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Two lethal proteins, which specifically bind to the nAChR from Torpedo californica, were isolated from the

venom of Pseudonaja textilis, the common brown snake from Australia. The isolated proteins have masses of

6236 and 6345 Da and are structurally related to short-chain neurotoxins from other elapids. Six cDNAs

encoding isoforms of related neurotoxins were cloned using the RT-PCR of the venom gland mRNAs. The

sequences of the corresponding proteins consist of 57±58 amino acid residues and display several unique features

when compared with all known short-chain neurotoxins. Accordingly, they grouped separately in phylogenetic

analysis. The six cDNAs were expressed in Escherichia coli and the recombinant proteins were characterized.

They have similar masses and display similar toxicities and binding constants to the nAChR as the native toxins

isolated from the venom. Thus, a new group of short-chain postsynaptic neurotoxins from the venom of an

Australian elapid has been characterized.
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More than 100 a-neurotoxins have been isolated from various
snake venoms and their amino acid sequences have been
determined. They have the ability to block nerve transmission
by binding specifically to the nicotinic acetylcholine receptors
on the postsynaptic membranes of skeletal muscles and/or of
neurons [1]. Based on the sequences, they can be classified into
short-chain and long-chain neurotoxins. Short-chain neuro-
toxins consist of 60±62 amino acid residues, including four
disulfide bonds, whereas long-chain neurotoxins contain 66±79
amino acid residues with five disulfide bridges [2]. These toxins
share a common three finger-loop structure [2], although a
diversity in their primary structures can be observed.

While a reasonable number of studies has been documented
for presynaptic (b) neurotoxins [3], relatively few studies have
been carried out on the postsynaptic (a) neurotoxins in the
venom of Australian elapids. To date, only six long-chain and
four short-chain a-neurotoxins have been reported. The long-
chain neurotoxins are Aa b, Aa e and Aa d from Acanthophis
antarcticus [4±6], Notechis III-4 from Notechis scutatus [7],
Pa ID from Pseudechis australis [8] and Pseudonajatoxin b
from Pseudonaja textilis [9]. Except for Pa ID, which is not
lethal, all the other long-chain neurotoxins from Australian
elapids are lethal and act as potent postsynaptic inhibitors of
neurotransmission. The four short-chain neurotoxins are: Aa c
from Acanthophis antarcticus [10], Pa a from P. australis
[11] and Taipan toxins 1 and 2 from Oxyuranus scutellatus

scutellatus [12]. Aa c from Acanthophis antarcticus is a lethal
toxin homologous to other elapid short-chain neutotoxins,
particularly from the sea snakes. Pa a is a typical short-chain
neurotoxin, which produces peripheral paralysis. Both Aa c
and Pa a contain an extra cysteine residue at the N-terminus
which may have tertiary structural implications. Taipan toxins 1
and 2, which differ by only one amino acid residue, inhibit the
binding of a-bungarotoxin to nicotinic acetylcholine receptors
in skeletal muscles but not to central neuronal nicotinic
receptors.

P. textilis, a common brown snake, inhabits from dry areas to
watercourse swamps, and is commonly found in the farmlands
of eastern Australia. It possesses a highly toxic venom with
LD50 of 0.040 mg´g21 mouse. Thus far, the sequences of one
b-neurotoxin textilotoxin [13] and one long-chain a-neuro-
toxin Pseudonajatoxin b [9] from this snake, have been
reported. Pseudonajatoxin b shows considerable homology
(51±76%) with other long-chain a-neurotoxins. However,
unlike its counterparts, it remains highly lethal (LD50 of
0.015 mg´g21 mouse) [9]. To our knowledge, there have been
no studies carried out on short-chain a-neurotoxins of P. textilis.
Cloning of cDNAs and genes encoding snake a-neurotoxins have
also been extensively carried out on sea snakes [14±16] and on
many other land snakes (R. C. Chu & C. C Yang (1996)
GenBank accession numbers U42582, U58519, U58520,
U58521, U77490, U77491 and U77492; [17]) except those
found on the Australian continent. In this work, cDNAs
encoding six isoforms of short-chain a-neurotoxins from an
Australian elapid have been cloned and expressed in
Escherichia coli for the first time.

M A T E R I A L S A N D M E T H O D S

Venom and venom glands

An adult snake (P. textilis) kept undisturbed and unfed for
2 weeks was milked and the venom lyophilyzed and stored at
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220 8C. The venom glands were immediately frozen in liquid
nitrogen and kept at 285 8C.

Purification and N-terminal amino acid sequencing of
short-chain a-neurotoxins

Lyophilyzed crude venom (78 mg) was reconstituted in 2 mL
water and subjected to gel filtration using a P10 (BioRad)
column. Fractions obtained were further purified on RP-HPLC
(SMART system, Pharmacia) using a Sephasil C18 mBore
column. The buffer systems used were 0.1% trifluoroacetic acid
(buffer A) and 80% acetonitrile in 0.1% trifluoroacetic acid
(buffer B). The RP-HPLC purified proteins were subjected to
N-terminal amino acid sequencing using a Procise-HT (Model
494) Protein Sequencer attached to a 140C PTH analyzer
(Applied Biosystems) after analysis by electron spray ioni-
zation mass spectrometry (ESI-MS, Applied Biosystems Inc.).
Protein concentrations were determined using the Bradford
method [18].

