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Abstract
Background: Snake venoms consist primarily of proteins and peptides showing a myriad of potent
biological activities which have been shaped by both adaptive and neutral selective forces. Venom
proteins are encoded by multigene families that have evolved through a process of gene duplication
followed by accelerated evolution in the protein coding region.
Results: Here we report five gene structures of three-finger toxins from a viperid snake, Sistrurus
catenatus edwardsii. These toxin genes are structured similarly to elapid and hydrophiid three-finger
toxin genes, with two introns and three exons. Both introns and exons show distinct patterns of
segmentation, and the insertion/deletion of segments may define their evolutionary history. The
segments in introns, when present, are highly similar to their corresponding segments in other
members of the gene family. In contrast, some segments in the exons show high similarity, while
others are often distinctly different among corresponding regions of the isoforms.
Conclusion: Ordered, conserved exon structure strongly suggests that segments in
corresponding regions in exons have been exchanged with distinctly different ones during the
evolution of these genes. Such a "switching" of segments in exons may result in drastically altering
the molecular surface topology and charge, and hence the molecular targets of these three-finger
toxins. Thus the phenomenon of accelerated segment switch in exons to alter targeting (ASSET)
may play an important role in the evolution of three-finger toxins, resulting in a family of toxins
with a highly conserved structural fold but widely varying biological activities.

Background
Snake venom is a mixture of proteins and polypeptides
which can be divided into enzymatic and non-enzymatic
families [1]. Three-finger toxins are non-enzymatic
polypeptides which belong to a well characterized super-

family of snake venom toxins. Structurally they have similar folds, with three β-sheeted loops ('fingers') that are
stabilized by 4–5 disulfide bridges present in the central
core [2,3]. Despite their structural similarity, they differ
widely in their molecular targets. For example, members
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of this family target various receptor/ion channel proteins
such as α1-nAChRs, L-type calcium channels and integrin
αIIbβ3 (Table 1). Such a wide diversity in their molecular
targets is due to changes in their primary sequences, while
keeping the basic molecular scaffold intact. Analysis of
amino acid sequences and gene structures will help elucidate the molecular evolution of these functionally important toxins.
As with other snake venom proteins [4-6], three-finger
toxins are also encoded by a multigene family [7-10] and
contain functionally diversified isoforms. These venom
protein families have evolved through a process of gene
duplication followed by accelerated point mutations in
the protein coding region [11-15]. For example, in phospholipase A2 genes, the dN/dS ratio in the coding regions
is higher than in the non-coding regions [4,16]. Such
adaptive Darwinian evolution plays an important role in
the evolution of novel gene functions, leading to functional diversity in each superfamily of toxins. The accelerated rate of mutations in venom proteins likely provides a
competitive edge in predator-prey interactions [17].
Until recently, three-finger toxins were thought to be
present only in venoms of the snake families Elapidae
[18]. However, we and others have demonstrated their
presence in the venoms of colubrid and viperid snakes
[19-22]. Recently we constructed a cDNA library from the
venom glands of Sistrurus catenatus edwardsii (Desert Massasauga) and identified a three-finger toxin family (0.83%
abundance) in the venom gland transcriptome [23]. As
three-finger toxins are uncommon in viperid venoms, we
performed RT-PCR using a separate pool of RNA as template and found five transcripts that encode three-finger
toxins [23]. They have a 21 residue signal peptide followed by a mature protein consisting of 64–68 residues,
and the ten conserved cysteine residues, which form five
disulfide bridges characteristic of most three-finger toxins,
are also present. These viperid toxins belong to the non-

conventional three-finger toxin subfamily that has the
fifth disulfide bridge in the first loop [24], and they were
named 3FTx 1 through 3FTx 5. 3FTx 4 and 5 differ only in
one residue in the mature protein, whereas all others are
distinct isoforms. All of them have nearly identical signal
peptide sequences, but the sequence identity in the
mature protein region is often low (31–60%) with the
exception of 3FTx 4 and 5 (94% identity) (Figure 1). A systematic comparison of amino acid sequences of the
mature proteins indicate that some segments are highly
conserved (60–100% identity) between two or three isoforms, whereas other regions are not (only 12.5–50%
identity) (see Additional file 1). Such similarities and dissimilarities in various other segments were observed
among these three-finger toxins and they appear to be
evolving through "switching" of various segments. To
understand the molecular evolution of these toxins, we
obtained the gene sequences of these three-finger toxins
using genomic DNA (gDNA) PCR and GenomeWalking
approaches. This is the first report of gene structure of
three-finger toxins from snakes of the family Viperidae.
The analyses of their gene sequences show that segment
"switching" occurs only in the exons, not in the introns.
This phenomenon of exchange is likely an important contributor to the gene evolution of this family of toxins
which exhibit numerous distinct pharmacological effects.

