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Postsynaptic a-Neurotoxin Gene of the Spitting
Cobra, Naja naja sputatrix: Structure, Organization,
and Phylogenetic Analysis
Fatemeh Afifiyan, Arunmoziarasi Armugam, Chee Hong Tan,
Ponnampalam Gopalakrishnakone, and Kandiah Jeyaseelan1

Department of Biochemistry, Faculty of Medicine, National University of Singapore, 119260 Singapore

The venom of the spitting cobra, Naja naja sputatrix contains highly potent a-neurotoxins (NTXs) in addition to
phospholipase A2 (PLA2) and cardiotoxin (CTX). In this study, we report the complete characterization of three
genes that are responsible for the synthesis of three isoforms of a-NTX in the venom of a single spitting cobra.
DNA amplification by long-distance polymerase chain reaction (LD-PCR) and genome walking have provided
information on the gene structure including their promoter and 58 and 38 UTRs. Each NTX isoform is ∼4 kb in
size and contains three exons and two introns. The sequence homology among these isoforms was found to be
99%. Two possible transcription sites were identified by primer extension analysis and they corresponded to the
adenine (A) nucleotide at positions +1 and −45. The promoter also contains two TATA boxes and a CCAAT
box. Putative binding sites for transcriptional factors AP-2 and GATA are also present. The high percentage of
similarity observed among the NTX gene isoforms of N. n. sputatrix as well as with the a-NTX and k-NTX genes
from other land snakes suggests that the NTX gene has probably evolved from a common ancestral gene.

[The genomic DNA sequences reported in this paper have been submitted to GenBank databases under
accession nos. AF096999 to AF097001.]

Snake venom contains various toxic proteins among
which the most toxic are the postsynaptic neurotoxins
(NTXs) or a-NTXs. Fractionation of cobra venom
showed that the a-NTXs constitute only ∼3% by
weight of crude venom (Tan 1983). These potent tox-
ins bind specifically to the nicotinic acetylcholine re-
ceptor (nAChR) in the postsynaptic membrane of skel-
etal muscles, thus preventing the binding of the
chemical neurotransmitter acetylcholine and thereby
blocking the excitation of muscles. This block at the
neuromuscular junction leads to flaccid paralysis and
causes death by respiratory failure (Chang 1979). The
molecular structure and function of postsynaptic NTXs
have been thoroughly investigated (Low et al. 1976;
Tsernoglou and Petsko 1976; Dufton and Hider 1983).

To date, the amino acid sequences of 52 short
a-NTXs have been reported in the protein databases.
The existence of various isoforms of short a-NTXs from
sea snakes, Laticauda semifasciata (Tamiya et al. 1985;
Obara et al. 1989; Fuse et al. 1990) and Aipysurus laevis,
(Ducancel 1990) was revealed through cDNA cloning.
Recently, we have cloned and expressed four cDNAs
encoding four short a-NTXs isoforms (NTX1, NTX2,
NTX3, and NTX4) from the Malayan spitting cobra
Naja naja sputatrix (Afifiyan et al. 1998). The nucleotide
sequences of these NTX cDNAs were found to be
highly homologous (∼99 %) to each other.

The genes encoding erabutoxin c from the sea
snake L. semifasciata (Fuse et al. 1990) and cobrotoxin
and cobrotoxin b from the Taiwan cobra Naja naja atra
(Chang et al. 1997a,b) have been described. In this re-
port we present for the first time the cloning and char-
acterization of three isoforms of the NTX gene from
the genome of a single spitting cobra, N. n. sputatrix.
These genes are found to correspond to the three NTX
cDNAs identified previously in N. n. sputatrix (Afifiyan
et al. 1998).

RESULTS
Genomic PCR and DNA Sequencing

The strategy used for genomic and genome-walking
PCR analysis, location of primers, and organization of
the NTX gene is shown in Figure 1A. PCR amplification
of N. n. sputatrix genomic DNA was carried out initially
by use of two sets of primers (X133, X153 and X91,
X92). These primers were designed on the basis of the
highly conserved regions of the NTX cDNAs. The prim-
ers X133 and X91 are sense primers, which anneal to
exon 1 (leader sequence) and the 58 end of exon 2,
respectively. The primers X153 and X92 are antisense
primers that anneal to the 38 end of exon 3.

