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Abstract The structure and organization of the genes encoding
the long-chain neurotoxins and four other isoforms of weak
neurotoxins in the venom of Naja sputatrix are reported. The
genes contained three exons interrupted by two introns, a struc-
ture similar to other members of the three-finger toxin family.
The proteins encoded by these genes, however, show varied af-
finity towards nicotinic acetylcholine receptors. Phylogenetic
analysis of these genes showed that the weak neurotoxin gene
is confined to a distinct group. We also observe that specific
mutations of the gene provide the diversity in function in these
toxins while maintaining a common structural scaffold. This
forms the first report where the molecular basis of evolution
of postsynaptic neurotoxins from an ancestral gene can be dem-
onstrated using the same species of snake.
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lished by Elsevier B.V. All rights reserved.
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1. Introduction

Venoms of elapids (cobra, kraits, mambas and sea snakes)
contain low molecular weight curaremimetic proteins called
o-neurotoxins (0-NTXs). The o-NTXs from snake venoms
are highly specific for the nicotinic acetylcholine receptors
(nAChRs) in the postsynaptic membranes of vertebrate
muscle and electric organs of Torpedo sp. These toxins prevent
the binding of the chemical neurotransmitter acetylcholine,
and thereby block nerve impulses leading to paralysis of the
animal [1]. o-NTXs show a common ‘three-finger’ loop scaf-
fold and interact with the same molecular target, nAChR. The
primary function of the core is to maintain the overall struc-
ture of these toxins [2] while the structural plasticity of the
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! The genomic DNA sequences (WNTXs and LNTX) reported in this
paper can be accessed from the GenBank with accession numbers
AY081759 to AY081763 and AF026893 for the LNTX-7 cDNA
sequence.

Abbreviations: LNTX, long-chain neurotoxin; WNTX, weak neuro-
toxin; SNTX, short-chain neurotoxin proteins; Their respective
cDNAs are designated Lntx, Wntx and Sntx and their genes Lntx,
Wntx and Sntx

three loops has been reported to accommodate the functional
diversity [3]. Based on the receptor/toxin interaction, these
postsynaptic NTXs have been classified into four groups [4].
Notably the classical o-NTXSs, such as the short-chain NTXs
(SNTX) from the Elapidae, which bind with high affinity to
muscular nAChR only [5,6], constitute the members of group
I. Group II consists of long-chain NTXs (LNTX) that bind
with high affinity to both the muscular and some subtypes of
neuronal receptors (a7, a8, and o9 [5,7]). a/x-NTXs, which
bind with high affinity to the neuronal-type nAChRs [§], be-
long to group III, while group IV comprises the unconven-
tional NTXs which include the weak NTXs (WNTX).
Although the o-NTXs generally bind to AChRs, the binding
efficiency of the short, long and weak NTXs to these receptors
varies among the subtypes of toxins [9] as well as their targets
at the nAChRs. Of the long- and short-chain NTXs binding
with high affinity to muscular-type nAChRs [5], only the long-
chain toxins show high affinity to the neuronal a7 receptor [7].
The WNTXs, however, show very low affinity towards both
the muscle and neuronal-type nAChRs [10,11]. Although the
binding occurs in homologous regions of neuronal and mus-
cular receptors, toxin binding does not involve identical deter-
minants in the receptor [9].

It has been well documented that the primary function of
the core region in the three-finger toxin is to maintain the
overall structure while allowing structural plasticity at individ-
ual loops such as loop II for the recognition of the molecular
targets [9,12-14]. Besides the conventional signature of four
disulfide bridges in the three-finger toxin proteins, LNTX con-
tains an extra cyclic loop in loop II while WNTX contains a
similar cyclic loop in loop I of the protein, thus LNTX and
WNTX form a new group, the five-disulfide bond three-finger
toxin family. Insertion of an extra cyclic disulfide bond in
SNTX has been found to increase its affinity to neuronal
nAChRs [15] while removal of the cyclic loop in LNTX makes
it behave like SNTX [7].

The toxic components of the venom of Naja sputatrix con-
sist of phospholipase A, (PLA;) enzymes, cardiotoxins and
postsynaptic NTXs [16]. PLA, [17,18], cardiotoxins [19-21]
and SNTXs [22,23] have been extensively studied in our lab-
oratory. The cDNA and the functional properties of WNTXs
(GenBank accession numbers: AF026891, AF086292,
AF098923, AF098924) from N. sputatrix [10] have also been
reported. In this report, we describe a new five-disulfide
bridge-containing LNTX that has been purified from N. spu-
tatrix venom. cDNA encoding LNTX has also been cloned
and characterized (GenBank accession number: AF0026893).
This LNTX has been found to bind with high affinity to the
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muscular and neuronal nAChR in comparison to another five-
disulfide bridge-containing NTX, WNTX, which even though
it contains part of the binding determinant of potent o-NTX,
binds weakly to Torpedo and o7 neuronal nAChRs. In this
report we also include the cloning and characterization of the
genes encoding these five-disulfide bridge three-finger toxins
and offer some plausible explanations for their functional di-
vergence.