Results and Discussion
Gene structure
To understand the evolution of the three-finger toxins in
S. catenatus edwardsii venom, we determined their gene
structures (Figure 2A). We obtained the full length gene of
3FTx 3 by gDNA PCR. However, we obtained only partial
genes (from exon II to exon III) of the other four toxins by
gDNA PCR even after several attempts, perhaps due to
suboptimal annealing of the primers or the thermal
cycling profile. We performed GenomeWalking to obtain
the remaining gene segments from exon I to exon II (Figure 2A). At least 16 clones were sequenced from each PCR

Table 1: Diversity of molecular targets for representative members of the three-finger toxin gene family.

Toxin

Target

Reference

Short-, long-chain α-neurotoxins
Long-chain α-neurotoxins
κ-bungarotoxin
Muscarinic toxins
Calciseptine and FS2 toxin
Dendroaspin
Cardiotoxins
Cardiotoxin A5
Fasciculins
Hemextin AB complex
β-cardiotoxin

α1-nAChR*
α7 nAChR*
α3 and α4 nAChRs*
muscarinic AChRs*
L-type calcium channels
αIIbβ3 integrins
phospholipids and glycosphingolipids
αvβ3 integrins
acetylcholinesterase
blood coagulation factor VIIa
β-adrenergic receptors

[3]
[3]
[3]
[39]
[40,41]
[42]
[43,44]
[45]
[46]
[47]
[48]

*nAChR, nicotinic acetylcholine receptor
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Figure 1 amino acid sequences of the three-finger toxins
Deduced
Deduced amino acid sequences of the three-finger toxins. The segments with 85–100% identity are shown in the same colors
and less than 65% identity is shown in different colors. The intron-exon boundaries are marked with dotted arrows (exonintron).
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Gene structures of S. catenatus edwardsii three-finger toxins. A) Strategy used in determining the gene structures. B) Schematic
representation of the gene structures of three-finger toxins. The exon-intron boundaries were determined by comparison
with the cDNA sequences. Exons are represented by boxes and introns are represented by solid line. The number of base
pairs in the introns and total length are also shown.
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product to obtain the gene sequences of all five three-finger toxins (2.246 kb for 3FTx 1, 2.145 kb for 3FTx 2, 2.186
kb for 3FTx 4, 2.167 kb for 3FTx 5 and 2.986 kb for 3FTx
3). The cDNA sequences were used to determine the exonintron boundaries (Figure 2B), which follow the GT-AG
rule of splice-donor and -acceptor sites [25]. Genes of all
five three-finger toxins have similar architecture, with two
introns and three exons, similar to those of elapid threefinger toxin genes. Sequence data was deposited in GenBank under accession numbers EU 293789, EU 293790,
EU 293791, EU 293792 and EU 293793, respectively. The
gene sequences were used to determine the phylogenetic
relationship with three-finger toxin genes from the snake
families Elapidae and Colubridae. The phylogenetic tree
was constructed using DNAMAN, and viperid three-finger
toxin genes form a separate cluster in the tree (Figure 3).
Intron I
Intron I plays an important role in the expression of various genes [26,27] and is the most variable region in elapid
three-finger toxin genes [28]. Sequence alignment of
intron I of the viperid genes revealed that it can be divided
into segments similar to elapid three-finger toxin genes
[28]. Segments I, II, V, VII and X are conserved in all the
genes except erabutoxin c gene (Figure 4). In 3FTx 1, 4, 5
and 2, segments III and IV are missing. New additional
segments IIIa, Va and Vc are present in 3FTx 1, 4, 5 and 2.
3FTx 1 has an insertion (segment Vb), whereas 3FTx 3 has
one additional segment identified as Vd (Figure 4). Interestingly, the additional segments in viperid three-finger
gene are short or long nucleotide repeats. Segment Va in
3FTx 1, 2, 4 and 5 has 19–27 continuous "TAA" repeats,
while the Vb in 3FTx 1 has 18 continuous "GAT" repeats.
These shorter repeats may represent microsatellite
sequences. The segment Vd in 3FTx 3 has three different
repeats: two repeats of TATTTCATTCCATTCCATATTTTCGATTCTATTCCTGTTCTG (red boxes), three repeats of
TCTATTCTATTCCACTCC sequences (blue boxes) and 14
and 27 continuous repeats of CTATT (pink boxes) (see
Additional file 2).

