitive inhibition, using the formula Ki¼ Kiapp/(1þ [S]/
Km) and Km values of 80 mM for papain [21], 6 mM for cathepsin L [21]
and 118 mMfor cathepsin B [22]. Standard deviationswere determined
from independent replicate estimates of Ki.

2.6. Molecular modelling of the interaction of AsCystatin variants
with cysteine proteases

Homologymodels of AsCystatin and the Gly-3-Ser (G3S) mutant
were created with SwissModel [23] using the structure of ovocys-
tatin (PDB ID 1yvb:I; in complex with falcipain 2) as template.
Models of the papain/inhibitor complexes were assembled based
on PDB ID 3ima (papain in complex with tarocystatin), while the
model of the cathepsin B/AsCystatin complex was based on PDB ID
3k9m (cathepsin B/stefin A). Finally, we used the structure of apo-
cathepsin L C25A (PDB ID 3k24) to create the model of the
cathepsin L/AsCystatin complex. All models were subjected to
energyminimisation in Swiss Pdb Viewer [24] (3 cycles of 100 steps
of steepest descent in the GROMOS force field) and Insight II
(Accelrys Inc.; 1000 steps of steepest descent in vacuo in the
Consistent Valence Force Field CVFF). Proteineprotein interactions
were analysed with ProtorP [25] and hydrogen bonds using the
optimal hydrogen bonding network feature on the WhatIf web
server (http://swift.cmbi.ru.nl/servers/html/hnet.html) [26].

2.7. In vitro toxicity assay

The toxicity of rAsCystatin to the PC3 human prostate cancer cell
line was assessed using Cell Proliferation Reagent Wst-1 (Roche),
according to the manufacturer’s instructions. Briefly, cells were
grown to 50% confluency on a 96-well plate then treated with rAs-
Cystatin (final concentration 6.0 mM)or control buffer, each diluted in
phenol-red free RPMI (Invitrogen) containing 10% foetal calf serum.
Following a continuous 24 h treatment, Wst-1 reagent was added to
wells and the formation of Wst-1 cleavage products produced by
metabolically active cell enzymes was monitored at A440.

3. Results

3.1. Identification of cystatin-like cDNA sequences in elapid snakes

As part of a comprehensive screen of Australian elapid snake
venom gland cDNA libraries [27], a partial cDNA transcript
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demonstrating similarity to known venom cystatin sequences via
BLAST homology searches was identified from the Australian
lowland copperhead snake, A. superbus. Subsequently, 50RACE was
used to obtain the full-length sequence and primers based on this
sequence were designed to clone the cystatin-like sequences from
related elapid snake species.

The full-length cDNA and deduced protein sequence obtained
from the venom gland of A. superbus is depicted in Fig.1. A 26 amino
acid propeptide is predicted based on N-terminal sequence data
previously obtained for cystatins from the venom of B. arietans
(African puff adder) [1] and N. naja atra (Taiwan cobra) [2]. This
propeptide designation also conforms to bioinformatic signal
peptide predictions (www.cbs.dut.dk/services/SignalP), with the
predicted Mr of the mature protein, “AsCystatin” being 13,087 Da.

An alignment of the deduced protein sequences of cystatin-like
transcripts from all 12 elapid snake species identified in this study,
compared to the five other known venom cystatins, is displayed in
Fig. 2. These 12 cystatins are all 141 amino acids in length and
display 75% identity across the deduced pre-protein sequences. The
26 amino acid propeptide is highly conserved across all elapid
Fig. 1. Full-length cDNA sequence and corresponding translated protein sequence of AsC
copperhead snake, A. superbus (GenBank accession number FJ411278). mRNA features are i
snake species, a feature common to all elapid venom-derived
proteins [28], although it varies considerably from the one known
viper sequence (B. gabonica) and from tarantula (Chilobrachys
jingzhao) and eastern bearded dragon (Pogona barbata) sequences.

It is notable that attempts to amplify a cystatin-like transcript
from the related Australian elapid D. vestigiata (black whip snake)
were unsuccessful, although the protein was detected by immu-
noblot (see Section 3.3). This suggests sequence differences may
exist in the cystatin transcript from D. vestigiata as compared with
other elapid species, which would be consistent with the evolu-
tionarily distinct nature of this particular elapid snake [29].