Analysis of the genomic PCR products on 1% aga-
rose gel electrophoresis revealed two bands, 742 bp and
2.1 kb for primers X91, X92 and X133, X153, respec-
tively (Fig. 1B, lanes 2,3). PCR amplification of NTX
cDNA clones with the above combination of primers
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gave a band of ∼200 bp (data not shown). These results
suggest the presence of introns of ∼1.8 kb in the NTX
gene. In a separate experiment, a 726-bp PCR product
corresponding to the 58 end of the gene was obtained
from the DraI genome walker library (Fig 1B, lane 1) by
use of a universal adapter primer and gene-specific an-
tisense primer (X286). Likewise, a 1603-bp 38 end of
the NTX gene was amplified from the DraI library (Fig.
1B; lane 4) by a combination of adapter primer (AP2)
and another gene-specific sense primer (X284). The
nucleotide sequences of all of the PCR products were
determined, and a complete sequence of the NTX gene
was deduced. Two gene-specific primers, X406 (sense:
58-GAAGTCGGGGAATGGTTGGTC-38) and X407 (an-
tisense: 58-TTCTTGGGGCTTGTTAGTTTAGTT-38) from
the 58 and 38 ends of the gene were synthesized and the
NTX gene was amplified by sequential PCR with the 58

fragment (726 bp), the mid-region of the gene (2100
bp), and the 38 fragment (1603 bp). The NTX gene was
also amplified by direct PCR with N. n. sputatrix ge-
nomic DNA as a template. In both PCR reactions, we
obtained a 3.8-kb product (Fig. 1B, lane 5). These PCR
products were subcloned into the pT-Adv vector and a
total of 21 genomic clones were sequenced. Among

them, three different clones
(NTX1, NTX2, and NTX4) en-
coding three isoforms of the
short a-NTX (ETS, QAS, and
QAG) were identified. These
clones correspond to three of
the four cDNAs of NTX (NTX1,
NTX2, and NTX4) that were
characterized previously (Afifi-
yan et al. 1998). All of the 21
clones shared identical 58 and 38

sequences. The average frequen-
cies of finding genomic clones
corresponding to NTX1, NTX2
and NTX4 were ∼33%. Each
NTX gene was found to contain
two introns of ∼1.2 and 0.5 kb
(Fig. 2). The intron sequences
among the NTX isoforms appear
identical.

The first intron occurs
within the NTX leader sequence
region between nucleotides 84
and 1288 at a position between
14Leu and 13Gly of the signal
peptide (Figs. 1A and 2). The sec-
ond intron divides the coding
region of the gene between
nucleotides 1395 and 1949. This
intron interrupts the central
loop sequence of the mature
toxin between 33Arg and 34Gly.

This is similar to what has been observed with other
NTX genes (Ec and Cbt), in which the exons are sepa-
rated from the introns at the same positions. The NTX
gene is composed of three exons. The first exon en-
codes the 58 UTR and most of the leader sequence. The
second exon consists of 108 bases and encodes the re-
maining part of the leader sequence and 33 of 62
amino acid residues of the NTX protein and exon 3
represents the coding region of 29 amino acid residues
of NTX and ∼200 bp of 38 UTR.

Nucleotide and deduced amino acid sequence
comparison among the three NTX gene isoforms
shows that the introns and two exons, exon 1 and
exon 3, are highly conserved, whereas the second
exon, which encodes the amino-terminal half of ma-
ture NTXs, shows nucleotide variation (Fig. 2). The
nucleotide variation thus leads to variation in the
amino acids being encoded, resulting in the identifica-
tion of three isoforms of the NTX gene encoding three
types of NTXs in the venom of a single spitting cobra.

Transcription Initiation Site of the NTX Gene

The transcription initiation site (TIS) was determined
by primer extension with reverse transcriptase and 33P-

Figure 1 Strategies used for PCR and genome walking. (A) Locations of primers used to
amplify the NTX gene by PCR and comparison of the gene organization of NTX (NTX; N. n.
sputatrix), cobrotoxins (Cbt and Cbt b; N. n. atra) and erabutoxin c (Ec; L. semifasciata). (Solid
and open boxes) Exons and introns, respectively. The amino acids corresponding to each exon
are also indicated. (B) Agarose gel electrophoresis of PCR products from upstream (lane 1) and
downstream (lane 4) of the NTX gene generated by genome walking. (Lanes 2, 3) Genomic
fragments of NTX gene containing the coding region for signal peptide and matured toxin
respectively. (Lane 5) Amplification of the complete NTX gene(s) from N. n. sputatrix.