Addition/deletion of segments in intron I is also observed
in elapid and hydrophiid genes and was linked to the evolutionary diversification of these snake toxin genes
[28,29]. Intron I of all viperid three-finger genes are nearly
identical; among 3FTx 1, 2, 4 and 5 there is only a short
insertion (segment Vb) in 3FTx 1. 3FTx 3 is distinct from
other 3FTxs. It has two additional segments (IV and Vd
compared to viperid genes) and segment IIIa is missing
(Figure 4). The additional segments are either deleted
(elapid) or added (viperid) in the gene of three-finger toxins during their evolution, but the role of these insertions/
deletions in the expression of the three-finger toxins is
currently unknown. Interestingly, the region of exon-

http://www.biomedcentral.com/1471-2148/8/196

intron boundary is similar to elapid and hydrophiid genes
and seems to be conserved among all of them.
Intron II
Intron II of the elapid and hydrophiid three-finger toxin
genes is conserved and was thought to be not segmented
[28]. However, comparison of the intron II sequences of
viperid genes reveals that it also can be divided into segments, similar to intron I (Figure 5). Segments I, III and V
are conserved in all three-finger genes. However, 3FTx 1,
4, 5 and 2 genes have an additional common segment
(IV), and 3FTx 3 has one additional segments (II). Thus,
segmentation appears to be a common structural feature
of both introns, and the insertion/deletion of segments
may contribute to their regulation of expression. Further,
analysis of segments may facilitate understanding the evolutionary history of this unusual gene structural feature.
Segment switching in exons
Exons also appeared to have segments (Figure 1). As
expected because of overall size, the segments in exons are
much smaller as compared to those in introns (4–7 bp in
segment vii in exon II to 53 bp in segment i in exon III,
compared to 21–22 bp in segment X to 680 bp in segment
Vd in intron 1). Analysis of the gene sequences reveals that
the gain/loss of segments occurs in both introns and
exons (Figure 6). The segments in introns, when present,
show high similarities (>85% identity). In contrast, while
some exon segments show high sequence identity (60–
100% identity; shown in same colors), other segments
show low identity (12.5–50% identity; shown in different
colors). Such similarity/dissimilarity of segments is more
prominent in exon II and exon III. In exon II, there are
four different kinds of segment ii; in 3FTx 4 and 5 they are
identical, whereas in the other genes they are totally different (Figure 6). In the same way, segment v is similar in
3FTx 1, 4 and 5, whereas in 3FTx 2 and 3 it is different.
Segment vi is absent in 3FTx 1 but present in the other
genes; this segment is similar in 3FTx 4 and 5 but different
in 3FTx 2 and 3. Thus exon II appears to have evolved
through "switching" of segments, although the origins of
the "new" segments are not known. Similarly, exon III
also appears to have evolved through "switching" of segments. However, this phenomenon is not observed in
introns of these genes, although there are additions/deletions of a few short segments in introns (see Additional
file 1). The switching of segments in exons has far reaching effects on the biological effects of the toxins. The
changed segments will affect the overall surface properties
of the expressed protein (such as charge density and
hydrophobicity) and hence the function. In contrast, the
small additions/deletions in introns will not affect the
nature of the protein product, but may affect its expression. It is important to note that in spite of this segment
switching, positions of cysteine residues are conserved,
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Figure 3
Phylogenetic
relationship of representative Viperidae, Colubridae and Elapidae three-finger toxins
Phylogenetic relationship of representative Viperidae, Colubridae and Elapidae three-finger toxins. Tree was constructed using
the software DNAMAN. The gene sequences used were obtained from GenBank and are represented by their name. alpha btx
V31 (Y17693), kappa-btx (Y11768) and kappa-btx3 (Y11769) are from Bungarus multicinctus; LsIII (AB098531), NLNTP
(AB098532), L1Long (AB098533) and Etxc (X51410) are from Laticauda semifasciata; sntx1 (AF204969), sntx2 (AF204970),
sntx7 (AF204972) and sntx6 (AF204973) are from Pseudonaja textilis; cbtx (Y12492), cobrotoxin (Y13399) and cdx4 (Y12493)
are from Naja atra; ntx-1 (AF096999) is from Naja sputatrix; Denmotoxin (EF452300) from Boiga dendrophila (Colubridae), and
3FTx 1–5 belong to S. catenatus edwardsii (Viperidae).
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Figure 4 of intron I structure
Comparison
Comparison of intron I structure. The gene sequences were obtained from GenBank and are represented by the gene name
(and accession number): Etxc (X51410), ntx1 (AF096999), cbtx (Y12492), cbtx4 (Y12493), LsIII (AB098531), NLNTP
(AB098532), L1Long (AB098533), κ-btx (Y11768), κ-btx3 (Y11769) and α-btxV31 (Y17693). Source species are as in Fig. 3.
3FTx 1–5 are gene structures of S. catenatus edwardsii three-finger toxins from the present study. The nucleotide sequences
were aligned using the online software DIALIGN Multiple Sequence Alignments tool at BiBiServ and then were divided into
segments. The nucleotide segments are represented with boxes, and gaps are indicated with a dash. The additional segments in
3FTx 1, 4, 5, 2 and 3 are named IIIa and Va-Vd.