Isolation of total RNA and RT-PCR

Total RNA was isolated from the venom glands using the
guanidine isothiocyanate method [19] and the integrity of the
total RNA was analyzed by denaturing formaldehyde agarose
electrophoresis [20]. Oligonucleotide primers synthesized by
Oswel DNA service (UK) based on the sequence at the 5 0 and
3 0 UTR regions of the previously cloned cDNAs [16,21]
from a spitting cobra, Naja naja sputatrix have been used.
The sense and antisense primers were: X133 (5 0-TCCA-
gAAAAagATCgCAAgATg-3 0) and X132 (5 0-gAATTTAgA-
CATTATCAgTTg-3 0), respectively.

Total RNA (3 mg) was reverse transcribed using 10 units of
MuMLV reverse transcriptase, 40 ng of antisense primer, 2 mL
of reverse transcription buffer (100 mm Tris/HCl, pH 8.4;

250 mm KCl; 12.5 mm MgCl2 and 0.5 mg´mL21 BSA) in a
total volume of 10 mL at 42 8C for 1 h. All the reverse
transcribed products (10 mL) were used for the PCR. PCR was
carried out for 30 cycles with each cycle consisting of a
denaturing step (94 8C for 1 min), an annealing step (50 8C for
1 min) and an elongation step (72 8C for 2 min), followed by
final extension step of 10 min at 72 8C, using a Perkin-Elmer
Cetus thermal cycler (Model 480). The reaction mixture
contained 250 mmol each of dNTPs, 10 mmol each of sense
and antisense primers in a final 50 mL reaction buffer (50 mm
KCl, 10 mm Tris/HCl pH 8.3, 1.5 mm MgCl2 and
0.1 mg´mL21 gelatin) and 1 unit of Taq DNA polymerase [22].

Cloning and sequencing of cDNAs

The PCR products were cloned into pT7Blue (R) vector
(Novagen) using the procedures described by the supplier. The
ligated products were then transformed into the E. coli, DH5a:
supE44 DlacU169 (F80lacZDm15) hsdR17 recA1 endA1
gyrA96 thi-1 relA1 [23] and the recombinants were selected
on an Luria±Bertani/Amp (50 mg´mL21) plate supplemented
with isopropyl thio-b-d-galactoside (IPTG) and X-Gal
according to the method described by Sambrook et al. [23].
The plasmids isolated from the recombinant clones were then
subjected to Sanger dideoxy DNA sequencing [24], using
M13/pUC forward and reverse primers [22] on an automated
DNA sequencer (Applied Biosystems, Model 373A). The DNA
sequences and deduced amino acid sequences were analyzed
using the clustal w program.

Expression of cDNAs encoding short-chain a-neurotoxins

Primers containing BamHI (sense) and HindIII (antisense)
restriction sites were used to amplify the structural gene from
the cDNA by PCR. The sense and antisence primers were

Fig. 1. Purification of Pt-N1 and Pt-N2 from venom by chromatography. (A) Gel filtration on Biogel P10 using 78 mg of P. textilis crude venom. P1±P3

represent three peaks obtained. (B) RP-HPLC on fraction number 12 of Peak 2 (P2) from gel filtration. Pt-N1 and Pt-N2 represent the native

short-chain a-neurotoxins in P. textilis.
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X470 (5 0-gACCgCggATCCATgCTAACATgT-3 0) and X372
(5 0-AAgCTTCTACTTgTTgCACAg-30), respectively. The resulting
fragments were subcloned into pGEX-KG expression vector
(Pharmacia) between BamHI and HindIII sites. Recombinant
plasmids were sequenced to confirm the in-frame fusion of
each of the neurotoxin structural gene to the glutathione
S-transferase (GST) sequence, containing the thrombin endo-
proteinase site.

The expression of the cloned genes was induced by IPTG
(0.2 mm) at 37 8C for 5 h and the fusion proteins were analyzed

by 12% Tris/Tricine SDS/PAGE [25]. The fusion proteins were
passed through the glutathione±agarose column and digested
while being bound to the column with thrombin [26]. The
recombinant neurotoxins were then eluted by 50 mm Tris/HCl
(pH 7.4).

LD50 and acetylcholine receptor binding assays

Adult Swiss albino mice (20 ^ 1 g) were injected intrave-
nously as follows: 0.1 mL of saline as control and at least four

Fig. 2. Nucleotide sequences of cDNAs encoding short-chain a-neurotoxins. Pt, Pseudonaja textilis; Eb, Laticauda semifasciata; Cbt, Naja naja atra;

Nns, Naja naja sputatrix. The 3 0-ends of primers used in RT-PCR are underlined. CDS (the coding region) for signal peptides and neurotoxins are shown. The

variant nucleotides for base 1, 2 and 3 in the codons (Pt-sntxs) are indicated by ´, :, ', respectively. * Stop codon.
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different doses of toxin. The mice were observed for up to 48 h,
and the LD50 (intravenous) values were calculated according to
the Spearman±Karber method [27]. Experiments were carried
out in accordance with the guidelines laid down by the NIH
(USA) regarding the care and use of animals for experimental
procedures.

