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Abstract

Background: Snake venom toxins evolve more rapidly than other proteins through accelerated
changes in the protein coding regions. Previously we have shown that accelerated segment switch
in exons to alter targeting (ASSET) might play an important role in its functional evolution of viperid
three-finger toxins. In this phenomenon, short sequences in exons are radically changed to
unrelated sequences and hence affect the folding and functional properties of the toxins.

Results: Here we analyzed other snake venom protein families to elucidate the role of ASSET in
their functional evolution. ASSET appears to be involved in the functional evolution of three-finger
toxins to a greater extent than in several other venom protein families. ASSET leads to replacement
of some of the critical amino acid residues that affect the biological function in three-finger toxins
as well as change the conformation of the loop that is involved in binding to specific target sites.

Conclusion: ASSET could lead to novel functions in snake venom proteins. Among snake venom
serine proteases, ASSET contributes to changes in three surface segments. One of these segments
near the substrate binding region is known to affect substrate specificity, and its exchange may have
significant implications for differences in isoform catalytic activity on specific target protein
substrates. ASSET therefore plays an important role in functional diversification of snake venom
proteins, in addition to accelerated point mutations in the protein coding regions. Accelerated
point mutations lead to fine-tuning of target specificity, whereas ASSET leads to large-scale
replacement of multiple functionally important residues, resulting in change or gain of functions.

Background

Snake venoms contain a mixture of proteins and polypep-
tides which exhibit various biochemical and pharmaco-
logical functions. These proteins and polypeptides are
classified into non-enzymatic and enzymatic proteins
which belong to a small number of superfamilies, such as
three-finger toxins (3FTx), Kunitz-type serine protease
inhibitors, phospholipase A,(PLA,) enzymes, serine pro-
teases and metalloproteases [1-12]. Members of these

superfamilies have similar protein scaffolds but, at times,
differ markedly in their biological effects. For example,
members of 3FTx family exhibit a wide variety of specific
pharmacologic effects by targeting various receptors and
ion channels with high affinity and specificity. Short
chain and long chain a-neurotoxins antagonize muscle
nicotinic acetylcholine receptors [5,12], k-bungarotoxins
recognize neuronal nicotinic receptors [13], muscarinic
toxins are selective agonists/antagonists of distinct sub-
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types of muscarinic acetylcholine receptors [14], fasci-
culins inhibit acetylcholinesterase [15], calciseptine and
related toxins block the L-type Ca2+ channels [16,16,17],
cardiotoxins/cytotoxins exert their toxicity by forming
pores in cell membranes [18], and dendroaspins are
antagonists of various cell-adhesion processes [19].

Similarly, other venom proteins, such as the Kunitz-type
serine protease inhibitors, have a conserved fold and are
structurally similar to bovine pancreatic trypsin inhibitor
(BPTI) [20]. They have been reported to inhibit proteo-
lytic activity of trypsin or chymotrypsin specifically
[3,21,21-23]. In addition, some inhibitor-like proteins
specifically block potassium and calcium channels [24-
27]. Snake venom PLA, isoenzymes, also characterized by
a highly conserved fold, are known to induce various
pharmacological activities such as neurotoxic, myotoxic,
cardiotoxic, anticoagulant, and antiplatelet effects
through specific interaction with their target proteins (for
areview see [28]). Thus many subfamilies and isoforms of
snake venom serine proteases and metalloproteases act on
various components of the coagulation cascade and
induce procoagulant or anticoagulant effects, as well as
affect platelet aggregation, fibrinolytic and kallikrein-
kinin systems [29-35]. The isoforms of the different super-
families are known to evolve through a process of gene
duplication followed by accelerated point mutations in
the protein coding regions.