thereby maintaining similar disulfide pairing, folding
architecture and the overall three-finger fold of the mature
protein.
There are several possibilities that could explain the
observed switching of segments.
1. Splicing variations: The difference in isoforms of some
proteins due to change of segments can be easily
explained based on splicing variation [30]. However,
unlike these proteins, the segment switching in viperid
3FTx occurs within exon II and exon III. Among three-finger toxins, long-chain neurotoxins arose from short-chain
neurotoxins through an error in the splicing site [31].
Such an error leads to insertion of a short segment with
the fifth disulfide in the second loop. In viperid toxin
genes, however, the insertions of segments do not occur at
the intron-exon boundaries, so the mechanism of inser-

tions/deletions or switching of segments does not occur
due to errors in splicing.
2. Recombination: Distinct genes encoding isoforms of
proteins are also generated through recombination of two
related/unrelated genes [32,33]. In general, the segments
involved in such recombination events are fairly large
(700 to 2500 bp), and the segments that are exchanged in
exons of 3FTxs are probably much too small. Therefore,
canonical recombination may not be involved in these
exchange events.
3. Accumulation of point mutations: Accelerated point
mutations in three-finger toxins are common and they
lead to the evolution of several isoforms [10,11,14].
Although these point mutations occur in exon segments,
they may not explain such a distinct change in the
sequences of segments. This possibility requires the
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Į
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Figure 5 of intron II structure
Comparison
Comparison of intron II structure. The gene sequences were obtained from GenBank (for detail see figure 4). Sequence alignment and division of segments were done as described in figure 4. Segment II is present only in 3FTx 3, and segment IV is
present only in viperid three-finger toxin genes (except 3FTx 3).

repeated occurrence and accumulation of multiple point
mutations within each segment. Further, all the intermediates have to be selected through evolution. The absence
of intermediate isoforms, however, contradicts this possibility; and
4. Independent recruitment events: Venom protein genes
are thought to be recruited to the venom gland genome by
gene duplication of a normal physiologically important
gene and recruitment of the duplicated gene for expression in the venom gland [34]. It is possible, but not probable, that each of these isoforms has an independent
origin and their ancestral three-finger toxin genes were
recruited at different times. High similarity across numerous 3FTx genes in exon I, and introns I and II, supports
instead a single recruitment and lineage of these genes
and not multiple recruitment events. In the unlikely
events of independent recruitments, introns will have to
undergo convergent evolution to explain the high similarity while the exons will be undergoing divergent evolution. Therefore, segment switching results in divergence of
functional regions of exons (see below) while maintain-

ing the basic fold, rather than convergence upon a single
scaffold motif during independent recruitment.
Although the mechanism of the exchange of segments in
exons is unknown, it is apparent that these events play
important roles in the evolution of these toxins, in addition to the role that accelerated point mutations in the
exons plays in toxin evolution [10,11,14]. These point
mutations appear to alter the interaction surfaces of toxins
[35]. However, they affect one residue at a time and a
smaller molecular surface, and they may help in fine-tuning of functional sites of the molecule for interaction with
specific molecular targets. They may (a) enhance the affinity to a specific receptor or ion channel; (b) change the
specificity to another closely related receptor or ion channel; and (c) change the species specificity of the toxin to a
particular receptor. In contrast, accelerated exchange of
larger segments drastically changes parts of the interacting
loops or toxin surface. Therefore, these exchanges of segments may help in switching the molecular targets of toxins and hence affecting their pharmacological properties.
We propose that accelerated segment switch in exons to
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Figure 6 of gene structures of three-finger toxins from S. catenatus edwardsii venom gland transcriptome
Comparison of gene structures of three-finger toxins from S. catenatus edwardsii venom gland transcriptome. Exon-intron
boundaries are marked by vertical dashed lines and similar sequences are represented by segments. Exons are divided into sub
segments on the basis of their similarities (same color) and dissimilarities (different color). Absence of a corresponding segment in the exons is shown by a dashed line box. The segments in the introns are conserved (same color), and absence of a
corresponding segment is represented by a dashed line.

alter targeting (ASSET) is a phenomenon which plays an
important role in "remodeling" a toxin toward a different
and novel receptor target (see below).
ASSET and evolution of molecular surfaces
To understand the impact of switching of segments on the
molecular surfaces of three-finger toxins in S. catenatus
edwardsii, we modeled all four distinct three-finger toxins.
As shown in Figure 7, the three β-sheeted loops in these
toxins are distinctly different from one another, as most of
them are replaced by segment switching (Figure 7, top
row). Further, the electrostatic potentials of these toxins
indicate that the charge distributions on their molecular
surfaces are also different. 3FTx 1 and 4 have more acidic
residues on the surface as compared to 3FTx 2 and 3 (Figure 7, middle and bottom rows). This drastic difference in
the charge residues on the surface is due to the exchange
of segments (see Additional file 1), but retention of the
similar molecular fold. Such a change in the charged residues might play an important role in switching the molecular targets. Since most of the functional sites are located
on these β-sheeted loops (for a review see, [36]), it is logical to propose that all of these novel viperid toxins have
distinct pharmacological properties. Therefore, ASSET
phenomena affect the molecular surfaces of three-finger
toxins significantly and alter their molecular targets, playing a crucial role in the evolution of the three-finger toxins.