Afifiyan et al.

260 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 26, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


labeled primer X286, which is complementary to the 58

end of the toxin mRNA sequence. Two major products
arising from A’s in ACTTT (TIS1) and ATCTC (TIS2) at
positions +1 and 145, respectively, have been ob-
served (data not shown). The location of TIS1 closely
resembled the TIS reported for erabutoxin c and cobro-
toxin by Fuse et al. (1990) and Chang et al. (1997a),
respectively. The presence of two putative TATA-box
motifs at 131 and 173 bp in the NTX gene of N. n.
sputatrix supports our observation of two TISs. How-
ever, only one putative CAAT element could be seen in
the promoter sequence.

Genomic Southern Blot Analysis

Southern blot analysis of the N. n. sputatrix genome

with cDNA encoding the NTX (NTX2) as a probe,
showed three bands for BamHI, EcoRI, HindIII, and PstI
digests of genomic DNA (Fig. 3), indicating the pres-
ence of at least three isoforms of the NTX genes in the
N. n. sputatrix genome.

Phylogenetic Analysis

Gene sequences of known a-NTXs and cardiotoxins
(CTXs) as well as k-NTXs were aligned with a DNASIS
software package. The noncoding DNA regions have
been found to be more highly conserved than the cod-
ing regions. The phylogenetic relationships were ana-
lyzed on the basis of combined coding and noncoding
regions (exons and introns, Fig. 4). This analysis shows
that the k-NTX genes are more conserved than those

Figure 2 Complete nucleotide sequences of NTX genes, NTX1, NTX2,
and NTX4, including the introns and 58- and 38-flanking regions. Only
one intron sequence is included, as all three genes are identical. The
exon sequences are in uppercase letters. The deduced amino acid se-
quences are presented as one-letter code below the codons and are
numbered separately. The transcriptional elements are in uppercase let-
ters and boldface. The important elements in the 38 end of the NTX gene
such as the AATAAA and TGTTTG sequences, are in boldface italics.

a -Neurotoxin Gene of Spitting Cobra
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encoding CTXs or a-NTXs. In this analysis, NTXs,
CTXs, and k-NTXs formed three divergent groups with
NTX retaining its properties as the primitive form of
toxin.

DISCUSSION
Gene Structure of Short a-NTX
from N. n. sputatrix

The gene encoding N. n. sputatrix NTXs consists of
three exons and two introns (Fig. 2). The first exon
contains the transcription initiation site, 58 UTR and
most of the signal peptide-coding gene sequence. This
exon is interrupted by a 1203-bp intron 1, which seg-
ments the signal peptide into two regions. The second
exon encodes three residues of leader sequence and the
amino-terminal half of the mature NTX and is inter-
rupted by intron 2 of 553 bp. The carboxy-terminal
half of the mature NTX and 38 UTR are encoded by
exon 3. The intron–exon junctions that are typi-
cal of donor and acceptor splice site have fol-
lowed the GT/AG rule (Breathnach and Cham-
bon 1981; Iida and Sasaki 1983) in which the
introns begin with GT and end with AG. The 38

and 58 splice site of both introns are AT- and
CT-rich except for the 58 splice site of intron 1,
which contains 45% pyrimidines. This is consis-
tent with the structure of introns in many other
species, which are AT-rich (Csank et al. 1990).

The results of our study confirmed the pres-
ence of three isoforms of the short a-NTX in the
genome of the single N. n. sputatrix. This is sup-
ported further by the Southern blot analysis of
the liver genomic DNA with a NTX2 cDNA probe
(Fig. 3). Previously we described the existence of
four isoforms of short a-NTX (NTX1, NTX2,

NTX3, and NTX4) from this snake (Afifiyan et al.
1998). These cDNA clones were obtained from 10 in-
dependent RT–PCR reactions with RNA isolated from
eight snakes. However, the genomic clones used in this
study were obtained from DNA isolated from a single
snake. Therefore, it is probable that one or more of the
snakes used in our previous study possessed a variation
in one of the three genes to produce the fourth isoform
of mRNA (NTX3).