Both native and recombinant neurotoxins were tested for
their ability to compete with [125I]a-bungarotoxin for binding
sites on the AchRs from T. californica prepared according to
the method described by Ishikawa et al. [28]. A 2.5 mg sample
of Torpedo membrane suspension was incubated with 5 nm
[125I]a-bungarotoxin at room temperature (20±25 8C) and a
range of concentrations of purified toxins in a total volume of
200 mL. After 1 h, the reaction was quenched on ice. The
membranes were recovered by centrifugation, washed with
1 mL of buffer containing 0.1% BSA and dried before
subjecting to radioactive monitoring in a Packard, COBRA
Auto Gamma Counter (Packard Instruments Co. Inc.). The
results were analyzed and plotted on Slidewrite Plus 2
(AdvanceGraphic Software Inc; Carlsbad, USA).

R E S U LT S

Purification and analysis of venom neurotoxins

Fractionation of the crude venom using a P10 column gave
three peaks, P1 to P3 (Fig. 1A). Fraction 12, corresponding
to peak 2 (P2) and containing the low molecular mass proteins
(6±7 kDa), was selected for further study as it was expected to
contain the short-chain neurotoxins. Upon RP-HPLC, this
fraction resolved into two homogenous peaks containing the

short-chain a-neurotoxins, Pt-N1 and Pt-N2 (Fig. 1B). The
presence of these neurotoxins was confirmed by N-terminal
amino acid sequencing. The sequences obtained were as
follows: Pt-N1, LTXYKGYRDTV and Pt-N2, LTXYKGY-
HDTVVXKP. ESI-MS analysis showed that the purified
proteins are homogenous and with molecular masses of 6236
and 6345 Da for Pt-N1 and Pt-N2, respectively.

cDNA cloning and sequencing

Total RNA prepared from the venom glands of a snake was
used in RT-PCR. Two independent RT-PCR reactions using the
primers X133 and X132 on the total RNA gave < 300 bp PCR
products. Fifty-five putative clones were obtained upon
subcloning of these cDNAs. In another experiment using an
adaptor primer (AP1)-ligated cDNA as a template and the
primers X133 and AP1, 13 more clones were obtained. All 68
clones were subjected to DNA sequencing on both strands of
each cDNA and the results were analyzed using SeqEd program
from Applied Biosystems Inc. Six different types of cDNAs
(Pt-sntx 1 to Pt-sntx 3 and Pt-sntx 5 to Pt-sntx 7; Fig. 2)
representing a set of novel short-chain a-neurotoxins from
P. textilis were obtained. These isoforms contained an identical
leader sequence and a variable mature neurotoxin sequence
(Fig. 3). They exhibited high sequence similarity to many
short-chain a-neurotoxins from other elapids (Fig. 3).

The average frequency of finding the cDNAs encoding
Pt-sntx 1 and 2 were 91.17 and 2.94%, respectively. The others,
Pt-sntx 3, 5, 6 and 7 were found at a lower frequency of 1.47%
each. The fidelity of Taq 1 polymerase was tested by
amplifying a fragment (1.2 kb) of an unrelated gene, the

Fig. 3. Comparison of amino acid sequences of short-chain a-neurotoxins. The short-chain a-neurotoxins from P. textilis are compared with those from

other snakes using clustal w program. The region of the loops of short-chain neurotoxins are shown at the top of the figure. The variant amino acid residues

of the P. textilis neurotoxins are highlighted and asterisked. PT, Pseudonaja textilis (this study); Nmm III, Naja mossambica mossambica [29]; Nk c-6, Naja

kaouthia [30]; Nns 1 and Nns 4, Naja naja sputatrix [17]; Nnv d, Naja nivea [31]; Nha a, Naja haje annulifera [32]; Nm D, Naja melanoleuca [33]; Nhh 6,

Naja haje haje [34]; Tx a, Naja nigricollis [35]; Nnp, Naja naja philippinensis [36]; Nno II, Naja naja oxiana [37]; Ea, Laticauda semifasciata [38]; Lc d,

Laticauda colubrina [39]; Taipan tx 1 and Taipan tx 2, Oxyuranus scutellatus scutellatus [12]; Aa c, Acanthophis antarcticus [10]; Pa a, Pseudechis australis

[11]; Al d and Al b, Aipysurus laevis [40]; Lh, Lapemis hardwickii [41]; Ap a, Acalyptophis peronii [42]; As a, Astrotia stokesii [43].
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human debrisoquine hydroxylase (P4506b) using the same
RT-PCR conditions. The sequence obtained for this P4506b

cDNA remained consistent with that of the expected sequence
even though we repeated the PCR consecutively six times.

Expression and purification of short±chain a-neurotoxins

The pGEX vector system was used for expression of
neurotoxins. The resulting recombinant plasmids produced
GST±sntx fusion proteins upon expression in E. coli.

The fusion proteins were first separated from E. coli proteins
by affinity chromatography using a glutathione±agarose
column. After removing all the contaminating proteins from
the resin-bound fusion proteins, the recombinant neurotoxins
were cleaved from GST by digesting with thrombin (while the

fusion protein remains bound to the glutathione±agarose
column). The toxins eluted using 50 mm Tris/HCl (pH 7.4)
were collected and used for further analysis. The purity of
recombinant proteins were analyzed by SDS/PAGE and the
proteins were found to cross-react with antibodies raised
against the crude venom of P. textilis. The recombinant proteins
were further purified by RP-HPLC before use in binding assays.