Conclusion
Systematic analyses of gene sequences of Sistrurus catenatus edwardsii (Desert Massasauga) three-finger toxins indicate that short segments in exons II and III are changed
more rapidly compared to intron segments. We propose
that such a phenomenon (ASSET) of accelerated segment
switching in exons has the effect of rapidly altering the
molecular surface properties. This mechanism of rapid
change can provide a selective advantage to venomous
snakes in predator/prey coevolutionary arms races, resulting in a diversity of structurally similar toxins in a single
venom and allowing the venom toxins repertoire to stay a
step ahead of prey defensive responses [1,17]. Thus ASSET
plays an important role in changing the molecular target
and hence the pharmacology of these toxins.

Methods
Tissues and reagents
Extraction of venom glands and liver from Sistrurus catenatus edwardsii (Desert Massasauga) were reported previously (Pahari et al. 2007). RNeasy mini kit, DNeasy DNA
extraction kit, Qiaquick gel extraction and PCR purification kit, and a QiaPrep mini prep kit were purchased from
Qiagen (Valencia, CA, USA). GenomeWalker™ kit was
purchased from Clontech Laboratories Inc (Palo Alto, CA,
USA), Long PCR Enzyme Mix was procured from Fermentas (Burlington, ON, Canada), TOPO® XL PCR Cloning kit
was obtained from Invitrogen (Carlsbad, CA, USA), and
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3FTx 4

3FTx 2

3FTx 3

Figure
Three-dimensional
7
models of three-finger toxins from S. catenatus edwardsii venom gland transcriptome
Three-dimensional models of three-finger toxins from S. catenatus edwardsii venom gland transcriptome. Top row shows the
solid ribbon models. Segments are color coded as in Figure 1. Middle and bottom (180° rotation) rows show the electrostatic
potential of both the surface. The positively and negatively charged residues are shown in blue and red colors, respectively, and
the hydrophobic residues are shown in white color.

ABI PRISM® BigDye® terminator cycle sequencing ready
reaction kit was purchased from Perkin Elmer (Foster City,
CA, USA). Oligonucleotides were custom synthesized by
1st BASE (Singapore). All other chemicals and reagents
used were of the purest grade available.
Genomic DNA extraction
Genomic DNA (gDNA) was extracted from the S. catenatus
edwardsii liver tissue (30 mg, previously stored in
RNAlater) using the DNeasy Tissue kit (Qiagen, USA)
according to the manufacturer's instructions. RNaseH was
used during the extraction to remove contaminating RNA.
The integrity of the isolated gDNA was confirmed by 0.8%

agarose gel electrophoresis and DNA was quantified spectrophotometrically.
gDNA PCR
gDNA PCR was performed to obtained the gene sequence
of 3FTx 3 using a gene-specific forward primer 5'ATGAAAACTCTGCTGTTGATCCTGGGGGT-3' and genespecific reverse primer 5'-GCCAATAGTCACTTTTAGAACTATTTGTTGCAGTTGTCTG-3'. The PCR reaction contained 1.0 unit of Long PCR Enzyme Mix, 1 μg of gDNA.
0.2 mM dNTP, 0.2 μM primers and 1 × Long enzyme mix
polymerase buffer in a total of 50 μL. The thermal cycling
reaction involved 35 cycles of one step each at 95°C for 15

Page 9 of 12
(page number not for citation purposes)

BMC Evolutionary Biology 2008, 8:196

s, 60°C for 15 s, 68°C for 3 min followed by a final extension step at 68°C for 10 min. The amplified PCR products
were extracted and cloned as mentioned below.
Construction of GenomeWalking libraries
The GenomeWalking libraries were constructed using the
Universal GenomeWalker™ kit (Clontech Laboratories
Inc, USA) according to the manufacturer's instructions.
Briefly, libraries were constructed with 3 μg of gDNA
restriction digested with DraI, EcoRV, PvuII and StuI. The
'genome walk' involved two sets of primers: adaptor
primer 1 (AP1-sense) 5'-GTAATACGACTCACTATAGGGC-3' and nested PCR adaptor primer 2 (AP2-sense) 5'ACTATAGGGCACGCGTGGT-3', both provided in the kit,
and 25-mer and 27-mer gene-specific primers designed
from the signal peptide regions of cDNAs of all the threefinger toxins. Primary and nested PCRs were performed as
recommended by the manufacturer (BD GenomeWalker™) using Advantage Polymerase 2 Mix obtained
from Clontech Laboratories Inc (Palo Alto, CA, USA). The
50.0 μl reaction mixture consisted of 1 μl of DNA template (0.1 μg) (either from each library or from primary
PCR products), 1× PCR buffer (provided in the kit), 0.2
mM dNTPs, 0.2 μM appropriate adaptor primers, 0.2 μM
of appropriate gene-specific primers, 1× Advantage™ 2
polymerase mix. The thermal cycling profile used was as
follows: 7 cycles of 94°C for 2 s, 72°C for 3 min; 32 cycles
of 94°C for 2 s, and 67°C for 4 min followed by a final
extension at 67°C for 7 min. The PCR products were purified, cloned and sequenced.
Cloning and sequencing
PCR products were subjected to 1% agarose gel electrophoresis, visualized by ethidium bromide staining and
purified using a gel extraction kit or PCR purification kit.
Purified PCR products were ligated either to pDrive vector
(Qiagen, Hilden, Germany) or pCR®-XL-TOPO® vector
(Invitrogen, USA). Ligated vectors were transformed to
DH5a competent cells by heat shock. Kanamycin (100 mg
mL-1) was used for antibiotic resistance selection. Blue/
white colony screening was done on LB agar plates using
80 mg mL-1 X-gal and 0.5 mL L-1 of 100 mM isopropyl-βD-thiogalacto-pyranoside (IPTG) to select the positive
colonies.