In venom proteins, comparisons of cDNA and gene
sequences have shown that nonsynonymous nucleotide
substitutions (leading to change in amino acid residues)
are commonly greater than synonymous nucleotide sub-
stitutions (not producing change in amino acid residues)
in the protein coding region compared to the non-coding
(UTRs) and intron regions [36-38]. Thus, protein coding
regions of genes encoding 3FTxs [39-41], Kunitz-type ser-
ine protease inhibitors [42], PLA, enzymes [7,43,44] and
serine proteases [8] appear to be undergoing accelerated
point mutations, resulting in numerous isoforms. Indi-
vidual point mutations affect one residue at a time, lead-
ing to small change in the surface characteristics of a
protein. Therefore, point mutations may contribute to
fine tuning of toxin specificities by (a) improving the spe-
cificity towards a particular receptor or ion channel; (b)
altering the specificity towards a closely related receptor or
ion channel; and (c) modifying the species specificity.
However, accelerated point mutations may not be suffi-
cient to explain drastic changes in the molecular surface
needed for the observed targeting of toxins with conserved
scaffolds to diverse receptors or ion channels.

In a recent study, we identified five transcripts encoding
3FTxs from the cDNA library of venom gland tissues of
Sistrurus catenatus edwardsii [45]. These transcripts showed
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very low sequence similarity with elapid 3FTxs except for
the conserved signal peptide and the number and posi-
tion of cysteines. A systematic comparison of their
sequences revealed that some of the segments in the
mature proteins were 80-100% identical, whereas other
segments were only 12.5-50% similar [46]. Some seg-
ments in the protein coding region seem to be exchanged
with distinctly different segments, keeping the structural
fold intact during their evolution. Interestingly, the seg-
ments in the introns of genes encoding these same pro-
teins show high similarity (>85%) when present; and
profound differences in segments appear to be restricted
to exons only. Such switching of segments in the exon
alters the surface topology and charge of the mature pro-
tein, which might alter the molecular targets of 3FIxs and
contribute to the evolution of novel function. Therefore,
we proposed that the phenomenon of accelerated seg-
ment switch in exons to alter targeting (ASSET) might play
an important role in the evolution of 3FTxs in viperid
snake venoms [46].

Here we have analyzed isoforms of 3FIxs from elapid
snake venoms, as well as toxins from other protein super-
families, to evaluate whether ASSET plays a role in their
evolution. Elapid 3FTxs have been found to undergo
changes due to ASSET as observed for viperid 3FTxs. Due
to such exchange of segments, functionally important res-
idues are changed, which might significantly affect their
function. In some of these toxins, such change has lead to
the evolution of demonstrated novel functions [19,47],
and thus the 3FTx toxin family seem to be functionally
evolving through ASSET. In the Kunitz-type serine pro-
tease inhibitor family, ASSET does not seem to play an
important role in evolution, even though there are multi-
ple isoforms. The enzymatic families, such as PLA, and
metalloproteases, appear to be evolving more through
accelerated point mutations rather than ASSET. In these
families, some of the segments seem to be exchanged dur-
ing their evolution, but functional implication of such
changes is not clearly understood. However, in the serine
protease family, three segments near the substrate binding
region have been found to be undergoing accelerated
exchange of segments, and at least one of them may have
significant implications for their substrate specificity.

Results and Discussion

Three-finger toxin (3FTx) family

3FTxs form a well-characterized superfamily of non-enzy-
matic proteins. They have a canonical three-finger fold of
extending - sheeted loops that is stabilized by four con-
served disulphide bridges in the core region. Until
recently, this family of proteins was thought to be present
only in elapid venom [48]. However, 3FTxs have now
been reported in colubrid venoms and in viperid venom
gland transcriptomes as well [45,49-52]. Different iso-
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forms of 3FTxs bind to various receptors/acceptors and
exhibit diverse pharmacological functions despite their
similar folding (for a review see [53]). Functionally
important residues that are involved in interacting with
the target receptors/ion channels generally reside in the
tip of the loops [54]. Therefore the amino acid sequences,
length and conformation of the loops play important role
in their functional specificity (for reviews see [53,55].