Properties of native and recombinant neurotoxins

LD50 values for Pt-N1 and Pt-N2 in Swiss albino mice were
0.84 and 0.80 mg´g21, respectively. The binding activity studies
of these neurotoxins on AChR isolated from T. californica
showed IC50 for Pt-N1 and Pt-N2 as 2.6 � 1026 and
2.3 � 1027 m, respectively (Table 1). These results demonstrate

Fig. 4. Competitive binding assay on

[125I]a-bungarotoxin and native or

recombinant neurotoxins of P. textilis for

binding to nAChR of Torpedo. +, Ea; D, Pt-N1;

W, Pt-N2; V, Pt-sntx1; 7, Pt-sntx2; A, Pt-sntx3;

O, Pt-sntx5; X, Pt-sntx6; B, Pt-sntx7.

Fig. 5. Phylogenetic analysis of short-chain a-neurotoxins. A cladogram constructed from phylogenetic analysis using MegAlign from dnastar is shown.

The length of each pair of branches represents the distance between sequence pairs. The scale beneath the tree measures the distance between sequences.

Units indicate the number of substitution event. The abbreviations used for the toxins are the same as in Fig. 3.
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that Pt-N1 and Pt-N2 are lethal a-neurotoxins with the capacity
to compete with the binding of [125I]a-bungarotoxin on AChRs
from Torpedo (Fig. 4). The recombinant proteins were found to
exhibit similar features as the native proteins (Table 1). Their
LD50 values were found to be 1 mg´g21 mouse and their IC50

ranged between 1.8 � 1027 and 3.1 � 1026 m.

Comparative analysis and evolutionary relationship of
neurotoxins

Figure 3 shows the comparison of amino acid sequences of 28
selected short-chain neurotoxins including six neurotoxins of
P. textilis. Pt-sntxs from P. textilis share the same conserved
residues including all the cysteines, Thr14, Glu21, Tyr25,
Arg40, Gly41, Gly43, Pro47, Gly52, Thr60, Asp61 and Asn64,
but do not have the conserved residues, which are found in most
short neurotoxins from other elapids, such as Asn5, Gln6, Gln7,
Ser8, Ser9, Gln10, Thr13, Thr24, Lys26, Lys27, Arg33, Glu39,
Val49 and Lys50.

A phylogenetic tree mapped for the selected short-chain
neurotoxins is shown in Fig. 5. There are two primary divergent
groups. Neurotoxins of P. textilis form one cluster while the
other neurotoxins from Australian elapids, sea snakes as well as
Asian cobras form the other divergent group.

D I S C U S S I O N

The cDNAs encoding short-chain neurotoxins of P. textilis
show that nucleotides 1±63 (Fig. 2) encode a signal peptide
consisting of 21 amino acids with a large number of
hydrophobic residues including six leucines and two valines.
Nucleotides 64±237 of Pt-sntx 1, 2, 3, 6 and 7 encode the five
neurotoxin (mature) proteins with 58 amino acid residues per
polypeptide, while nucleotides 64±234 of Pt-sntx 5 encode a
neurotoxin with 57 amino acid residues. This neurotoxin seems
to have lost the Gly34. In addition, Pt-sntx 5 shows Asp35
instead of Asn35 found in the other Pt-sntxs (Fig. 3).

Comparison of the nucleotide sequences of cDNAs encoding
short-chain neurotoxins of P. textilis shows that the cDNAs of
Pt-sntx 2, 3, 5, 6 and 7 are < 95.4, 96.0, 98.2, 89.7 and 92.0%
similar to that of Pt-sntx 1 (Fig. 2). The mutations in these six
isoforms of neurotoxins are caused by point mutations (29 in
total) with a majority of the mutations (80.0%) being
concentrated on first and second bases of the codons. This
suggests that the neurotoxins have evolved via directional
mutations (accelerated evolution) as seen in the case of phos-
pholipase A2 [44], cardiotoxins [45] and neurotoxins [46]

instead of random mutations. Davidson and Dennis [47]
pointed out that because digestion of food remains the primary
function of the venom, isoforms of toxins could nave a direct
correlation to the type of prey that the snakes feed on. Daltry
et al. [48] have recently proposed that the geographical
variation in the venom composition of the pit viper,
Calloselasma rhodostma is closely associated with its prey.
Thus it is possible that such selection pressure may have
favored the multiplicity of isoforms of short-chain neurotoxins
in P. textilis.

Figure 3 shows the complete amino acid sequence of each of
the short-chain neurotoxins from P. textilis and other selected
short-chain neurotoxins. The signal peptide being a classical
leader sequence [49] should presumably be involved in the
secretion of neurotoxins. The identical leader sequences of
P. textilis also contain a cysteine residue at position 27, which
is known to influence the rate of folding of the neurotoxin
[50,51]. The leader sequences of P. textilis neurotoxins possess
methionine residues (at positions 212 and 28) instead of
valines, which are commonly found in the neurotoxins of land
snakes (N. n. sputatrix) and sea snakes (Aipysurus laevis).
However, the Val at position 213 in P. textilis leader sequence
seems to remain as valine in sea snakes but changed to Leu in
land snakes. The significance of these substitutions are not
known.