DNA sequencing reactions were carried out using the ABI
PRISM® BigDye® terminator cycle sequencing ready reaction kit (BDV3.1) according to manufacturer's instructions (Applied Biosystem, Foster City, CA, USA). DNA
sequencing was carried out using an ABI PRISM® 3100
automated DNA sequencer.

http://www.biomedcentral.com/1471-2148/8/196

website. Multiple sequence alignment was done using
DNAMAN and online DIALIGN Multiple Sequence Alignments tool at BiBiServ [37]. A neighbor-joining tree was
constructed using DNAMAN version 4.1.5.1 (Lynnon BioSoft).
Molecular modeling
Three dimensional structures of three-finger toxins from
Desert Massasauga (Sistrurus catenatus edwardsii) venom
gland transcriptome were modeled using the online ITASSER server for protein 3D structure prediction [38].
The server predicts the folds and secondary structure by
profile-profile alignment (PPA) threading techniques. For
each protein, 3–4 models were obtained. The model with
the lowest free energy was used for further analysis. Ribbon structure diagrams and surface charge models were
created using the DS ViewerPro software to compare
potential differences in electrostatic charges of these
viperid 3FTx.
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Comparison of gene structure of Sistrurus catenatus edwardsii three-finger toxin genes. The gene sequence of the three-finger gene was divided
into various segments and similar/dissimilar color coding was given on the
basis of sequence homology.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712148-8-196-S2.pdf]

Sequence analysis and phylogenetic tree
Sequence analysis was carried out using the BLASTX program at National Center for Biotechnology Information

Page 10 of 12
(page number not for citation purposes)

BMC Evolutionary Biology 2008, 8:196

Acknowledgements

http://www.biomedcentral.com/1471-2148/8/196

20.

This work was supported by a grant to R.M. Kini from the Biomedical
Research Council, Agency for Science, Technology and Research, Singapore.
21.

References
1.

2.
3.
4.

5.
6.

7.

8.

9.
10.
11.

12.
13.

14.

15.

16.

17.

18.
19.