3.2. Conservation of family 2 cystatin structural elements in snake
venom cystatin

The sequence alignment in Fig. 3A illustrates the high identity
between mature AsCystatin and prototypical family 2 cystatin
proteins. The highest identity is observed for cystatin M (approxi-
mately 40%) which, like AsCystatin, contains a multiple amino acid
insertion between the two cysteine residues that form the first
ystatin, a cystatin-like molecule identified from the venom gland of the Australian
ndicated where appropriate.

http://www.cbs.dut.dk/services/SignalP


Fig. 2. Alignment of the deduced protein sequences of cystatin-like transcripts from a number of Australian, Papuan and Asian elapids determined in this study compared to all
other known venom cystatin sequences from the snakes Naja atra (Chinese cobra), Bitis arietans (African puff adder), Bitis gabonica (Gaboon viper), the spider Chilobrachys jingzhao
(Chinese tarantula) and the lizard Pogona barbata (Eastern bearded dragon). GenBank or UniProtKB accession numbers are provided at the end of each sequence. Cleavage sites
between the propeptide and mature protein are indicated by arrows.
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disulfide bridge. The disulfide bridge cysteine residues, as well as
loop 1 and loop 2 required for C1 cysteine protease inhibition [7],
are highly conserved across all family 2 members. Interestingly,
Asn-39, an essential element of the BSL required for legumain
inhibition [12], is absent in AsCystatin.

The area of highest divergence between AsCystatin and the other
type 2 cystatins is the N-terminus, which is truncated in the snake
venom cystatins. As previously stated, N-terminal residues are
essential for inhibitor activity. The N-terminus is structurally highly
conserved in cysteine-protease/cystatin inhibitor complexes, while
inhibitor loops 1 and 2, the other two contact areas between enzyme
and inhibitor, demonstrate considerable structural variation. Despite
the variation from prototypical family 2 cystatins seen in this area of
snake venom cystatins, the sequence alignment (Fig. 3A) indicates
conservation of the essential Gly-11 (cystatin C numbering) in
AsCystatin (as Gly-3).

Structural modelling was used to verify the conservation of cys-
tatin family 2 structural elements in AsCystatin and to assess its
potential interactionswith selected cysteine proteases.Wemodelled
the three dimensional structure of AsCystatin and its G3S mutant
based on the structure of ovocystatin (PDB ID 1yvb; in complex with
falcipain 2),which showed the highest sequence similarity in the PDB
to AsCystatin (approximately 25% identity). The papain/AsCystatin
complex was assembled based on PDB ID 3ima, the crystal structure
of papain in complex with the N-terminal domain of tarocystatin
(Fig. 3BeD). The backbone atoms of the enzyme contact regions (N-
terminal segment, L1, L2) of the AsCystatin model and tarocystatin
superimpose with an RMSD of 0.52 Å, indicating a high structural
conservation in these regions. The models for cathepsin L and
cathepsin B complexes were based on PDB ID 1yvb (ovocystatin/
falcipain 2), as outlined in Section 2.6, since no complexes between
these two enzymes and a family 2 cystatin are currently available in
the PDB. Analysis of proteineprotein interactions in the three
modelled AsCystatin complexes revealed interface areas between
770 and 1120 Å2, comparable in size to those of known cysteine
protease/cystatin complexes. It should be noted that the size of the
interface area as calculated with ProtorP [25], the method used here,
was generally smaller thanpublished values, e.g. 763 Å2 vs. 922 Å2 for
the papain/chagasin complex (PDB ID 3eiz).