The ATG codon at position 30 in Figure 2 could be
the translation initiation codon as there is a nucleo-
tide, A at the 13 position upstream and +4 position
downstream of the ATG codon. This has been found in
the mRNA of higher eukaryotes, which have purine
nucleotides, most often an A, at 13 position and an A
or G at +4 position (Kozak 1986,1987).

cDNA cloning has shown the existence of at least
three types of NTX mRNAs in a sea snake, L. semifas-
ciata (erabutoxins a, b, and c). The genes encoding er-
abutoxin precursors also have been predicted (Tamiya
et al. 1992) to be present as multicopy genes in L. semi-
fasciata. The present study confirms for the first time
the existence of three such isoforms of NTX genes and
in this case, in the land snake N. n. sputatrix. The varia-
tions seen among these NTX isoforms can be traced to
nucleotide substitutions in their second exon. This
strongly suggests that the mRNAs encoding these NTXs
are transcribed from independent genes that may have
evolved by directional mutation (accelerated muta-
tion). The mutations in these genes have been found to
be single-base substitutions involving the first base of
the codons.

The translation termination codon of the NTX
genes is assigned to the codon TAG at position 2037 of
Figure 2. The 38 end of the NTX gene contains a poly-
adenylation signal AATAAA at positions 2222–2227.
Downstream of exon 3 (nucleotides 2247–2253) a se-
quence TGTTTTG can be identified. This sequence is
similar to a consensus YGTGTTYY sequence that has

Figure 4 Phylogenetic analysis of snake toxins. A cladogram constructed
for phylogenetic analysis with DNASIS software package is shown. The ab-
breviations used for a-NTXs are the same as in Fig. 1. k-BTX and k3-BTX are
bungarotoxins from Bungarus multicinctus (accession nos: Y11768 and
Y11769). (CTX3) The CTX from N. n. sputatrix (accession no. AF064096);
(CTX-4) The CTX from N. n. atra (GenBank accession no. Y12493).

Figure 3 Southern blot analysis. Genomic DNA was digested
with five restriction enzymes, and fragments were resolved on
0.8% agarose gels and blotted onto a nitrocellulose membrane.
The NTX cDNA was used as probe.
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been assumed to be functionally important among
mammalian genes (Gil and Proudfoot 1984; McLauch-
lan et al. 1985).

Putative Regulatory Sequence Elements
of the Promoter Region

The result of our primer extension showed that there
are two possible sites for transcription initiation. The
presence of multiple transcription sites are common in
eukaryotic genes that are highly regulated at the level
of transcription initiation (Kozak 1991). Multiple tran-
scription sites in snake toxin genes in particular, and in
animal toxin genes in general, were reported previ-
ously by our laboratory (Gendeh et al. 1997; Latchu-
manan et al. 1998). The presence of two TISs may result
in the synthesis of a long and short 58 UTR from the
exon 1 of the NTX gene. The length of the 58 UTR may
influence mRNA stability and/or translation efficiency.
Its existence may be necessary for the efficient initia-
tion of transcription.

Two TATA boxes at positions 131 to 126 and
173 to 167 and a CCAAT box possibly contributed by
tissue-specific expression (see below) at positions
1253 to 1248 relative to the transcription start site 1
have been identified in the 58 upstream region of this
gene.

The promoter also contained one AP-2-binding
site (CCCTACCC) at positions 154 to 147, which is
known to act as both basal and second messenger-
inducible enhancers (Imagawa et al. 1987; Faisst and
Meyer 1992). At positions 1516 to 1511 and 1173 to
1168, two binding motifs for GATA-1 transcription
factors (TATCT) can be located. The GATA family is
currently comprised of six members, GATA-1 to GATA-
6, which recognize the GATA motif (WGATAR). It has
been suggested that the GATA motif may negatively
control transcription (Imagawa et al. 1994). The pro-
moter region does not show any SP1 site. The SP1 site
(GGGCGG) is present in a variety of promoters and has
been envisaged to play a role in constitutive gene ex-
pression (Latchman 1991).