2. Materials and methods

2.1. RT-PCR and subcloning

Reverse transcription (RT) reactions were performed using 3 ug of
total RNA prepared from venom glands of N. sputatrix using 40 ng of
antisense primer X191, 5'-GCGGCGGAATTCTTTTTTTTTTTTT-
TTTTT-3'. Reverse transcription followed by polymerase chain reac-
tion (PCR) was carried out as described by Poh et al. [10]. The full-
length cDNA was amplified using X191 (antisense primer) and X133
(5'-TCCAGAAAAGATCGCAAGATG-3'; sense primer [22]). The
PCR products were ligated to pT7 Blue(R) vector and the recombi-
nant plasmids were transformed into Escherichia coli JM109 [24].
Putative positive clones were sequenced using M13 forward and re-
verse universal primers by the dideoxy chain termination method on
an automated DNA sequencer (Applied Biosystems, Model 3100,
USA).

2.2. Isolation and characterization of LNTX

Lyophilized crude venom milked from a single N. sputatrix was
reconstituted in 0.1 M ammonium acetate buffer, pH 4.5, centrifuged
and subjected to Superdex G75, HR 10/30 (Pharmacia) for gel filtra-
tion. Fractions containing peptides in the range of 6000-7500 kDa
were combined and further resolved by FPLC using Mono S HR 5/5
(Pharmacia Biotech), equilibrated with 50 mM ammonium acetate,
pH 4.5. Bound peptides were eluted from the column with a linear
gradient of NaCl in the same buffer. The final purification step for the
peptides was carried out by RP-HPLC using an analytical Vydac
S um, CI8 column (250X 10 mm) with a gradient of 25-100% of
solution B for 10 min (solutions A and B are 0.1% trifluoroacetic
acid (TFA) in water and 90% acetonitrile in solution A respectively).
The flow rate was maintained at 1 ml/min and the protein elution was
monitored at 280 nm. All the proteins were analyzed on Tris-Tricine
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE). Mass spectrometric analysis was carried out on an ion spray
mass spectral system, Micromass Platform II (Micromass, Altrin-
cham, UK). All mass analyses were carried out in positive mode
with ion spray voltage 4000 V, orifice voltage 30 V, and mass scanning
range at 500-2000 amu. The amino acid composition of the hydro-
lyzed toxin was analyzed using an Applied Biosystems Model 130A
Automatic analyzer equipped with an on-line 420A derivatizer for the
conversion of the free amino acid into phenyl thiocarbamoyl deriva-
tives. The N-terminal amino acid sequence of a-NTX was determined
by automated Edman degradation using an Applied Biosystems 477A
pulsed liquid phase sequencer equipped with an on-line PTH amino
acid analyzer (120A).

2.3. Lethality assay (LDsj)

Three groups (four mice each) of adult Swiss albino mice (18-20 g)
were injected i.v. with 100 ul of isotonic solution as control and at
least four doses of purified toxin and crude venom. The mice were
observed for up to 48 h, and the LDs, (i.v.) values were calculated
according to the Spearman—Karber method (WHO).

2.4. AChR binding assay

Binding assays were performed using ['*’T]a-bungarotoxin (['?°1]-
o-Bgtx, 210-250 Ci/mmol, Amersham) prepared as described by Sai-
toh et al. [25]. Chimeric 0.7 receptors were obtained by expressing the
chimeric cDNA (a7-5HT;) in HEK cells [7]. Varying amounts of
toxins were incubated with 3 nM active sites of receptors and 5 nM
of ['®Io-Bgtx for at least 4 h as described by Poh et al. [10]. The
curves were fitted with the empirical Hill equation. Ky values for
Torpedo AChR were calculated according to Cheng and Prusoff
[26], and protection constants (K},) for a7 receptors were calculated
according to Weber and Changeux [27].
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2.5. Amplification of five-disulfide bridge o-NTX genes