Comparison of Pt-sntxs with other short-chain neurotoxin
sequences (Fig. 3) shows that the Pt-sntxs form the shortest
neurotoxins identified thus far. However, they possess the eight
cysteines as in the conventional short-chain neurotoxins and
show 40% identity with them.

The in vitro and in vivo functional studies of Pt-N1 and
Pt-N2, which are similar to Pt-sntx5 and Pt-sntx1, respectively,
based on the molecular masses, N-terminal sequences and IC50

values, show that these are pharmacologically active neuro-
toxins capable of exerting muscle paralysis, spasms and
increased respiration, high binding affinity to AChR from
muscles and thus inhibiting the physiological function of the
receptor by blocking the binding of acetylcholine. However,
both IC50 and LD50 values were lower than those of typical
short-chain neurotoxins, which have dissociation constants in
the range 10210 to 10211 m and typical median lethal dose
(LD50) values for mice between 50 and 150 mg´kg21 [52]. The
functional differences could be attributed to the differences in
the primary structure and the differences in the conformation of
the proteins. Further structural analysis such as CD spectra,
NMR and X-ray crystallography will throw more light on these
aspects. The striking differences in structures of short-chain
neurotoxins of P. textilis from those of other short-chain
neurotoxins are as follows. First, amino acid deletions can be
observed in the first (four amino acids) and third (three amino
acids) loop of the neurotoxins. In addition, an insertion of two
amino acid residues Thr44 and Ser45 can be observed between
loops II and III. At least one proline residue has been lost from
the loop I of sntxs. The insertion within Cys42 Gly43 Cys46
between loops II and III separate Gly43 and Cys46, which
always remain adjacent to each other in all other short-chain
neurotoxins (Fig. 3). A similar insertion involving two Ala
residues at this position, in addition to the replacement of Gly
by Thr can be observed in long-chain neurotoxins. These two
insertions occur in the vicinity of the global head (core) formed
by four disulfide bridges of the molecule, which is thought to be
occupied by invariant residues. In contrast, the insertion
occurred on the top of the globular head, which is shown
to be occupied by least-conserved residues [52]. Secondly,
Pt-sntxs lack Trp29, which is present in all potent postsynaptic

Table 1. Properties of short-chain aneurotoxins of P. textilis. For Pt-N1

and Pt-N2, molecular weight is based on ESI-MS; for Pt-sntxs, molecular

mass and pI were calculated from their sequences. IC50 for both native and

recombinant neurotoxins are actual values obtained in this study. ND, not

determined.

Proteins m (Da) pI IC50 (m)

Pt-N1 6236 ND 2�.6 � 1026

Pt-N2 6345 ND 2�.3 � 1027

Pt-sntx1 6351 7�.82 3�.1 � 1027

Pt-sntx2 6240 7�.83 3�.0 � 1027

Pt-sntx3 6227 7�.83 3�.0 � 1027

Pt-sntx5 6240 6�.92 3�.1 � 1026

Pt-sntx6 6215 8�.28 1�.8 � 1027

Pt-sntx7 6504 7�.81 3�.0 � 1027
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toxins of cobra and sea snakes. It has been claimed that this
residue together with Lys27, Asp31 and Arg33 are essential for
the toxicity of erabutoxin [53]. Thirdly, the Pt-sntxs have
prolines (Pro30, Pro47 for all Pt-sntxs, Pro38 for only Pt-sntx 2
and Pt-sntx 3, Pro55 for all except Pt-sntx 7) in loops II and III.
Another proline (Pro19) can be found at the top of the global
head between loops I and II. The other short-chain neurotoxins,
however, have the prolines (Pro11 or Pro12 and Pro47)
particularly in loops I and III. Pro47 in Eb appears to be an
important residue determining the conformation of the closed
loop III [54]. As a result of more prolines and differences in
distribution of prolines along the peptides, Pt-sntxs might be
rendered less flexible, especially in loop II, and this might
affect their capability of binding to AChR. However, mutations
in Pro11 and Gln12 in Ea produce virtually no effect on the
affinity to nAChR [55]. The combination of the above features
could contribute to the observed lower binding affinity of
Pt-sntxs to AChRs.

Of the six Pt-sntxs, Pt-sntx 2 and 3 are identical except
for the substitution Ile29 in Pt-sntx2 for Val29 in Pt-sntx3.
These result from first base mutation of the codon in
mRNAs. Pt-sntx 5 could have been a product of alternative
splicing of mRNA from the Pt-sntx 1 gene as it is shorter by
one amino acid residue, Gly34, than Pt-sntx 1. Despite having
the same number of amino acid residues as Pt-sntx 1, 6 and 7
possess more amino acid substitutions to make them more
different to Pt-sntx 1.

Phylogenetic analysis shows that Pt-sntxs form a special
cluster quite different to other snakes, including those found in
Australia, which is consistent with the statement by Housset
and Fontecilla-Camps [56] that the differences in the core
residue sequences may be interpreted as representing evo-
lutionary distance, if the assumption that the core residues play
mostly structural roles is correct. It seems that Pt-sntxs and Pa a
diverged from an ancestral gene at a very early stage in
evolution. Pa a could have evolved into taipan toxins and short-
chain neurotoxins found in sea snakes and land snakes of Asia
and Africa.