Mackessy SP: Venom composition in rattlesnakes: trends and
biological significance. In The Biology of Rattlesnakes Edited by:
Hayes WK, Beaman KR, Cardwell MD, Bush SP. California: Loma
Linda University Press, Loma Linda; 2008.
Menez A: Functional architectures of animal toxins: a clue to
drug design? Toxicon 1998, 36:1557-1572.
Tsetlin V: Snake venom alpha-neurotoxins and other 'threefinger' proteins. Eur J Biochem 1999, 264:281-286.
Nakashima K, Ogawa T, Oda N, Hattori M, Sakaki Y, Kihara H, et al.:
Accelerated evolution of Trimeresurus flavoviridis venom
gland phospholipase A2 isozymes. Proc Natl Acad Sci USA 1993,
90:5964-5968.
Deshimaru M, Ogawa T, Nakashima K, Nobuhisa I, Chijiwa T, Shimohigashi Y, et al.: Accelerated evolution of crotalinae snake
venom gland serine proteases. FEBS Lett 1996, 397:83-88.
Nobuhisa I, Nakashima K, Deshimaru M, Ogawa T, Shimohigashi Y,
Fukumaki Y, et al.: Accelerated evolution of Trimeresurus okinavensis venom gland phospholipase A2 isozyme-encoding
genes. Gene 1996, 172:267-272.
Ohno M, Menez R, Ogawa T, Danse JM, Shimohigashi Y, Fromen C,
et al.: Molecular evolution of snake toxins: is the functional
diversity of snake toxins associated with a mechanism of
accelerated evolution? Prog Nucleic Acid Res Mol Biol 1998,
59:307-364.
Gong N, Armugam A, Jeyaseelan K: Molecular cloning, characterization and evolution of the gene encoding a new group of
short-chain alpha-neurotoxins in an Australian elapid, Pseudonaja textilis. FEBS Lett 2000, 473:303-310.
Lachumanan R, Armugam A, Tan CH, Jeyaseelan K: Structure and
organization of the cardiotoxin genes in Naja naja sputatrix.
FEBS Lett 1998, 433:119-124.
Chang LS, Huang HB, Lin SR: The multiplicity of cardiotoxins
from Naja naja atra (Taiwan cobra) venom. Toxicon 2000,
38:1065-1076.
Chang L, Lin S, Huang H, Hsiao M: Genetic organization of alphabungarotoxins from Bungarus multicinctus (Taiwan banded
krait): evidence showing that the production of alpha-bungarotoxin isotoxins is not derived from edited mRNAs. Nucleic
Acids Res 1999, 27:3970-3975.
Kordis D, Gubensek F: Adaptive evolution of animal toxin multigene families. Gene 2000, 261:43-52.
Nakashima K, Nobuhisa I, Deshimaru M, Nakai M, Ogawa T, Shimohigashi Y, et al.: Accelerated evolution in the protein-coding
regions is universal in crotalinae snake venom gland phospholipase A2 isozyme genes. Proc Natl Acad Sci USA 1995,
92:5605-5609.
Slowinski JB, Knight A, Rooney AP: Inferring species trees from
gene trees: a phylogenetic analysis of the Elapidae (Serpentes) based on the amino acid sequences of venom proteins.
Mol Phylogenet Evol 1997, 8:349-362.
Chuman Y, Nobuhisa I, Ogawa T, Deshimaru M, Chijiwa T, Tan NH,
et al.: Regional and accelerated molecular evolution in group
I snake venom gland phospholipase A2 isozymes. Toxicon
2000, 38:449-462.
Chijiwa T, Deshimaru M, Nobuhisa I, Nakai M, Ogawa T, Oda N, et
al.: Regional evolution of venom-gland phospholipase A2
isoenzymes of Trimeresurus flavoviridis snakes in the southwestern islands of Japan. Biochem J 2000, 347:491-499.
Mackessy SP, Williams K, Ashton K: Characterization of the
venom of the midget faded rattlesnake (Crotalus oreganus
concolor): a case of venom paedomorphosis? Copeia 2003,
4:769-782.
Fry BG, Wuster W, Kini RM, Brusic V, Khan A, Venkataraman D, et
al.: Molecular evolution and phylogeny of elapid snake venom
three-finger toxins. J Mol Evol 2003, 57:110-129.
Fry BG, Lumsden NG, Wuster W, Wickramaratna JC, Hodgson WC,
Kini RM: Isolation of a neurotoxin (alpha-colubritoxin) from a
nonvenomous colubrid: evidence for early origin of venom in
snakes. J Mol Evol 2003, 57:446-452.

22.

23.

24.
25.
26.
27.
28.
29.

30.

31.

32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.