Intact genomic DNA was isolated from the liver of a single Ma-
layan spitting cobra (N. sputatrix). The amplification of NTX genes
was carried out on an uncloned library created using the AdvanTAge
Genomic PCR kit (BD Biosciences, Clontech, USA). Primers for PCR
were designed based on the conserved regions in the structural gene of
N. sputatrix NTX cDNA (AF026893). The primer sets used to clone
the LNTX gene were: X133 (forward) 5'-TCCGAAAAAGATG-
GAAGTG-3" and X491 (reverse) 5'-ACTCAAGGACGTGTTG-
GAAATG-3" and those for WNTX gene(s) were X133 and X477
(reverse) 5S'-TCGGTTGCATCTGTATGTTGA-3'. These primers cor-
responded to the beginning of the signal peptide and the last few
amino acid residues at the C-terminus of LNTX and WNTX, respec-
tively. The PCR amplification involved a hot start at 94°C for 1 min
followed by 30 cycles of 94°C for 30 s, 50°C for 30 s and 68°C for
3 min and a final extension at 65°C for 10 min. The PCR products
were subcloned into pT-Adv vector (BD Biosciences, Clontech) and
256 clones carrying the recombinant plasmids were sequenced.

2.6. 3’ Rapid amplification of genomic ends (RAGE)

The 3’ ends of the Lntx and Whnitx genes were determined using 3’
RAGE. Briefly, adapter-ligated libraries constructed after restriction
of the genomic DNA with Dral, EcoRV, Pvull, Scal, and Stul were
used as templates. Two separate sets of primers were used for ampli-
fying the 3’ ends of the Lntx and Wntx genes. The Lntx gene was
amplified using the adapter primer 1 (APl: 5-GTAATACGACT-
CACTATAGGGC-3'), and the gene-specific primer X492 (5'-GACT-
TAGGATACATAAGATGCT-3') followed by nested PCR using
adapter primer 2 (AP2: 5-ACTATAGGGCACGCGTGGT-3') and
the gene-specific primer X263 (5'-CACCTGATGTTACCTCTACG-
3"). The 3’ end of the Wntx gene(s) was amplified using APl and
X476 (5'-CCTTGACATGTCTCAATTGC-3") primers followed by
nested PCR using AP2 and a gene-specific primer, X289 (5'-
TGTGCTACTTGCCCTGGAAC-3"). Primary PCRs were carried
out for 10 cycles each of 94°C for 30 s and 55°C for 3 min (touch-
down) followed by 30 cycles each of 94°C for 30 s and 50°C for 3 min,
with a final extension at 65°C for 10 min. The nested PCRs were
carried out for 10 cycles each of 94°C for 30 s and 65°C for 3 min
followed by 30 cycles each of 94°C for 30 s and 55°C for 3 min with
the final extension at 68°C for 10 min. The PCR products were ana-
lyzed on agarose gels. The appropriate fragments were purified, sub-
cloned into pT-Adv vector and sequenced.

2.7. Sequence analysis and homology modelling

Nucleotide sequence homology searches were performed using the
BLAST program (www.ncbi.nih.nlm.gov). DNA sequence alignments
were carried out using MegAlign (DNASTAR, USA). The number of
nucleotide substitutions per site (Kn) in the 3" non-coding regions and
introns, the number of nucleotide substitutions per synonymous site
(Ks) and non-synonymous site (K) in the protein coding region were
computed for all pairs of N. sputatrix Wntx genes according to the
method of Nei and Gojobori [28]. Phylogenetic trees were constructed
using MEGA2.1 software [29] following the neighbor-joining (NJ)
method using the Poisson-corrected amino acid distance. Homology
modelling was carried out by the automatic homology modelling (first
approach mode) available at http://www.expasy.ch/swissmod). The
Swiss PDB viewer was used for three-dimensional structural compar-
ison and manipulation [30-32].

3. Results

3.1. ¢DNA cloning and protein analysis of N. sputatrix LNTX

The product of RT-PCR using oligo dT and the 5" untrans-
lated region (UTR) primer for NTX was ~ 380 bp. Sequence
analysis of the positive clones showed that the open reading
frame of the cDNA encoded a long-chain a-NTX (Lntx) des-
ignated Lntx-7 (Fig. 1). The deduced amino acid sequence of
this NTX showed that the first 63 nucleotides encoded 21
amino acid residues of a highly hydrophobic signal peptide.
The remaining nucleotides encoded a mature toxin of 69 ami-
no acid residues. The molecular weight of Lntx-7 was calcu-
lated to be 7493.5 Da. It contained 10 cysteine residues. Only
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Fig. 1. Alignment of nucleotide and deduced amino acid sequences of o-NTXs identified in N. sputatrix. The sequence of Lntx-7 is from this
study. NTX2 (SNTX) is from Afifiyan et al. [22] and Wntx is from Poh et al. [10]. The nucleotides in the coding and non-coding regions are
indicated in upper and lower case letter respectively. The corresponding amino acid residues are indicated as single code upper case letters di-
rectly below the second base of the respective codon. Using Lntx-7 as the consensus sequence, all identical amino acid residues are indicated
by ‘+’ and insertions for maximum alignment are indicated by ‘—’. The numbering on the right refers to the number of nucleotides excluding
the insertions. The position of exon/intron splice sites in the corresponding gene is shown in lower case bold letters (nucleotides) while the Cys
residues (and their respective codons) responsible for the fifth cyclic loop in both Lntx and Wntx are given in bold letters and underlined. The