Amino acid sequences of 3FTxs isolated from venoms of
the same genus of elapids were grouped together and ana-
lyzed for ASSET and point mutations (Figure 1). The seg-
ments with high identity (60-100%) are shown in similar
colors, whereas those with low identity (13%-50%) are
shown in dissimilar colors. For example, among Naja
3FTxs, the S2 segments in P29179, Q9YGI2 and Q9W713
show 60-100% identity (shown in turquoise), and the
same segment shows 91.7% identity between 073856
and P01443 (shown in green). However, they share low
identity with corresponding segments in other species
(shown in various colors). Thus, Naja 3FIxs have seven
different types of S2 segments. Overall, there are nine (S1-
S9) distinct segments (Figure 1) with varied identities, and
within the same genus some segments are represented by
more than one type. S1 (signal peptide) and S8 segments
are the most conserved among all elapid 3FTxs, whereas
S5 and S9 are found only in long chain 3FTxs. The replace-
ment of segments has been found to occur only in exons
Il and III (exon-intron boundaries are marked by red
dashed lines), while exon I codes for the highly conserved
signal peptide in all 3FTxs. Thus, as in the case of Sistrurus
3FTxs, elapid toxins also show discrete replacement of seg-
ments in protein coding regions. Such accelerated
exchange of segments (ASSET) results in drastic changes in
function (discussed below).

The three-finger folds of 3FTxs are held together by four
conserved disulfide bridges. However, some 3FTxs have a
fifth disulfide bridge in either the second loop (long chain
neurotoxins and k-neurotoxins [56]) or the first loop
(non-conventional toxins [57]). The insertion of the fifth
disulfide bridge in the second loop of long chain 3FTx is
due to a change in the intron-exon boundary. This altera-
tion in the intron-exon boundary is due to an insertion of
a single nucleotide "A" in intron 2 which causes a shift in
the splicing site [40], leading to the insertion of a short
segment (S5) containing a cysteine residue. In the S4 seg-
ment, there is also a frame shift due to the deletion of a
nucleotide, leading to a completely different sequence
which also contains a new cysteine residue. Both cysteine
residues form the fifth disulphide bridge and a cyclic
structure in the second loop that is important to their
binding to a7 receptors with high affinity [58]. The inser-
tion of this short segment in long chain 3FTxs leads to a
new function - binding to a7 receptors. In contrast, the
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fifth disulphide bridge in the first loop of short chain
3FTxs is due to exchange of segments (ASSET). This addi-
tional fifth disulphide bridge does not change the overall
fold but it causes subtle changes in the first loop which are
known to have functional implications [56]. Further, the
number of amino acid residues in this segment differs
among the toxins and hence would lead to change in the
length of the loop.

As mentioned above, the loops play a crucial role in the
recognition of target receptors/ion channels. For example,
the third loop in dendroaspin (or mambin; P01413) con-
tains the "RGD" tripeptide sequence (underlined in Figure
1) which is known to bind to platelet glycoprotein (GP
IIb-11Ia; oy,Py;) and cause inhibition of platelet aggrega-
tion [19]. The S7 segment containing this sequence is
replaced in other Dendroaspis toxins (Figure 1). This
exchange of segment seems to be responsible for the loss
of antiplatelet function in them. In one of the toxins
(P25684), this segment is replaced with a segment con-
taining the TAMW residues (underlined in Figure 1). In
calciseptine, FS2 and other related toxins, this sequence is
known to be involved in binding to L-type Ca2+ channels
[47]. This segment in dendroaspin and FS2 shows a differ-
ent conformation (Figure 2) which might also influence
their function. As shown in Figure 1, the S7 segment is the
most variable among the Dendroaspis toxins and may
result in functional diversification due to accelerated
exchange.

Short chain and long chain a-neurotoxins are known to
antagonize muscle nicotinic acetylcholine receptors,
resulting in flaccid paralysis [5,12]. The structure-function
relationships of o-neurotoxins have been thoroughly
studied using both chemical modification and genetic
engineering approaches [54,59-61]. Unlike dendroaspin
and calciseptine (Figure 1), the functional site in the neu-
rotoxins is discontinuous and is distributed on all three
loops [54]. In erabutoxin a (BAC78199), the important
functional residues involved in binding to Torpedo electro-
plax or to muscle nAChR (a,By3) are Lys2?, Trp2° (S3),
Asp31, Phe32, Arg33 (S5) and Lys*7 (S§7) (underlined in Fig-
ure 1) [56]. Although Lys?7, Trp2° and Arg33 are conserved
in all Laticauda toxins, the other critical residues (Asp3!,
Phe32 and Lys*7?) are replaced via exchange of segments.
We hypothesize that these segment exchanges may have a
direct impact on their ability to bind to Torpedo or muscle
(azp,5) receptors.