It has been noted repeatedly that the conserved Gly residue near
the N-terminus is crucial for the ability of this segment to form
a tight turn. Energy minimisation of the G3S AsCystatin mutant
resulted in a local change in conformation in this N-terminal
segment, rotating the three terminal residues approximately 55�

towards the body of the inhibitor (Fig. 3E). This altered conforma-
tion is stabilised by a backbone hydrogen bond between HN of Ser-
3 and O of Val-48, a contact seen in neither the model of AsCystatin
nor the crystal structure of ovocystatin (PDB ID 1yvb). It would be
impossible for the G3S mutant to enter the substrate binding cleft
of most cysteine proteases without conformational rearrangement,
which would also involve breaking this hydrogen bond that ties the
N-terminus to loop 1, since the N-terminal region is now too wide
for the catalytic groove of the enzyme. It is conceivable that the
structural changes seen in the N-terminus of our G3Smutantmodel
are an artefact of the energy minimisation in vacuo. However,
preserving the backbone angles for residue 3 in the G3S mutant
would result in strained conformation of the peptide backbone,
while the rotation mentioned above puts Ser-3 into the favourable
regions of the Ramachandran plot.

3.3. Detection of cystatin-like cysteine-protease inhibitors in venom

To biochemically analyse the structural and functional charac-
teristics of snake venom cystatins, recombinant proteins were



Fig. 3. Conservation of cystatin family 2 structural elements in snake venom cystatin. (A) Alignment of mature protein sequences from Austrelaps superbus cystatin (AsCys), Homo
sapiens cystatin M (CysM, NP_001314), H. sapiens cystatin C (CysC, CAA36497) and Gallus gallus ovocystatin (Ovocys, NP_990831). Conserved functionally significant regions (Gly-11,
back-side loop (BSL), loop 1, loop 2) are highlighted by coloured blocks and disulfide bridges are indicated. DSSP assigned secondary structure elements for PDB ID 1yvb (ovo-
cystatin) are shown below the sequences. (B) Molecular model of the AsCystatin/papain complex. The N-terminal region, loop 1 and loop 2 of the inhibitor (shown as blue ribbon)
are inserted into the substrate binding cleft of papain (shown as grey surface). (C) and (D): Stereo close-up views of each face of the substrate binding cleft, highlighting the inhibitor
residues in contact with papain. The inhibitor is again depicted as blue ribbon, with the side chains of the contacting residues given as sticks and labelled (AsCystatin numbering).
Views C and D are rotated 90 and �90� about the y-axis with respect to A. (E) The three enzyme contact areas of the G3S mutant (in green) in comparison with those of AsCystatin
(in light blue). Note that the N-terminal region of the mutant is twisted towards loop 1 to allow for more favourable backbone dihedral angles around the mutated residue Ser-3.
This conformation is stabilised by a hydrogen bond between Ser-3 and Val-48 (AsCystatin numbering), shown in magenta.
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produced. AsCystatin was initially produced as a C-terminal His-
tagged recombinant protein using the pPICZa system (Invitrogen),
which utilises a P. pastoris signal sequence to mediate secretion. The
signal sequence is cleaved upon secretion to produce a recombinant
protein with a native N-terminus. Unfortunately, expression trials
indicated that recombinant P. pastoris AsCystatin consisted of several
slightly modified forms, as indicated by the presence of more than
one band by SDS-PAGE (Supp. Fig. 1A). However, this recombinant
protein was successfully used to induce production of a polyclonal
anti-cystatin antibody, which was shown by dot blot to be sensitive
and specific for the bacterially expressed AsCystatin (Supp. Fig. 1B).

The antibody was subsequently used to probe an array of snake
venom samples by immunoblot analysis. The majority of elapid
snake venom proteins are low molecular weight, resolving below
17 kDa by reducing SDS-PAGE. A very strong Coomassie-stained
band was present at approximately 13 kDa for most snakes, and we
have previously demonstrated that this is composed primarily of
phospholipase A2 (PLA2) isozymes [30]. In initial immunoblot work,
cystatin-like proteins appeared to be masked by the intense 13 kDa
phospholipase A2 band present on reducing gels (data not shown).
However, in native venom, some PLA2s form disulfide linked
complexes [31,32] which exhibit reduced electrophoretic mobility.
Concordantly, using non-reducing SDS-PAGE, a broad Mr range of
Coomassie-stained bands was apparent (Fig. 4A), which enabled
the specific detection of cystatin proteins in a panel of venoms. By
immunoblot analysis it was shown that cystatin is expressed in 22
of 22 snake venoms, as indicated by the presence of immuno-
reactive bands at approximately 13 kDa (Fig. 4B), consistent with
the predicted size of snake venom cystatins. Slight differences in
electrophoretic mobility were observed for cystatin protein across
genera, despite high sequence identity, and this is possibly
a consequence of the non-reducing environment and interactions
with other snake venom components. Certainly, the similarly
shifted electrophoretic mobility of T. carinatus (rough-scaled snake)
and the two copperhead snake venom cystatins compared with
rAsCystatin is intriguing because the predicted protein sequences
of A. superbus cystatin and T. carinatus cystatin each contain one
unique unpaired cysteine residue (at position 102 and position 21,
respectively, see Fig. 2), which may mediate formation of disulfide
linked complexes with other venom components.