The significance of the presence of short-chain neurotoxins
in the venom of P. textilis with lower pharmacological effect, in
addition to that of Pseudonajatoxin b with relatively high
lethality [9] may be related to the prey available in the habitat
of the snakes. It is possible that each of these short-chain
neurotoxins may exert different physiological effects depending
on the prey. Therefore short-chain neurotoxins in P. textilis
might be more lethal to small lizards and frogs, while
Pseudonajatoxin b may be highly lethal to mammals, such as
Mus musculus, which the snake is known to feed on.

In this study we cloned and expressed a unique set of short-
chain neurotoxins from P. textilis, one of the Australian elapids.
They have the ability to compete with [125I]a-bungarotoxin for
the Torpedo muscle AChR. The variability seen among the
short-chain neurotoxins, appears to have been brought about
by point mutations. Further studies on structure±function
relationships will provide more insight into their physiological
roles in vivo.

A C K N O W L E D G E M E N T S

We acknowledge Mr Peter Mirtschin of Venom Supplies Pte Ltd, Adelaide,

Australia for providing us with the venom and venom glands of Pseudonaja

textilis. Ms Gong Nanling is a recipient of a Research Scholarship from the

National University of Singapore (NUS). The work has been supported by a

research grant, RP 960324 from NUS.

R E F E R E N C E S

1. Servent, D., Winckler-Dietrich, V., Hu, H.Y., Kessler, P., Drevet, P.,

Bertrand, D. & Menez, A. (1997) Only snake curaremimetic toxins

with a fifth disulfide bond have high affinity for the neuronal a7

nicotinic receptor. J. Biol. Chem. 272, 24279±24286.

2. Endo, T. & Tamiya, N. (1991) Structure±function relationships of

postsynaptic neurotoxins from snake venoms. In Snake Toxins

(Harvey, A.L., ed.), pp. 165±222. Pergamon Press, New York.

3. Kini, R.M. (1997) Venom Phospholipase A2 Enzymes: Structure,

Function and Mechanism. John Wiley, Chichester, UK.

4. Kim, H.S. & Tamiya, N. (1981) Isolation, properties and amino acid

sequence of a long-chain neutotoxin, Acanthophis antarcticus b, from

the venom of an Australian snake (the common death adder,

Acanthophis antarcticus). Biochem. J. 193, 899±906.

5. Tyler, M., Retson-Yip, K.V., Gibson, M.K., Barnett, D., Howe, E. &

Stocklin, R. (1997) Isolation and amino acid sequence of a new

long-chain neurotoxin with two chromatographic isoforms (Ae-e1

and Ae-e2) from the venom of the Australian death adder

(Acanthophis antarcticus). Toxicon 35, 1315±1325.

6. Sheumack, D.D., Spence, I., Tyler, M.I. & Howden, M.E. (1990) The

complete amino acid sequence of a post-synaptic neurotoxin isolated

from the venom of the Australian death adder snake Acanthophis

antarcticus. Comp. Biochem. Physiol. B95, 45±50.

7. Halpert, J., Fohlman, J. & Eaker, D. (1979) Amino acid sequence of a

postsynaptic neurotoxin from the venom of the Australian tiger snake

Notechis scutatus scutatus. Biochimie 61, 719±723.

8. Takasaki, C. (1989) Amino acid sequence of a long-chain neutotoxin

homologue, Pa ID, form the venom of an Australian elapid snake,

Pseudechis australis. J. Biochem. Tokyo 106, 11±16.

9. Tyler, M.I., Spence, I., Barnett, D. & Howden, M.E. (1987b)

Pseudonajatoxin b: unusual amino acid sequence of a lethal

neurotoxin from the venom of the Australian common brown

snake, Pseudonaja textilis. Eur. J. Biochem. 166, 139±143.

10. Kim, H.S. & Tamiya, N. (1981) The amino acid sequence and position

of the free thiol group of a short-chain neurotoxin from common-

death-adder (Acanthophis antarcticus) venom. Biochem. J. 199,

211±218.

11. Takasaki, C. & Tamiya, N. (1985) Isolation and amino acid sequence of

a short-chain neurotoxin from an Australian elapid snake, Pseudechis

australis. Biochem. J. 232, 367±371.

12. Zamudio, F., Wolf, K.M., Martin, B.M., Possani, L.D. & Chiappinelli,

V.A. (1996) Two novel alpha-neurotoxins isolated from the taipan

snake, Oxyuranus scutellatus, exhibit reduced affinity for nicotinic

acetylcholine receptors in brain and skeletal muscle. Biochemistry 35,

7910±7916.

13. Pearson, J.A., Tyler, M.I., Retson, K.V. & Howden, M.E. (1993)

Studies on the subunit structure of textilotoxin, a potent presynaptic

neurotoxin form the venom of the Australian common brown snake

(Pseudonaja textilis). 3. The complete amino-acid sequences of all

the subunits. Biochim. Biophys. Acta 1161, 223±229.

14. Tamiya, T., Lamouroux, A., Julien, J.F., Grima, B., Mallet, J.,

Fromageot, P. & Menez, A. (1985) Cloning and sequence analysis

of the cDNA encoding a snake neurotoxin precursor. Biochimie 67,

185±189.

15. Obara, K., Fuse, N., Tsuchiya, T., Nonomura, T., Menez, A. & Tamiya,

T. (1989) Sequence analysis of a cDNA encoding erabutoxin b from

the sea snake Laticauda semifasciata. Nucleic Acids Res. 17, 10490.