stop codons are denoted by asterisks while the potential stop codons are denoted by bullets.

one transcript of mRNA was detected for Lntx-7, among the
256 clones that were sequenced from five separate RT-PCRs.
The other clones encoded SNTXs as well as WNTXs.

Lntx-7 protein was purified from the crude venom by a
combination of sequential gel filtration, cation exchange and
reverse phase chromatography (Fig. 2). Mass analysis of
the peptide showed it to be 7493.5 Da and N-terminal amino
acid sequencing of the first 15 amino acid residues, IRX-
FITPDVTSTDXP, suggested that the purified toxin corre-
sponded to Lntx-7. No other variant of Lntx was detected
in the venom. This protein was designated nLNTX-7 (native
long-chain NTX). Amino acid composition analysis indicated
that nLNTX-7 conforms to the structure of a typical potent
LNTX having high sequence homology to o-cobratoxin
(0-Cbtx) from Naja kaouthia.

The LDsy of crude venom was found to be 0.9 ug/g while
that of nLNTX-7 was 0.14 pg/g. nLNTX-7 was further sub-
jected to competitive receptor binding assays using muscular-
type AChR from Torpedo marmarata and neuronal-type o7
AChR expressed on the cell surface of HEK as chimeric o/7-
SHT; nAChR. LNTX-7 was found to exhibit high affinity to
both types of nAChRs (Table 1; K3 =54 pM and 65 nM for
muscular- and neuronal-type o7 nAChRs respectively).

3.2. Structure of N. sputatrix Lntx and Wntx genes
Strategies used in cloning the NTX genes are outlined in

Fig. 3A. All the primers used were designed based on the

N. sputatrix LNTX and WNTX cDNAs (Lntx and Wntx

respectively). The complete protein coding region was ampli-
fied using primer pairs X133-X491 (Lntx, 2.2 kb; Fig. 3B,
lane 2) and X133-X477 (Whntx, 2.0 kb and 2.4 kb; Fig. 3B,
lane 1) corresponding to the beginning of the signal peptide
and the last few amino acid residues at the C-terminus for the
Lntx and Whtx genes respectively. The 3" UTR of the Lntx
gene was elucidated from the 1.2-kb PCR fragment from a
Stul (Fig. 3B, lane 3) library. Likewise, the 3’ end of the Wntx
gene was obtained from the 400-bp 3’ RAGE PCR fragment
of the Pvull library (Fig. 3B, lane 4). Sequence analysis of
the clones identified the gene sequences of Lntx and Wntx as
2673 bp and 2698 bp respectively (GenBank accession num-
bers: AYO081759, AYO081760, AY081761, AYO081762 and
AY081763).

The intron/exon junctions of these genes were assigned
based on their respective cDNA sequences. The genes encod-
ing both LNTX and WNTX precursors are organized into
three exons interrupted by two introns (Fig. 3C). Exon 1 of
both genes encoded a large part of the signal peptide and exon
2 encoded the later part of the signal peptide (three amino
acid residues) followed by the N-terminal half of mature tox-
ins (amino acids 1-29 in LNTX and 1-34 in WNTXs). Exon 3
encoded the C-terminal end of the toxins and the 3" UTR.
Based on the sequence analysis it is evident that the genome
of spitting cobra contains only one Lntx gene and four var-
iants for the Whnix gene. Since these four variants of Whnix
were isolated from the same snake and they have been re-
ported to produce four different transcripts [10], they could
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Fig. 2. Purification of nLNTX-7 from the crude venom. A: Gel filtration chromatography of N. sputatrix crude venom using Superdex G75
HR 10/30 (Pharmacia). Inset: SDS-PAGE analysis of the fractions. Lane 1: low molecular weight protein markers; lane 2, peak I fraction;
lane 3, peak II fraction; lanes 4 and 5, fractions of peak III; lane 6, peak IV fraction; lane 7, peak V fraction; lane 8, peak VI fraction.
B: FPLC ion exchange chromatography of pooled fractions from peak III on a Mono-S (5/5 HR) column. Equilibrating buffers: buffer A, 50
mM ammonium acetate, pH 4.5; buffer B, buffer A with 1 M NaCl. Elution of bound peptides was achieved with a two-step gradient that in-
creased the concentration of B by 25% in 10 min followed by increase to 50% in 25 min at a flow rate of 0.5 ml/min. Eluting peaks were col-
lected manually. Inset: SDS-PAGE analysis of the fractions from Mono S HR 5/5. Lane 1: low molecular weight protein markers; lane 2
shows peak 1, indicated by the arrow in the chromatogram. C: Reverse phase HPLC of peak 1 from Mono-S FPLC. An analytical Vydac
5 um C18 column (250X 10 mm) was used with a gradient of 25-100% of solution B in 10 min (solutions A and B are 0.1% TFA in water
and 0.1% TFA in 90% acetonitrile respectively). The flow rate was maintained at 1 ml/min and the detection was monitored at 280 nm.