It is well established that in most animal species,
the main cause of death resulting from cobra venom
poisoning is peripheral respiratory paralysis induced
by the NTXs. However, it has been shown that the
venom of the Malayan spitting cobra constitutes only
∼3 % by weight of the crude venom compared with a
less lethal polypeptide CTXs, 60% by weight of crude
venom, (Tan 1982, 1983). This shows that the NTX
gene, which is expressed specifically in the venom
gland and at a lower (1⁄20) level than the CTX gene,
should possess some differences in its promoter. Com-
parison of NTX and CTX promoters shows the absence
of transcription factor-binding motifs such as NFIL-6,
C/EBP, NF-kB, and PuF that have been observed in CTX
genes (Latchumanan et al. 1989). These elements are

known to stimulate the transcription of the genes
(Akira et al. 1990; Baeuerle 1991; Postel et al. 1993).
Interestingly, the CTX gene promoter region does not
contain any GATA elements. Therefore, the lower ex-
pression of the NTX gene compared with the CTX gene
in the snakes may be due to the absence of enhancer
elements and also to the existence of two negatively
regulating GATA elements in its promoters. At present,
it is not known whether these elements are function-
ally active. Further experiments are required to evalu-
ate the significance of these transcription elements.

Comparison of Intron–Exon Organization
to Other Known Toxin Gene Structure

Our studies showed the existence of three isoforms of
short a-NTXs in the venom of a single snake. Although
the presence of isoforms of the NTX molecules in a
single venom source and multiple types of NTX cDNAs
in a venom gland had been reported (Tan 1992; Afifi-
yan et al. 1998), this is the first report that establishes
the gene–protein relationship of NTX found particu-
larly in the venom of a spitting cobra and perhaps in
other snakes as well.

The exon–intron organization of the N. n. sputatrix
NTX gene is similar to that of the erabutoxin c from L.
semifasciata, cobrotoxin, and cobrotoxin b from N. n.
atra (Fig. 1A). The nucleotide sequence of the exons
and introns of the NTX gene from N. n. sputatrix also
revealed a significant similarity to those reported in
GenBank databases (Cbt, Cbt b, Ec, k-BTX, k3-BTX,
CTX3, and CTX-4). In all cases, the intron sequences
shared high homology to each other. The exon 1 se-
quences, which encode for signal peptides, are highly
conserved (up to 98%). Significant differences have
been observed among the exons 2 and 3 of these tox-
ins. The intron 1 of NTX from sea snake (erabutoxin c)
has been found to be six-fold shorter in length (196 bp)
than its land snake counterpart (1203 bp). However,
the first 163 bp of intron 1 in erabutoxin c shows up to
90% homology with the first 163 bp of N. n. sputatrix
NTX. The remaining 23 bp of erabutoxin intron 1 is
identical to the 38 end of N. n. sputatrix intron 1 (1174
bp–1203 bp). It is likely that the region 164 bp–1173 bp
in intron 1 of N. n. sputatrix might have been acquired
during evolution of the snake (Orgel and Crick 1980;
Gilbert 1987; Dibb and Newman 1989; Rogers 1989).
This region of intron 1 exhibits the structural hall-
marks of small nucleolar RNAs (snoRNAs) as described
by Maxwell and Fourneir (1995) and Chang and Hong
(1997).

The presence of a short intron in Ec compared
with other NTXs could be either explained by the rela-
tive lower position of the sea snake in the evolutionary
tree or by the advantage through the results of a po-
tentially higher rate of gene expression.

a -Neurotoxin Gene of Spitting Cobra
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Evolutionary Relationship of Snake Toxins

Evolutionary mechanisms have been suggested to ac-
count for genes in which noncoding regions are more
highly conserved than coding regions (Nakashima et
al. 1993, 1995; Moura-da-Silva et al. 1995); these in-
volve gene duplication followed by accelerated evolu-
tion of the coding regions. This pattern of sequence
conservation can be seen among NTXs, CTXs, and
k-NTXs of the elapid family. Examination of nucleo-
tide sequences revealed high similarity for noncoding
DNA regions and more variability in the coding re-
gions. Our phylogenetic analysis, which is based on
combined coding and noncoding regions (introns and
exons), confirms the existence of a common ancestor
for all types of toxin genes. Structurally similar, but
functionally diverse, CTX and NTX genes appear to
evolve about the same time from the ancestral gene.
The divergence among the CTXs, NTXs, and k-NTX
suggests that these genes may have been evolved under
adaptive pressure through a positive Darwinian selec-
tion process as proposed by Ohno et al. (1998).