Junqueira-de-Azevedo IL, Ching AT, Carvalho E, Faria F, Nishiyama
MY Jr, Ho PL, et al.: Lachesis muta (Viperidae) cDNAs reveal
diverging pit viper molecules and scaffolds typical of cobra
(Elapidae) venoms: implications for snake toxin repertoire
evolution. Genetics 2006, 173:877-889.
Pawlak J, Mackessy SP, Fry BG, Bhatia M, Mourier G, Fruchart-Gaillard
C, et al.: Denmotoxin: a three-finger toxin from colubrid
snake Boiga dendrophila (mangrove catsnake)with bird-specific activity. J Biol Chem 2006.
Lumsden NG, Fry BG, Ventura S, Kini RM, Hodgson WC: Pharmacological characterisation of a neurotoxin from the venom of
Boiga dendrophila (mangrove catsnake).
Toxicon 2005,
45:329-334.
Pahari S, Mackessy SP, Kini MR: The venom gland transcriptome
of the Desert Massasauga Rattlesnake (Sistrurus catenatus
edwardsii): towards an understanding of venom composition
among advanced snakes (Superfamily Colubroidea). BMC Mol
Biol 2007, 8:115.
Nirthanan S, Gopalakrishnakone P, Gwee MC, Khoo HE, Kini RM:
Non-conventional toxins from Elapid venoms. Toxicon 2003,
41:397-407.
Breathnach R, Chambon P: Organization and expression of
eucaryotic split genes coding for proteins. Annu Rev Biochem
1981, 50:349-383.
Callis J, Fromm M, Walbot V: Introns increase gene expression
in cultured maize cells. Genes Dev 1987, 1:1183-1200.
Buchman AR, Berg P: Comparison of intron-dependent and
intron-independent gene expression. Mol Cell Biol 1988,
8:4395-4405.
Tamiya T, Fujimi TJ: Molecular evolution of toxin genes in Elapidae snakes. Mol Divers 2006, 10:529-543.
Afifiyan F, Armugam A, Tan CH, Gopalakrishnakone P, Jeyaseelan K:
Postsynaptic alpha-neurotoxin gene of the spitting cobra,
Naja naja sputatrix: structure, organization, and phylogenetic analysis. Genome Res 1999, 9:259-266.
Tamiya T, Ohno S, Nishimura E, Fujimi TJ, Tsuchiya T: Complete
nucleotide sequences of cDNAs encoding long chain alphaneurotoxins from sea krait, Laticauda semifasciata. Toxicon
1999, 37:181-185.
Fujimi TJ, Nakajyo T, Nishimura E, Ogura E, Tsuchiya T, Tamiya T:
Molecular evolution and diversification of snake toxin genes,
revealed by analysis of intron sequences.
Gene 2003,
313:111-118.
Zhang J, Zhang F, Peterson T: Transposition of reversed Ac element ends generates novel chimeric genes in maize. PLoS
Genet 2006, 2:e164.
Jiang N, Bao Z, Zhang X, Eddy SR, Wessler SR: Pack-MULE transposable elements mediate gene evolution in plants. Nature
2004, 431:569-573.
Alape-Giron A, Persson B, Cederlund E, Flores-Diaz M, Gutierrez JM,
Thelestam M, et al.: Elapid venom toxins: multiple recruitments
of ancient scaffolds. Eur J Biochem 1999, 259:225-234.
Kini RM, Chan YM: Accelerated evolution and molecular surface of venom phospholipase A2 enzymes. J Mol Evol 1999,
48:125-132.
Kini RM: Molecular moulds with multiple missions: functional
sites in three-finger toxins. Clin Exp Pharmacol Physiol 2002,
29:815-822.
Pohler D, Werner N, Steinkamp R, Morgenstern B: Multiple alignment of genomic sequences using CHAOS, DIALIGN and
ABC. Nucleic Acids Res 2005, 33:W532-W534.
Zhang Y: I-TASSER server for protein 3D structure prediction. BMC Bioinformatics 2008, 9:40.
Potter LT: Snake toxins that bind specifically to individual subtypes of muscarinic receptors. Life Sci 2001, 68:2541-2547.
Yasuda O, Morimoto S, Chen Y, Jiang B, Kimura T, Sakakibara S, et al.:
Calciseptine binding to a 1,4-dihydropyridine recognition
site of the L-type calcium channel of rat synaptosomal membranes. Biochem Biophys Res Commun 1993, 194:587-594.
Yasuda O, Morimoto S, Jiang B, Kuroda H, Kimura T, Sakakibara S, et
al.: FS2. a mamba venom toxin, is a specific blocker of the Ltype calcium channels. Artery 1994, 21:287-302.
McDowell RS, Dennis MS, Louie A, Shuster M, Mulkerrin MG, Lazarus
RA: Mambin, a potent glycoprotein IIb-IIIa antagonist and
platelet aggregation inhibitor structurally related to the
short neurotoxins. Biochemistry 1992, 31:4766-4772.

Page 11 of 12
(page number not for citation purposes)

BMC Evolutionary Biology 2008, 8:196

43.
44.

45.

46.
47.

48.

http://www.biomedcentral.com/1471-2148/8/196

Kumar TK, Jayaraman G, Lee CS, Arunkumar AI, Sivaraman T, Samuel
D, et al.: Snake venom cardiotoxins-structure, dynamics,
function and folding. J Biomol Struct Dyn 1997, 15:431-463.
Wang CH, Liu JH, Lee SC, Hsiao CD, Wu WG: Glycosphingolipidfacilitated membrane insertion and internalization of cobra
cardiotoxin. The sulfatide.cardiotoxin complex structure in
a membrane-like environment suggests a lipid-dependent
cell-penetrating mechanism for membrane binding polypeptides. J Biol Chem 2006, 281:656-667.
Wu PL, Lee SC, Chuang CC, Mori S, Akakura N, Wu WG, et al.:
Non-cytotoxic cobra cardiotoxin A5 binds to alpha(v)beta3
integrin and inhibits bone resorption. Identification of cardiotoxins as non-RGD integrin-binding proteins of the Ly-6
family. J Biol Chem 2006, 281:7937-7945.
Karlsson E, Mbugua PM, Rodriguez-Ithurralde D: Fasciculins, anticholinesterase toxins from the venom of the green mamba
Dendroaspis angusticeps. J Physiol (Paris) 1984, 79:232-240.
Banerjee Y, Mizuguchi J, Iwanaga S, Kini RM: Hemextin AB complex–a snake venom anticoagulant protein complex that
inhibits factor VIIa activity. Pathophysiol Haemost Thromb 2005,
34:184-187.
Rajagopalan N, Pung YF, Zhu YZ, Wong PT, Kumar PP, Kini RM:
{beta}-Cardiotoxin: a new three-finger toxin from Ophiophagus hannah (king cobra) venom with beta-blocker activity. FASEB J 2007.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 12 of 12
(page number not for citation purposes)