It is also important to note that there are minor changes
in amino acid residues within the identical segments
(highlighted in white in Additional file 1) and these
changes are due to an accelerated rate of point mutations.
Both ASSET and accelerated point mutations have con-
tributed to the functional diversity of elapid 3FTXs; ASSET
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Sistrurus catenatus edwardsii

3FTx 1
3FTx 4
3FTx 5
3FTx 2
3FTx 3

Naja species

P29179
Q9YGI2
QOW7I3
QOPTTO
Qow717
P49122
Q8UUKO
P01443
073856
042257

Ophiophagus hannah

ABB83637
ABB83639
ABB83630
ABB83635
AAR10442
ABB83626
AAT97255
P82662

EXON | EXON II
S1 S2 S3
LECYSCNMTFSILPLKLCRSVM-——|

CFDPKP——|

LTCLICPEKYCNKVH
LTCLICPEKYCNKVH
LTCLNCPEMFCGKEQ

LKCHNTQLPFIYN-—

TCYTQYSLSPPTTK]
LICH-QVHGLQ—

SEL=2E2EZDR

Bungarus species

CAA06886
Q70WS8
AAL30059
Q800Y3
QIYGI8
P0C555
P43445
Qow727
P0OC552
CAB51841
CAA72433

LTCLICPEKDCQKVH-|
[KTCENDDLTNPKTTE

53535383293
R ER

Dendroaspis species

P25518
P18030
AAB28452
P01410
P01413
POC1Y9
P01416
P01404
P01405
P18329
P25684
P25682
P25667

(03)

(01)

(03)

(07)

(01)

(04) TMCYSHTTTSRAILT]
(04)

(02)

(02)

(02)

(05) RICYSHKASLPRAT
(01)

(06)

Laticauda semifasciata

BAC78199
0901189B

BAA32992
Q77213

Figure |

RICFKTPY--—-VKSE]|

3833
W =0
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EXON Il
S7 S8
-~ ~KCCETNKCNII
KCCQTNKCNII
KCCETDKCNFI
KCCNTNLCNA-

S6 s7 S8

RRYDEEEARTE Cp TVK TG TVQ-CCSTDKCNH

[-CCSTDKCNH
CPGTKPRDMVE-CCNTDRCNR—-—

—-CCSTDKCNK—-——————
ERIERGCSLTCPDIKYNGKYIYCCTRDNCNA-—

cP SKK-PYEEVTCCSTDKCNE AEROREE
PVIEQGCVATCPOFRSNYRSLLCCTTDNCNH-——————

CPSVNTGTEIKCCSADKCNTYP———
CPRAEPKEDTTCCSKDNCNPHP———

Alignment of three-finger toxins from snake venoms. Protein sequences were obtained from the NCBI database and
are presented with their accession numbers. The signal peptide is similar in all the proteins and is shown in grey color; for
those protein sequences whose signal peptide is not available, it is kept blank. The number of sequences of closely related
homologues is shown in brackets. Based on structural identity, the mature protein is divided into several segments (S1-S9). To
emphasize sequence similarities, segments with >50% identity are given similar colors, whereas <50% are given dissimilar
colors. The gaps are inserted to optimize the alignments and shown as '-', and some of the functionally important amino acid
residues are underlined (see text for details). The intron-exon boundary is marked with vertical red dashed lines.
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Figure 2

Ribbon model of (a) dendroaspin (PDB ID: 1DRS) and
(b) FS2 (PDB ID: 1TFS). In dendroaspin, the segment CFT-
PRGDMPGPY is shown in magenta, whereas in FS2, the seg-
ment CPTAMWPYQTA is shown in green. Side chains of
RGD and TAMW, the key residues in their functional motifs
are shown. This segment exchange has profound effects on
activity: dendroaspin is a potent antiplatelet protein interact-
ing with oy,B3, whereas FS2 is a potent blocker of L-type
Ca?* channels.

leads to major changes in the surface properties, resulting
in targeting of new receptors, while accelerated point
mutations lead to fine-tuning of binding to the same
receptors through minor alterations of the surface charge
and topology.