It would appear that cystatin expression is subject to gene
regulation. Variation in expression levels within individual genera



Fig. 4. Detection of cystatin protein in elapid snake venoms. (A) Composite of two Coomassie-stained gels (separated by a white line) loaded with 25 mg each of non-reduced whole
venom from a number of Australian, Papuan and Asian elapid snakes. (B) Immunoblot detection of AsCystatin within the venom (12.5 mg) of these snakes alongside 8 ng of
bacterially expressed recombinant AsCystatin (rAsCystatin). The protein was detected using an IRDye 800 CW (Li-Cor) secondary antibody and an infrared scanner.
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was observed; in particular, O. microlepidotus venom exhibited
lower expression levels than the other taipans, while P. textilis
venom appeared to contain higher levels of cystatin than the other
brown snake species. Weaker cystatin immunoblot reactivity was
also observed in R. nigrescens, M. ikaheka and N. naja venoms, with
extremely low levels of protein detected in A. antarcticus venom.
Snake venom proteomic variation is documented to occur at the
inter-family, inter-species and intra-species levels and is influenced
by a number of factors including habitat, diet, age and sex [33e35].
Our immunoblot data indicate inter-species variations in the
quantity of cystatin protein in the venom, but cystatin expression
quite likely displays intra-species and individual variation also.

By comparison of immunoblot band intensities with the 8 ng of
bacterial recombinant protein in lane 1 (Fig. 4B), it is apparent that
the relative quantity of cystatin protein in venom is low (less than
0.6 mg/mg crude venom), even for the snakes with the largest
amounts. Such low expression levels may explain why previous
proteomic analysis of Australian elapid venoms failed to detect the
cystatins, particularly given that these proteins may be masked by
the significantly more abundant PLA2 isozymes [30]. Concordant
with the presence of active cystatin protein, crude A. superbus
venom was shown to inhibit papain activity in a dose-dependent
and tight-binding fashion. The cysteine-protease inhibitor content
of one preparation of crude A. superbus venom was estimated at
3.9 pmol/mg by titrationwith papain, or 0.05 mg active inhibitor per
mg of crude venom (Supp. Fig. 2). This is consistent with the protein
estimation obtained for cystatin by immunoblotting, and confirms
the presence of an active cysteine-protease inhibitor in A. superbus
venom.

3.4. Functional characterisation of AsCystatin

For functional analysis of AsCystatin, a recombinant protein
with minimal modifications was produced using the pGex6P1 E.
coli expression system. In this system, the recombinant proteinwas
expressed as an N-terminal GST-fusion which retained just five
extra N-terminal amino acids, GPLGS, following PreScission
protease cleavage (confirmed by N-terminal sequencing, Australian
Proteome Analysis Facility). Fig. 5 demonstrates the expression and
purification of recombinant AsCystatin (rAsCystatin). IPTG induc-
tion of GST-fusion protein expression (lane 2) and efficient removal
of the GST tag by PreScission protease cleavage (lane 3) was
observed. The final purified recombinant protein, with a predicted
Mr of 13,498 Da is evident in lane 4. The cleaved protein was
produced at a yield of 5 mg/L of induced culture.