possibly represent four alleles of the same gene. The first in-
tron splice site is within the leader sequence region between
nucleotides 74/75 and 73/74 for Lntx and Whtx respectively.
The second intron divides the coding region as a phase 1
intron in both genes. The splice junction (intron 2/exon 3)
occurs between the first and second bases of the codons
T/GT (Cys®) for Lntx and either T/CG or G/GA (Ser® or
Gly*) for Wntx.

3.3. Phylogenetic analysis and homology modelling
Phylogenetic analysis (Fig. 4A) showed that the NTX genes
evolved from a common ancestor and later branched off as
genes encoding the five-disulfide bridge three-finger toxins and
the gene encoding the four-disulfide bridge toxins. The phy-
logenetic tree constructed from the protein sequences showed
clusters based on the molecular properties of the toxins se-
lected (Fig. 4B) with cardiotoxin and cardiotoxin-like proteins
clustering away from the NTX group of proteins. Homology
modelling of both LNTX and WNTX showed the signature
scaffold for three-finger toxins but with discrepancies at the

Table 1

loop 1 and loop 2 regions of the toxins (Fig. 4C). LNTX
showed the fifth cyclic loop in the major loop 2 domain while
the cyclic loop in WNTX was seen in the loop 1 domain.
These observations are important for further structural stud-
ies on these proteins.

4. Discussion

4.1. LNTX in N. sputatrix

Only one type of LNTX was isolated, in each stage, as a
mRNA transcript in the venom gland, a single gene in the
genome and as a protein in the venom of N. sputatrix. Amino
acid sequence comparison showed that LNTX-7 shares 88%
homology with a-Cbtx, a long-chain o-NTX isolated from
N. kaouthia. Functionally important residues involved in the
binding of a-Cbtx to o7 nAChR and the 33 conserved resi-
dues known to be present in LNTXs [9] are also found in
LNTX-7 (Fig. 5). nAChR binding affinity of LNTX-7 is
also comparable to a-Cbtx (Table 1).

The neuronal o7-type nAChR binding residue, in o-Cbtx,

Receptor binding activity of three-finger toxin (o-NTX) from N. sputatrix

LNTX-7 Synthetic WNTX-5 [10]
Muscle nAChR (Ky) 0.054 nM 180 nM
Neuronal o7 nAChR (Ky) 65 nM 90 uM 0.22 nM (synaptosomes)
LDy 0.14 pgl/g non-lethal
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Fig. 3. Strategies for PCR and the gene organization of Lntx and Whtx of N. sputatrix. A: Strategies for PCR. Primers used and their relative
positions on the genes are shown. Al: Genomic PCR of coding region. AIl: 3 RAGE. B: Electrophoresis of the products of genomic and ge-
nome walking PCR. Lane 1, genomic PCR of the Wntx gene between primers X133 and X477; M1: A HindIIl as DNA marker; lane 2, ge-
nomic PCR of the Lntx gene between primers X133 and X491; M2: 123-bp DNA ladder; 3’ end of Lntx amplified from Szul (lane 3) and
3" end of Whnix amplified from Pvull library (lane 4). C: The structure and organization of the ntx genes in N. sputatrix. The exons are shown

as boxes and introns as thin lines. Closed boxes represent the signal peptide coding region, while open boxes represent the mature protein cod-
ing region. The sizes of the exons and introns are shown.
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Fig. 4. Phylogenetic analysis and homology modelling. A: Phylogenetic tree of the nucleotide sequences of genes encoding three-finger toxins of
N. sputatrix. Sequences of NsWNTX-5, 6, 8, 10 and NsLNTX-7, determined in this study, NsNTX4, from Afifiyan et al. [22] and Bmktx