The functions of the various isoforms of a-NTX in
the venom of N. n. sputatrix are still unknown. How-
ever, these isoforms are unique to the species, and we
hope that further studies of their biochemical proper-
ties and functions will eventually provide a better in-
sight into their physiological roles in vivo.

METHODS
Isolation of Genomic DNA

Frozen snake liver was pulverized into a fine powder in liquid
nitrogen (Sambrook et al. 1989). The genomic DNA was ex-
tracted in the presence of SDS and proteinase K (Boehringer
Mannheim) and purified with phenol/chloroform. DNA was
precipitated with 2.5 volumes of 95% ethanol. The pellet was
washed with 70% ethanol and resuspended in TE buffer (10
mM Tris-HCl at pH 8, 1 mM EDTA).

Amplification of Genomic DNA

Custom-designed oligonucleotide primers based on the se-
quence of the highly conserved regions in the structural gene
of N. n. sputatrix cDNA were supplied by Oswell DNA Service
(UK).

The sense primers were X133, 58-TCCAGAAAAGATCG-
CAAGATG-38 and X91, 58-CTGGAATGCCACGACCAGCA-38

and antisense primers were X92, 58-TTATCAGTTGTTGCAGC-
GGTCGGT-38 and X153, 58-GGTTGTGCAACAGTTAATT-38

respectively. They were deduced by use of the PrimerSelect
program of DNASTAR, Inc. (Madison, WI).

PCR amplifications were performed with the Advantage
genomic PCR kit (Clontech). The kit utilized two thermo-
stable DNA polymerases (Tth DNA polymerase as the primary
polymerase and Vent DNA polymerase for 38 → 58 proofread-
ing function). Amplification was carried out on 100 ng of
highly intact genomic DNA of the snake liver in a reaction
mixture (50 µl) containing 0.2 mM dNTPs each, 0.2 µmole
each of sense and antisense primers, 5 µl Tth PCR reaction

buffer (40 mM Tris-HCl at pH 9.3 and 25°C, 15 mM potassium
acetate, 2.2 µl of 25 mM magnesium acetate) and 0.1 unit of
Advantage Tth polymerase mixture (Tth polymerase and Tth
start antibody). The thermal profile involved a hot start at
94°C for 1 min followed by 30 cycles of 30 sec at 94°C, 30 sec
at 50°C and 3 min at 68°C and a final extension at 68°C for 3
min after the last cycle with a Perkin Elmer Cetus thermal
cycler (model 480).

Amplification of 58- and 38-Flanking Regions

To elucidate the 58 and 38 ends of the sequenced NTX gene,
Universal GenomeWalker kit (CLONTECH) was used accord-
ing to the manufacturer’s procedure. Briefly, the procedure
involved the construction of the adaptor-ligated libraries
made by separate restriction digestion of highly intact ge-
nomic DNA with DraI, EcoRV, PvuII, ScaI, and StuI followed by
purification of the digested fragments and ligation to special
adaptors provided in the kit. The adaptor-ligated genomic
DNA fragments also known as GenomeWalker libraries were
used as templates in DNA walking experiments with the ge-
nomic PCR kit (CLONTECH). To map the 58 end of the NTX
gene(s), two sets of primers were used: the adaptor primer 1
(AP1), 58-GTAATACGACTCACTATAGGGC-38, provided in
the kit and the gene-specific primer X287, 58-CCTAA-
GTCCAGGCACACGATTGTCACC-38, for primary PCR and
the nested adaptor primer 2 (AP2), 58-ACTATAGGGCACGC-
GTGGT-38, provided in the kit and the nested gene-specific
primer X286, 58-GATTGTCACCACCAGCAAGGTCAGCAG-38

for secondary PCR. Primers used for mapping the 38 end of
NTX gene(s) were AP1 and a gene-specific primer, X285, 58-
GAATCGAGAGGGGATGTGGTTGCCC-38, for primary PCR
and AP2 provided in the kit and a nested gene-specific primer
X284, 58-GTGGTTGCCCTTCAGTGAAGAAAGGC-38, for sec-
ondary PCR.