Kunitz-type serine protease inhibitor family

Snake venom Kunitz-type serine protease inhibitors have
been reported from both elapid and viperid venoms.
Structurally, they are similar to Kunitz/BPTI inhibitors
with a conserved fold stabilized by three disulphide
bridges [6]. As with other toxin families, the isoforms are
encoded by a multigene family and have evolved through
gene duplication and positive selection [8]. The isoforms
from the same genus are grouped together as above and
analyzed for ASSET and accelerated point mutations
(Additional file 2).

Though the snake venom Kunitz-type serine protease
inhibitor family contains multiple isoforms, functionally
they are not as diverse as other venom protein super-
families, and they can be divided into either non-neuro-
toxic or neurotoxic homologs. Non-neurotoxic homologs
inhibit either trypsin or chymotrypsin, while neurotoxic
homologs act as calcium and potassium channel blockers
which do not have protease inhibitory activity [26,27,42].
Structurally, both groups have a conserved fold similar to
BPTI, but the inhibitor binding loops and the B turn
regions have undergone adaptive evolution, resulting in
new biological activities [6]. Analysis of the amino acid
sequences of the isoforms shows that there is no radical
change in the amino acid residues in the mature proteins,
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as observed in 3FIxs. However, they have undergone
adaptive evolution through accelerated point mutation
(Additional file 2). In calcicludine and dendrotoxin-I, the
N-terminal part and overall conformation play a signifi-
cant role in calcium and potassium channel-blocking
activity (Additional file 2). This has been demonstrated by
synthesizing chimeras containing the N-terminal (1-30)
of calcicludine and C-terminal (31-60) of dendrotoxin-I,
and vice versa [24]. However, there are not enough
Kunitz-type serine protease inhibitors and dendrotoxin
sequences from Dendroaspis species in the database in
order to determine if they have evolved through ASSET.
Similarly, the B chain of B-bungarotoxin (from Bungarus)
is also a Kunitz-type serine protease inhibitor but does not
have protease inhibitory activity; however, it contributes
to neurotoxicity [62]. The interaction of the B chain with
the potassium channel was predicted to be localized
opposite of the anti-protease loop, between residues 27—
30 [63]. In addition to this, the mature protein shows
accelerated point mutations which resulted in the intro-
duction of a cysteine residue at the C-terminal end
(underlined in Additional file 2). This extra cysteine resi-
due forms the disulphide bridge with chain A [63]. Fur-
ther, the C-terminal region of chain B shows a
conformational change due to its interaction with the
chain A and accounts for the lack of protease inhibitor
activity [63]. Unlike 3FTxs, where ASSET has played an
important role in the evolution of new functions, devia-
tion of some members of Kunitz-type serine protease
inhibitors from protease inhibitory activity is mainly due
to accelerated point mutations. This might explain the
low functional diversity in this group of toxins, even
though they have multiple isoforms.

Phospholipase A, (PLA,) family

PLA, enzymes are one of the best-studied hydrolytic
enzymes and are found abundantly in nature. Snake ven-
oms are a good source of these enzymes and often contain
multiple isoenzymes. In addition to a role in the digestion
of prey, they induce a wide variety of pharmacological
effects in prey/victims (for a review see [64]). It has been
well documented that accelerated point mutations have
occurred in the protein coding regions, and this adaptive
mode of evolution might also be responsible for acquisi-
tion of new functions [65]. We analyzed the elapid and
viperids PLA, isoenzymes to determine if ASSET has
played any role in the functional evolution of these toxins.

Comparison of the amino acid sequences of PLA, isoen-
zymes in all genera revealed that the N-terminal region
seems to be undergoing exchange of segment except in
Naja species (Figure 3; segments are shown in different
colors). This segment is 13-14 amino acids long (forms
helix B in several PLA, enzymes) and lies between the first
helix and the calcium-binding loop. Differences in

Page 5 of 14

(page number not for citation purposes)


http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1DRS
http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1TFS
http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1DRS
http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1TFS

BMC Evolutionary Biology 2009, 9:146

Naja species |
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I I
CAA54802(17)MTPAHLLILAAYCVSPLGASSSRPMPLNLYQFKNMIQCTVPSRSWWDFADYGCYCGRGGSGTPVDDLDR CQVHDHCYNEAEKISGCWPYSKTYSYE-CSQGTLT-CKGGNNACAAAVCDCDRLAAICFAGAPYNNNNYNIDLKARCQ