Kk-Bgtx (Y11768). B: Phylogenetic tree of the amino acid sequences of

NTXs, NsLNTX 7, NsWNTX 5, 6, 8 and 10, from this study, NSNTX4,

from Afifiyan et al. [22], ACBT (P01391), Pt-bp (P13495), ABGT (P0137), ErabuC (P01435), candoxin (P81783), bucandin (P81782), NsCTX
(AACG61314). The tree was constructed using the NJ method, on the basis of the Poisson-corrected amino acid distance. The reliability of clus-
ters was estimated using the interior branch test. C: Homology modelling of three-finger toxins in N. sputatrix. The B-strands are indicated as
arrows. The cysteine residues forming the cyclic loop are indicated in loop I and loop II for NsWNTX and NsLNTX respectively.

Ala’!, is replaced by Gly’! and Lys*® by Arg?® in LNTX-7.
The Lys'* residue in loop 1 of a-Cbtx is replaced by Thr!4
while Thr** is replaced by Pro** in LNTX-7. Since these res-
idues are involved in structural maintenance, these two sub-
stitutions could cause minute deviations to the structural con-
formation of LNTX-7 in comparison to o-Cbtx. The binding
affinity of LNTX-7 to a7 nAChR (K4 =65 nM) is much lower
than the affinity of o-Cbtx (K4 =9 nM [7]) to the same recep-
tor.

Kyte-Doolittle hydropathy profiles of N. sputatrix NTXs

(LNTX-7, WNTX-5, 6, 8 and 9) show prominent positive
hydrophilicity along the sequences [10]. Subtle differences
were observed in loop II of LNTX-7 in comparison to
0-Cbtx. The net charge of LNTX-7 (+0.8) is lower than that
of a-Cbtx (+3.77). Together, these findings may explain the
variation in biological potency between the two toxins.
LNTX-7 is, however, more potent than the non-toxic
WNTX (Table 1), another five-disulfide bridge three-finger
toxin, isolated from the same snake.

Apart from the variation in chain length compared to that
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Loop I Loop II Loop III
| | | Functional residue (muscular nAChR)
ArAKKA Kk kK * Functional residue (07 neuronal nAChR)
1 10 20 30 40 50 60 70

IRCFI--TPDVTSTDCPNGH-VCYTKTWCDGFCSSRGRRVELGCAATCPTVK-PGVDIQCCSTDNCNPFPTR---P
IRCFI--TPDITSKDCPNGH-VCYTKTWCDAFCSIRGKRVDLGCAATCPTVK-TGVDIQCCSTDNCNPFPTRK-RP

IRCFI--TPDVTSQACPDGH-VCYTKMWCDNFCGMRGKRVDLGCAATCPTVK-PGVDIKCCSTDNCNPFPTRK-RS

AF026893 N sputatrix LNTX7
P01391 N kaouthia a-Cbt

P25674 N haje haje CM-5

TKCYV--TPDATSQTCPDGQDICYTKTWCDGFCSSRGKRIDLGCAATCPKVK-PGVDIKCCSTDNCNPFPTWK-RKH P01386 O hannah NTXB

RTCFI--TPDVKSKPCPPGQEVCYTETWCDGFCGIRGKRVELGCAATCPTPKKTGIDIQCCSTDDCNTFPLRP

IVCHTTATSPISAVTCPPGENLCYRKMWCDAFCSSRGKVVELGCAATCPSKK-PYEEVTCCSTDKCNPHPKQ-RPG

RECYL- - -NPHDTQTCPSGQEICYVKSWCNAWCSSRGKVLEFGCAATCPSVN-TGTEIKCCSADKCNTYP

P13495 P textilis Pt-bp
P01378 B multicinctus o-bgtx

P01379 L semifasciata LsIII

Fig. 5. Amino acid sequence alignment of snake LNTXs. All sequences were denoted according to the accession numbers as provided by the
GenBank, Swiss-Prot and TTEMBLE databases. Conserved residues in LNTXs are in bold letters. The variant amino acid residues between

LNTX-7 and o-Cbtx are underlined.