The amplification technique used was the “touchdown”
PCR (Don et al. 1991; Roux 1995), which involved a single
annealing/extension temperature that was several degrees
higher than the melting temperature of the primers during
the initial PCR cycles. This temperature was later reduced to
the primers’ melting temperature for the remaining PCR
cycles. The cycling parameters used for both primary PCR
were 10 cycles of 25 sec at 94°C and 3 min at 65°C (touch-
down) and 30 cycles of 25 sec at 94°C and 3 min at 60°C,
followed by 10 min at 68°C after the final cycle. The cycling
parameters for the secondary PCR were 10 cycles of 25 sec at
94°C and 3 min at 68°C and 30 cycles of 25 sec at 94°C and 3
min at 60°C followed by a final extension of 68°C for 10 min
after the last cycle.

Subcloning and DNA Sequencing

The genomic PCR products were analyzed on agarose gels.
The appropriate bands were purified (Qiaquick gel extraction
kit, Qiagen) and subcloned into pT-Adv vector (Advantage
Cloning kit; CLONTECH). The ligated products were then
transformed into Escherichia coli strain TOP10F8 and the re-
combinants selected on an LB–Amp (50 µg/ml) plate supple-
mented with IPTG and X-gal according to Sambrook et al.
(1989). Putative recombinant clones were then subjected to
Sanger dideoxy DNA sequencing (Sanger et al. 1977), with
M13/pUC (Armugam et al. 1997). The inserts were later se-
quenced on both strands with M13 and sequence-specific,
sense, and antisense primers. All double-stranded sequencing
was performed with the ABI Prism Dye Terminator Cycle Se-
quencing Ready Reaction kit (Perkin-Elmer) and an auto-
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mated fluorescent DNA sequencer (Applied Biosystem, model
373).

Sequence Analysis

Nucleotide sequence homology searches of nonredundant da-
tabases of GenBank (National Center for Biotechnology Infor-
mation) were performed with the BLAST program. DNA se-
quence alignments were carried out by use of the DNASIS
software package from Hitachi Software Engineering.

Southern Hybridization of Genomic DNA

Genomic DNA was digested with restriction enzymes and the
fragments resolved by electrophoresis on 0.8% agarose gels.
The fragments were then blotted onto a nitrocellulose mem-
brane (Schleicher & Schuell) according to the procedure de-
scribed by Southern (1975). Amplified PCR fragment of the
neurotoxin cDNA was labeled by [a-32P] dCTP and random
hexamer priming (Megaprime DNA labeling kit; Amersham).
DNA hybridization was carried out overnight as described by
Sambrook et al. (1989) at 60°C with 62 SSC, 52 Denhardt’s
solution, 0.1% SDS, and 100 µg/ml sonicated and denatured
salmon sperm DNA with at least 106 cpm/ml 32P-labeled
probes. Blots were washed for 10 min with 62 SSC, 20 min
with 22 SSC containing 0.1% SDS, 20 min with 12 SSC
(+0.1% SDS) once at room temperature and once at 60°C.
Autoradiography was carried out at 170°C.

Primer Extension

Primer extension analysis was performed to identify the TISs
of the NTX gene(s). Total cellular RNA was extracted from the
N. n. sputatrix venom glands by use of the guanidine isothio-
cyanate method (Chirgwin et al. 1979), and the integrity of
total RNA was analyzed by denaturing formaldehyde agarose
electrophoresis (Sambrook et al. 1989). Primer extension
analysis was carried out according to the procedure described
by Lachumanan et al. (1998) with [g-33P] dATP at a specific
activity of >5000 Ci/mmol. The products were electropho-
resed on 6% denaturing polyacrylamide DNA sequencing
gels. A set of dideoxynucleotide DNA sequencing reactions
with 33P-labeled primer X286 and 30 fmoles of the pT-Adv
template harboring the 58-flanking region of the NTX gene
was generated with a AmpliCycle sequencing kit (Perkin-
Elmer) and was used as size markers.
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