Inhibition of various C1 cysteine proteases by rAsCystatin was
tested (see Table 1). Consistent with ovocystatin and cystatin C,
rAsCystatin displayed tight-binding inhibition of C1 family cysteine
proteases. Cathepsin L and papain were inhibited with Ki values of
0.9 pM and 1.7 pM, respectively. rAsCystatin also inhibited
cathepsin B, albeit with a weaker Ki of 0.69 nM. The active site
groove of cathepsin B is partially blocked by the so-called occluding
loop, requiring a two-step mechanism of inhibition [36]. While the
model of the cathepsin B/rAsCystatin complex showed the largest



Fig. 5. Recombinant expression and purification of AsCystatin in bacteria. Represen-
tative Coomassie-stained gels demonstrating the purification of the IPTG-inducible
GST-fusion protease inhibitor. (1) Uninduced whole cell lysate, (2) IPTG-induced whole
cell lysate, (3) elution of cleaved recombinant cystatin, (4) final purified recombinant
cystatin.
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interface area (1124 Å2) of the complexes modelled in this study, it
can be assumed that the energy expenditure necessary to displace
the occluding loop contributed to the higher overall Ki.

The ability of rAsCystatin to inhibit other cysteine protease
families was also examined. At concentrations up to 140 nM, and at
least 3-fold in molar excess of the enzyme, rAsCystatin did not
inhibit calpain 1, a C2 family cysteine protease not generally
inhibited by family 2 cystatins [37]. The deduced AsCystatin protein
sequence diverged from prototypical family 2 cystatins by the
apparent absence of Asn-39 (cystatin C numbering, see Fig. 3A)
required for legumain (C13 family) inhibition [12]. As expected,
rAsCystatin did not inhibit legumain at inhibitor concentrations up
to 660 nM and at least 6-fold in molar excess of enzyme (Table 1).

Despite the truncated N-terminus of native AsCystatin relative
to other family 2 cystatins, sequence alignment and structural
modelling suggested Gly-3 of AsCystatin is homologous to the
cystatin C Gly-11 essential for C1 cysteine protease inhibition (see
Fig. 3). To further assess the homology between Gly-3 of AsCystatin
and Gly-11 of cystatin C and to confirm our modelling results,
a recombinant Gly-3-Ser mutant, rAsCystatin G3S, was produced in
the pGex6P expression system. This protein was expressed and
purified in the same manner as the wild-type protein and the
mutationwas confirmed by N-terminal sequencing. Mutagenesis of
rAsCystatin Gly-3 to Ser increased the dissociation constant (Ki) for
papain from 1.7 pM to approximately 18 nM (see Table 1), which
equates to a 104-fold reduction in inhibitory activity. This provides
biochemical evidence that the inhibitory mechanism of snake
venom cystatins is consistent with family 2 cystatins.

These data do not indicate elapid snake venom cystatins are
toxins, but their widespread presence in strongly toxic venoms
nevertheless begs the question. Snake venom components from
many different species have been shown to be toxic to multiple cell
types in vitro [38e40]. Consistent with the view that snake venom
cystatins are not toxins per se, we saw no evidence of cell death
Table 1
Inhibition of cysteine proteases by recombinant Austrelaps superbus cystatin (rAsCystatin

Enzyme rAsCystatin Ki(pM) � SD rAsCystatin G3S Ki(pM) �
Papain 1.74 � 0.04 (3) 1.81 � 0.05 � 104 (2)
Cathepsin L 0.89 � 0.38 (2) n.d.
Cathepsin B 690 � 7 (2) n.d.
Calpain >1.4 � 105 n.d.
Legumain >6.6 � 105 n.d.

Dissociation constants and error estimates, Ki(pM)� SD, were determined in continuous r
2 cystatins, ovocystatin and human cystatin C were obtained from the literature [12,48,
(PC3 prostate cancer cells) following continuous exposure to 6 mM
of rAsCystatin for 24 h (data not shown).
4. Discussion