of SNTX, a fifth pair of cysteine residues can be seen in both
LNTX and WNTX (Fig. 1). These two cysteines (Cys® and
Cys'!) form the fifth cyclic loop within the signature loop I
region of WNTX [10]. Loop I of Lntx-7 is four amino acid
residues shorter than loop I of SNTX and WNTX. On the
other hand, loop Il of Lntx-7 contains a fifth cyclic loop
formed by Cys® and Cys*® (Fig. 1). This cyclic loop, which
is characteristic of all LNTXs, is reported to be involved in
binding of LNTX to a7 nAChR [7]. Examination of the 3’
non-coding region of the NTX cDNAs (Fig. 1) revealed that
there could be more than one possible stop codon. Compar-
ison of the deduced amino acid sequences of these cDNAs
shows five additional amino acid residues for LNTX at the
C-terminus (Fig. 1). The corresponding stop codons, TAG in
Ntx-2 and TGA in Wntx-5, have been mutated to TTT in
Lntx-7 cDNAs, resulting in continuation of the message up
to the next stop codon (TGA at nt 270-272) as observed for
the Ls III isolated from the sea snake Laticauda semifasciata
[33]. Similar stop codons have been reported for the gene
encoding LNTXs found in Pseudonaja textilis [34]. Therefore,
it is possible that a shift in the stop codon to about 10 nucle-
otide residues upstream along the 3’ UTR in Lntx-7 could
have resulted in a shorter Wntx/Ntx2 transcript in N. sputa-
trix. The Lntx-7 transcript could have been a precursor for
the shorter o-NTXs (Fig. 1).

4.2. Genes encoding the five-disulfide bridge three-finger toxins

Cloning and sequence analysis of Lntx and Wntx genes
(GenBank accession numbers: AY081759 to AY081763 for
nucleotide sequences) have provided evidence for the presence
of one Lntx and possibly four alleles of Wntx genes in the
genome of N. sputatrix, which corresponded to the messages

Table 2

Subunit (receptor) specificity of NTXs

Toxin nAChR subunit

SNTX High affinity to muscular (a1) and lower affinity to
neuronal nAChR (a/7)

LNTX Almost equal affinity to both muscular (1) and
neuronal nAChRs (a.7)

®-NTX High affinity to neuronal 03 and 04 nAChRs and
no affinity to muscular (al) or neuronal nAChRs
(a7)

WNTX Very low affinity to both muscular (1) and

neuronal (o7) nAChRs

and toxins found in the venom gland ([10] and this study).
DNA sequence analysis showed that these NTX genes shared
identical features with other known ‘three-finger’ toxin genes,
having an overall gene organization of three exons and two
introns. Exon 1 is highly conserved among this family of
toxins and appeared to be protected by the longer intron 1
in a manner similar to that proposed for PLA, genes [18]. The
insertion of a snoRNA fragment in this intron has resulted in
a longer intron 1 compared to intron 1 in the erabutoxin gene
from sea snake [35]. SnoRNA insertion can also be found in
intron 1 of other three-finger toxins (NTXs and cardiotoxins)
in cobra [20,23,36]. The intron—exon splice junctions show the
characteristic GT/AG sites of phase 1 introns [37]. The splice
sites of both Lntx and Wntx have been found to be similar to
the splice site (phase 1 introns) in genes encoding other
LNTXs such as a-Bgtx [38], Pt-bp [34] and SNTXs such as
Ec [35], cobratoxin [39], Sntxs from N. sputatrix [23] and
P. textilis [40] and cardiotoxin from N. sputatrix [20].

The values for Ky, Ks and K, indicate that nucleotide
substitutions occur more frequently in the mature protein
coding regions (exons 2 and 3) than non-coding regions,
and that nearly all these nucleotide substitutions result in
amino acid changes (Ka/Ks>1 [28]), thus contributing to
their diverse functions. All codons encoding the structurally
important residues of the toxins have been conserved while
the codons for residues located at the surface of the toxin
molecule have been found to be highly susceptible to mutation
[10]. Interestingly, the codon encoding the extra Cys residues
responsible for the formation of the fifth cyclic loop in both
toxins can be found in exon 2. In Wntx, these codons can be
found around the mid region of exon 2, whereas in Lntx,
these codons remain at the end of exon 2, and at the exon
2/intron 2 splice site. This displacement of cysteine residues
could have occurred by a deletion mutation at the end of exon
2 in Lntx, followed by an insertion (nt 143-156) and point
mutations at nt 138-140 (CGT to TGT; Fig. 1) in the Whnitx
gene.