16. Fuse, N., Tsuchiya, T., Nonomura, Y., Menez, A. & Tamiya, T. (1990)

Structure of the snake short-chain neurotoxin, erabutoxin c, precursor

gene. Eur. J. Biochem. 193, 629±633.

17. Afifiyan, F., Armugam, A., Gopalakrishnakone, P., Tan, N.H., Tan,

C.H. & Jeyaseelan, K. (1998) Four new postsynaptic neurotoxins

from Naja naja sputatrix venom: cDNA cloning, protein expression

and phylogenetic analysis. Toxicon 36, 1871±1885.

18. Bradford, M.M. (1976) A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the principle

of protein±dye binding. Anal. Biochem. 72, 248±254.

19. Chomczynski, P. & Sacchi, N. (1987) Single-step method of RNA



q FEBS 1999 Short neurotoxins from Pseudonaja textilis (Eur. J. Biochem. 265) 989

isolation by acid guanidinium thiocyanate±phenol±choloroform

extraction. Anal. Biochem. 162, 156±159.

20. Lehrach, H., Diamond, D., Wozney, J.M. & Boedtker, H. (1977) RNA

molecular weight determinations by gel electrophoresis under

denaturing conditions, a critical reexamination. Biochemistry 16,

4743±4751.

21. Yeo, M.S.L., Jeyaseelan, K., Chung, M.C.M., Gopalakrishnakone, P.,

Tan, C.H. & Wong, H.A. (1993) Molecular cloning of a cardiotoxin

structural gene from Malayan spitting cobra (Naja naja sputatrix).

Toxicon 31, 35±60.

22. Armugam, A., Earnest, L., Chung, M.C.M., Gopalakrishnakone, P.,

Tan, C.H., Tan, N.H. & Jeyaseelan, K. (1997) Cloning and

characterization of cDNAs encoding three isoforms of phospholipase

A2 in Malayan spitting cobra (Naja naja sputatrix) venom. Toxicon

35, 27±37.26.

23. Sambrook, J., Fritsch, E.F. & Maniatis, T. (1989) Molecular Cloning: a

Laboratory Manual, 2nd edn. Cold Spring Habor Laboratory Press,

Cold Spring Habor, NY.

24. Sanger, F., Nicklen, S. & Coulson, A.R. (1977) DNA sequencing

with chain-terminating inhibitors. Proc. Natl Acad. Sci. USA 74,

5463±5467.

25. Schagger, H. & Von-Jagow, G. (1987) Tricine±sodium dodecyl

sulfate±polyacrylamide gel electrophoresis for the separation of

proteins in the range from 1 to 100 kDa. Anal. Biochem. 166,

368±379.

26. Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G.,

Smith, J.A. & Struhl, K. (1996) Current Protocols in Molecular

Biology, Vol. 2. John Wiley & Sons, Inc., New York.

27. World Health Organization (1981) Progress in the Characterization of

Venoms and Standardization of Antivenoms, pp. 23±24. WHO Offset

Publishers 58, Geneva.

28. Ishikawa, Y., Menez, A., Hori, H., Yoshida, H. & Tamiya, N. (1977)

Structure of snake toxins and their affinity to the acetylcholine

receptor of fish electric organ. Toxicon 15, 477±488.

29. Gregoire, J. & Rochat, H. (1977) Amino acid sequences of neurotoxin I

and III of the elapidae snake Naja mossambica mossambica. Eur. J.

Biochem. 80, 283±293.

30. Chiou, S.H., Lin, W.W. & Chang, W.P. (1989) Sequence characteri-

zation of venom toxins from Thailand cobra. Int. J. Peptide Protein

Res. 34, 148±152.

31. Botes, D.P., Strydom, D.J., Anderson, C.G. & Christensen, P.A. (1971)

Snake venom toxins. Purification and properties of three toxins from

Naja nivea (Linnaeus) (Cape cobra) venom and the amino acid

sequence of toxin delta. J. Biol. Chem. 246, 3132±3139.

32. Botes, D.P. & Strydom, D.J. (1969) A neurotoxin, toxin alpha, from

Egyptian cobra (Naja haje haje) venom. I. Purification, properties,

and complete amino acid sequence. J. Biol. Chem 244, 4147±4157.

33. Botes, D.P. (1972) Snake venom toxins. The amino acid sequences of

toxins b and d from Naja melanoleuca venom. J. Biol. Chem. 247,

2866±2871.

34. Jobert, F.J. & Taljaard, N. (1978a) Purification, some properties and the

primary structures of three reduced and S-carboxymethylated toxin

(CM-55, CM-6 and CM-10a) from Naja haje haje (Egyptian cobra)

venom. Biochim. Biophys. Acta 537, 1±8.

35. Eaker, D. & Porath, J. (1967) The amino acid sequence of neurotoxin

from Naja nigricollis venom. Jpn. J. Microbiol. 11, 353±355.

36. Hauert, J., Maire, M., Sussmann, A. & Bargetzi, J.P. (1974) The major

lethal neurotoxin of the venom of Naja naja philippinensis. Int. J.

Peptide Protein Res. 6, 201±222.