Family 2 cystatin-like proteins have been detected in various
tissues and fluids from diverse organisms including sugarcane
(Saccharum officinarum) [41], horseshoe crab (Tachypleus tridenta-
tus) [42], tick (Ixodes scapularis) [43], jellyfish (Cyanea capillata)
[44], and several mammalian and reptilian species [5]. A cystatin-
like protein from snake venom (B. arietans) was first purified and its
amino acid sequence determined in 1987 [1,45]. Subsequently,
a cystatin-like cysteine-protease inhibitor was isolated from N. atra
venom and phylogenetic analysis based on amino acid composition
identified it as a member of a new sub-family of type 2 cystatins
which included human cystatin M [2]. In 2002, a screen of nine
elapid snake venoms demonstrated varying levels of cathepsin L
and papain inhibitory activity which isolated to a 12e13 kDa gel
filtration fraction [3]. Prior to the present study, only one snake
venom cDNA (bitiscystatin from the viper B. gabonica) had been
cloned [4]. In the current study, cystatin-like cysteine-protease
inhibitor cDNAs were cloned from elapid snake venom glands for
the first time. Close sequence identity was observed across all
cystatins from elapid snake species and the protein was shown to
be widely expressed in snake venoms. We also demonstrated that
the structural and functional characteristics of family 2 cystatins
have been conserved in snake venoms.

Given the high sequence identity of cystatin-like cDNAs in
elapid snakes, a single species was chosen as a model for further
characterisation. A. superbus cystatin (AsCystatin) cDNA codes for
a pre-protein with a novel 26 amino acid signal sequence. The
predicted mature secreted protein, AsCystatin, has an apparent Mr
of 13,087 Da by amino acid composition. The presence of an active
cysteine-protease inhibitor in A. superbus venomwas demonstrated
through inhibition of papain, and immunoblotting confirmed cys-
tatin protein is secreted in the venom.

Sequence elements essential for inhibition of C1 family cysteine
proteases are conserved in snake venom cystatins and the inhibi-
tion profile of rAsCystatin is in line with classical family 2 cystatins.
Unlike canonical serine protease inhibitors, which mimic the
conformation of a substrate, cysteine-protease inhibitors are
thought to elicit their inhibitory activity by blocking the catalytic
groove of the enzyme, and thereby preventing access for potential
substrates. This type of enzyme/inhibitor interaction would allow
for a greater variability in both conformation and peptide sequence
of the inhibitor. Elapid snake venom cystatins contain the three
structural elements (N-terminus; loop 1 Gln-55-Gln59; loop 2 Pro-
105-Trp-106) required to form the wedge-shaped binding motif for
C1 protease active site binding and inhibition [7,11]. In accordance
with prototypical family 2 cystatins, mutagenesis of Gly-3 (Gly-11
in cystatin C) strongly reduced the potency of papain inhibition.
Molecular modelling of the G3S mutant indicated that a confor-
mational change in the N-terminal segment centred around Ser-3
) variants.

SD Ovocystatin [48,58] Ki(pM) Cystatin C [12,48] Ki(pM)

5 5
19 5
1700 250
>1 � 107 >1 � 107

<5.0 � 103 200

ate assays in replicate experiments (n). Dissociation constants for prototypical family
58]. (n.d. not determined).
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would be required for the G3Smutant to interact with the substrate
binding groove of papain.

The importance of amino acids preceding the crucial Gly-11
residue has been reported for other cystatins. Hall et al. (1995)
showed that replacement of Leu-9 or Val-10 of cystatin C with Gly
affected enzyme affinity and selectivity, in particular for cathepsins
B and H [36]. In this study, rAsCystatin, with an N-terminal
sequence of Ser-8-Ile-9-Pro-10-Gly-11 (cystatin C numbering) dis-
played similar selectivity as cystatin C [36,46]. It would thus appear
that Leu-9 and Val-10 are interchangeable with some other
hydrophobic residues, as present in rAsCystatin (Ile-9-Pro-10).
Cathepsin B has a somewhat unique status amongst cysteine
proteases in that it contains an 18-residue insertion, termed the
occluding loop, that controls access to the enzymatic groove in a pH
dependent manner [47]. While the association rate constant for the
interaction of cystatins with papain and similar cysteine proteases
is generally similar to that of a diffusion controlled reaction, inhi-
bition of cathepsin B follows a two-step mechanism that includes
displacement of the occluding loop to allow the inhibitor access to
the substrate binding groove [36]. The initial step of cathepsin B
inhibition involves interaction of the N-terminal section of the
inhibitor with the enzyme. In cystatin C, one of the most potent
inhibitors for cathepsin Bwith a Ki of 0.22e0.25 nM [11,48], the side
chains of Val-10 and to a lesser extent Leu-9 were found to be
crucial for efficient inhibition, with an approximately 2000-fold
higher Ki for the V10G mutant and a 180-fold higher Ki for the L9G
mutant [36]. As mentioned above, the corresponding residues in
native AsCystatin are Ile-1 and Pro-2, identical to those found in
cystatin A. Indeed, the Ki determined here for rAsCystatin is very
similar to that reported for cystatin A (0.7 nM vs. 0.9 nM for the
latter) [49], suggesting a similar initial interaction of the two
inhibitors with cathepsin B.