4.3. Why multiple three-finger toxins in snake venom?

The specificity and selectivity of a particular three-finger
toxin towards various nAChRs or other targets depend on
the nature and distribution of functional groups along the
three-finger scaffold, responsible for the subtle structural de-
viation and the conformational mobility of these loops (Table
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2) [41,42]. The toxin binding affinity of LNTX to neuronal
nAChRs is associated with its subtle differences in the nature
of the amino acid residues compared to SNTXs as well as the
fifth disulfide cyclic loop in the classical, loop II region. In-
sertion of the extra cyclic loop in loop II of SNTX increases
its affinity to neuronal nAChRs [43], while removing this cy-
clic loop from LNTX increases its affinity to muscular
nAChRs [7]. Grant et al. [44] have shown that the removal
of the fifth cyclic loop in k-Bgtx resulted in a 50-fold decrease
in neuronal o3B2 AChR binding affinity, thus showing the
specific interaction of the toxin with a specific/unique neuro-
nal receptor. Similarly, the absence of the nucleotide sequence
encoding the pancreatic loop in the PLA, gene resulted in
lethal PLA, proteins in the venom [18,45]. The biological
target of WNTX appears to be AChRs, but the binding af-
finity of WNTX to nAChR is lower (uM range, Table 1) than
that of LNTX and SNTX. The advantage of the low affinity
binding of WNTX could be that it is non-toxic to the animal
while causing a slow dissociating effect from the receptor [11].
Besides, the toxin binds to homologous regions of neuronal
and/or muscular receptors and it does not involve identical
determinants [46]. Thus, insertion and removal of the cyclic
loop from the proteins (i.e. removal/insertion of codons en-
coding the residues, from the genes within exon 2) is nature’s
way of selecting the target site for the ‘new’ toxins that are
needed by the animal, which could therefore explain the pres-
ence of multiple LNTXs and SNTXs in venoms.

Naturally, snake NTXs have evolved to paralyze their prey.
Paralysis is caused by inactivating muscle AChR, therefore
both LNTXs and SNTXs exhibit high affinity to muscle
AChR. o-Bgtx, a highly lethal LNTX, shows high affinity
to the ol subunit of frog and chick muscle nAChRs where
both frogs and chickens are the natural prey of Bungarus
multicinctus [46]. The cobra, N. sputatrix, feeds mainly on
rodents and small mammals. These are fast-moving animals.
Thus, the highly lethal and toxic a-NTXs are of importance
to rapidly immobilize the prey. On the other hand, predators
of snakes, snakes themselves as well as the mongoose and
others that are resistant to snake venom in general and
o-Bgtx in particular [47,48], show natural mutations in their
respective nAChRs to protect them from envenomation. Ta-
kacs et al. [49] documented that evolutionary success requires
the animal venoms to be targeted against phylogenetically/
evolutionarily conserved molecular motifs of fundamental
physiological processes. Phylogenetic analysis (Fig. 4A,B)
shows that the neurotoxic genes have evolved from a common
ancestor. It is noteworthy that all the NTX genes contain an
equally sized intron 1 (~1204-1337 bp). However, intron 2
for the Whntx gene is approximately 300 bp longer than intron
2 in other NTXs. Betts et al. [S0] reported that in rapid (ac-
celerated) evolution the position of introns and the protein 3D
structures are more conserved than that of the amino acid
sequences. The authors further emphasized that construction
of a chimeric domain between members of the same family
could be the function of conservation of intron positions.
Therefore, the discrepancies in intron size could reflect func-
tional variations among the toxins as noted in the phylogram
constructed using the amino acid sequences (Fig. 4B). Fig. 4B
shows distinct clustering based on the molecular properties of
the proteins. The highly lethal and high affinity (AChR) li-
gand-containing NTXs (short, long and k) form a separate
cluster from the non-lethal, low affinity ligand-containing
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WNTXs. It is interesting to note that CTX and bucandin
form an isolated cluster from that of NTXs. The WNTXs
are non-lethal five-disulfide bridge toxins with very low affin-
ity towards both neuronal and muscular AChRs. They have
been found to preferentially bind to the muscular-type
nAChRs from fish and neurons of the freshwater mollusk
Lymnaea stagnalis and they produce a long lasting binding
effect on the nAChR [11,51]. This group of toxins forms a
separate cluster (Fig. 4B) with candoxin. Candoxin has been
reported to be a poor antagonist of neuronal a7 AChR [52].
Hughes [53] has also reported that functionally novel pro-
teins are the product of duplication of a generalized multi-
functional ancestral gene followed by adaptive evolution of
the duplicated gene. Thus, it is possible that the precursor
for NTX (Fig. 4A,B) could have undergone gene duplication,
followed by accelerated adaptive evolution on the surface of
the new molecule resulting in (i) ability to bind to both neuro-
nal and muscular nAChRs with high affinity and high lethal-
ity (LNTXs), (i) high affinity binding for muscular-type
nAChR while maintaining high lethality (SNTX) and (iii)
gradual weakening to receptor binding property, possibly
gaining other new functions and loss of lethality [10].
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