37. Grishin, E.V., Sukhikh, A.P., Lukyanchuk, N.N., Slobodyan, L.N.,

Lipkin, V.M., Ovchinnikov, Yu, A. & Sorokin, V.M. (1973) Amino

acid sequence of neurotoxin II from Naja naja oxiana venom. FEBS

Lett. 36, 77±78.

38. Sato, S. & Tamiya, N. (1971) The amino acid sequences of erabutoxins,

neurotoxic proteins from sea-snake (Laticauda semifasciata) venom.

Biochem. J. 122, 453±461.

39. Tamiya, N., Sato, A., Kim, H.S., Teruuchi, T., Takasaki, C., Ishikaw, Y.,

Guinea, M.L., McCoy, M., Heatwole, H. & Cogger, H.G. (1983b)

Neurotoxins of sea snakes of the genus Laticauda. Toxicon 3 (Suppl.),

445±447.

40. Maeda, N. & Tamiya, N. (1976) Isolation, properties and amino acid

sequences of three neurotoxins from the venom of a sea snake,

Aipysurus laevis. Biochem. J. 153, 79±87.

41. Fox, J.W., Elzinga, M. & Tu, A.T. (1977) Amino acid sequence of a

snake neurotoxin from the venom of Lapemis hardwickii and the

detection of a sulfhydryl group by laser Raman spectroscopy. FEBS

Lett. 80, 217±220.

42. Mori, N. & Tu, A.T. (1988) Isolation and primary structure of the major

toxin from sea snake, Acalyptophis peronii, venom. Arch. Biochem.

Biophys. 260, 10±17.

43. Maeda, N. & Tamiya, N. (1978) Three neutotoxins form the venom of a

sea snake Astrotia stokesii, including two long-chain neurotoxic

proteins with amidated C-termini. Biochem. J. 175, 507±517.

44. Ogawa, T., Oda, N., Nakashima, K., Sasaki, H., Hattori, S., Sakaki, Y.,

Kihara, H. & Ohno, M. (1992) Unusually high conservation of

untranslated sequences in cDNAs for Trimerusurus flavoviridis

phospholipase A2 isozymes. Proc. Natl Acad. Sci. USA 89,

8557±8561.

45. Lachumanan, R., Armugam, A., Tan, C.H. & Jeyaseelan, K. (1998)

Structure and organization of the polymorphic cardiotoxin gene in

Naja naja sputatrix. FEBS Lett. 443, 119±124.

46. Afifiyan, F., Armugam, A., Tan, C.H., Gopalakrishnakone, P. &

Jeyaseelan, K. (1999) Postsynaptic a-neurotoxin gene of the spitting

cobra, Naja naja sputatrix: structure, organization and phylogenetic

analysis. Genome Res. 9, 259±266.

47. Davidson, F.F. & Dennis, E.A. (1990) Evolutionary relationships and

implications for the regulation of phospholipase A2 from snake

venom to human secreted forms. J. Mol. Evol. 31, 228±238.

48. Daltry, J.C., Wuster, W. & Thorpe, R.S. (1996) Diet and snake venom

evolution. Nature 379, 537±540.

49. Blobel, G. & Dobberstein, B. (1975) Transfer of proteins across

membranes. I ± Presence of proteolytically processed and unpro-

cessed nascent immunoglobulin light chains on membrane-bound

ribosomes of murine myeloma. J. Cell Biol. 67, 852±862.

50. Menez, A., Bouet, F., Guschlbauer, W. & Fromageot, P. (1980)

Refolding of reduced short neurotoxins: circular dichroism analysis.

Biochemistry 19, 4166±4172.

51. Bouet, F., Menez, A., Hider, R.C. & Fromageot, P. (1982) Separation of

intermediates in the refolding of reduced erabutoxin b by analytical

isoelectric focusing in layers polyacrylamide gel. Biochem. J. 201,

495±499.

52. Atassi, M.Z. (1995) Postsynaptic-neurotoxin±acetylcholine receptor

interaction and the binding sites on the two molecules. In Handbook

of Natural Toxins 5: Reptile Venoms and Toxins (Tu, A., ed.), pp.

53±83. Marcel Dekker Inc, New York.

53. Pillet, L., Tremeau, O., Ducancel, F., Drevet, P., Zinn-Justin, S.,

Pinkasfeld, S., Boulain, J.-C. & Menez, A. (1993) Genetic

engineering of snake toxins. Role of invariant residues in the

structural and functional properties of a curaremimetic toxin, as

probed by site-directed mutagenesis. J. Biol. Chem 268, 909±916.

54. Low, B.W. (1979) The three-dimensional structure of postsynaptic

snake neurotoxins: consideration of structure and function. In Snake

Venoms (Lee, C.Y., ed.), pp. 213±257. Springer, New York.

55. Tremeau, O., Lemaire, C., Drevet, P., Pinkasfeld, S., Ducancel, F.,

Boulain, J.C. & Menez, A. (1995) Genetic engineering of snake

toxins, the functional site of erabutoxin a as delineated by site-

directed mutagenesis, includes variant residues. J. Biol. Chem. 270,

9362±9369.

56. Housset, D. & Fontecilla-Camps, J.C. (1996) The structures and

evolution of snake toxins of the three-finger folding type. In

Molecular Biology Intelligence Unit: Protein Toxin Structure (Parker,

M.W., ed.), pp. 271±290. Landes Co., Austin, TX.