The AsCystatin sequence differs from cystatin C in three signif-
icant ways: an altered N-terminus; the absence of Asn-39 for
legumain inhibition; and the presence of an additional stretch of
amino acids between the cysteine residues that form the first
disulfide bridge. Our results suggest that the altered N-terminus
has no significant impact on the inhibitory profile and the critical
Gly-11 residue is conserved. It is not clear why some family 2 cys-
tatins harbour the Asn-39 and the capacity to inhibit legumain,
while others do not [12]; however, the absence of Asn-39
proscribes legumain inhibition for AsCystatin. As observed for
cystatin M, the amino acid insertion in AsCystatin is unlikely to
affect overall conformation as it is in a largely unstructured region
which lies on the opposite side to the conserved hair pin loops that
form the inhibitory wedge [50].

There are varying reports regarding the relative quantity of
cystatin protein in snake venoms. In two separate studies, the
cystatin (bitiscystatin) content of viper B. gabonica venom is
reported to be very high. One group demonstrated that bitiscystatin
accounts for 9.8% of the total venomprotein [51] and another report
suggested that Kunitz-type inhibitors and cystatin combined
represent 10% of the total venom protein [4]. Another viper species,
B. arietans, has also been reported to contain a significant level of
cystatin protein in the venom,1.7% of the total protein content [52].
In the current study, the papain inhibitory activity of A. superbus
venom was presented simply as an illustration of the presence of
active cysteine-protease inhibitor. Nevertheless, it is interesting
that we observed a much lower level of active protein in the venom
from an A. superbus sample compared with that seen for the vipers.
Our immunoblot results also suggest that cystatins are a minor
component of elapid snake venoms (less than 0.6 mg/mg crude
venom), but that protein concentration varies considerably across
and within genera. It is likely that the quantity of cystatin protein in
elapid snake venoms is generally very low since this protein was
not detected in a comprehensive proteomic screen of 18 elapid
snake species from nine different genera which identified proteins
from 17 different families [30].

The presence of cystatin-like proteins in the venom of elapid
snakes would seem to implicate them as toxins. However, their
close structural and functional identity with family 2 cystatins,
which are important regulatory proteins, is not entirely consistent
with this. Venom toxins are often present as multiple isoforms
varying within and across species and it is hypothesised that this
has occurred via adaptive evolution induced by differing prey
availability and susceptibility [53,54]. This is not the case with
cystatins, for which only one highly conserved isoform was detec-
ted in each elapid snake species. Some toxic venom components are
highly similar to commonly expressed regulatory proteins.
However, in the case of the snake venomprothrombin activators for
example, the venom proteins have been altered in specific ways to
improve stability and activity, are controlled by specialised
promoters which mediate high level expression, and are expressed
in only a few species [55e57]. In contrast, widespread, low level
expression and high level conservation are observed for snake
venom cystatins. Add to this the absence of in vitro toxicity, and
a strong case for snake venom cystatins as essential housekeeping
or regulatory proteins, rather than specific prey-targeted toxins
emerges.

It remains unclear what specific purpose snake venom cystatins
serve. As previously suggested, cystatins may indirectly promote
venom toxicity by protecting snake venom proteins from prey ECM
proteases [2]. On the other hand, given that snake venom glands are
modified salivary glands it is pertinent that some mammals secrete
cystatins into the saliva. The specific role of mammalian salivary
cystatins is not clear but these proteins appear to function in
various ways to maintain oral health [16]. It is thus possible that
snake venom cystatins play roles independent from envenomation,
comparable to mammalian salivary cystatins.
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