P00600 (15)
P60044  (12)

NLYQFKNMIQCTVPNRSWWHFANYGC

Pseudonaja textilis 1

GRGGSGTPVDDLDRCCQOTHDNCYGEAEKISGCWPYIKTYTYESC-QGTLTSC-GANNKCAASVCDCDRVAANCFARATYNDKNYNIDFNARCQ
SNRPMPLNRWQFKNMISCTVPSRSWWDFADYGCYCGRGGSGTPVDDLDRCCQVHDNCYNEAEKISGCNPRFRTYSYE-CTAGTLT-CTGRNNACAASVCDCDRLAAICFAGAPYNDNNYNIDLOARCN
| 1

]
AAD40976 (16) MHPAHLLVPLG CVSLLGAARIPPLPLSLVEFRILIKCANHNSRNVLDYADYGCYCGKGGSGTPVDELDRiCQAHDYCYDDAEKLPACNYRFSGPYWNPYSYKCNEGEVTCTDHNDECKATICNCDRTAAICFAGAPYNDENFMITIKKKNICQ
i

ARZ22644 (05) MHPAHLLVLLG| CVSLLGAASTPRPSLNIMLFGNMIQCTIPCEQSWLGYLDYGCYCGSGSSGIPVDDVDKECKTHDECY YKAGQTPGCSVQPNEVFNVDYSYECNEGQLTCNE,

Austrelaps superbus

NNECEMAVCNCDRAAATICFARFPYNKNYWSINTEIH--CR

I I
AAD56409 (02) MYPAHLLVLLAYCVSLLGASNIPLPSLDFEQFGKMIQC YGCYCGPGGSGTPLDELDRCROTHDNCYAEAGKLPACKAMLSERMNDEYSYGCIERQLTCNDRNDECKAF ICNCDRAAVICF SGAPYNDSNYDIGTIEHCK

AAD56559(17)MYPAHLLVLLAYCVSLLGAASIPPQPLNLVQFSYLIQC

Pseudechis species

YGCYCGKGGSGTPVDELDRFCKIHDDCYGEAEK*KGCYPKMSA ***** YDYYCGENGPYCRN{KKECQR?VCDCDVEAAKCFARAPYNDANWNIDTKKRCQ

1 I
ARZ22671 (06) MSPAHLLVLLAYCVSLLGASDIPPOPLNLYQFKNMIQCANKGSRSWLDYVNYGCYCGWGGSGTPVDELDRCCQTHDNCYDQAGKKGCFPKLTLY SWQCTNJVP TCDSKSGCKDFVCACDAEAAKCFAKAPYKKENFKIDTKTRC

AA222669(19)MSPAHLLVLLAYCVSLLGASDIPPQPLNLYQFKNMIQCANKGSRATWHYLDX;

Crotalus species

CGPGGRGTPVDELDRICQTHDNCYDQAGKKGCFPKLTLYSWQCTG?VPTCNSKSGCKDFVCACDAEAAKCFAKAPYKKENFKIDTKTRC

2007272B(09) MRALWIVAVLLVG:%EGHLLQFNKMI_!GQY(;GWGGRGRPKDATDRCCFVHDCC\}GKLAKCNTKWDIYPYSLKSG‘{ITCGKGTWCEEQICéCJRVAAECLRRSLSTYKYGYMFYPJSRCRGPSETC

Q8uvz7 (02) MRTFWIVAMLLVG

CNggVGSRHKPKDGTDRCCFVHKCC*KKLTDCDPKMDGYTYSFKDKTIICDVNNPCLKEMCQCDKAVAICLRENLDTYNKKYKIYPKFLCKKP*DTC

EGSLVELGKMI|
AAC59673 (11) MRALWIVAVLLVG\}EGSLVEFETLI_EGE‘:C;GAGGQGW?QDASDRCCFEHDCC\]AKLTGCDPTTDVYTYRQEDGEIVCGGDDFCGTQICECJKAAAICFRDSMNTYDYKYLRFSPEI\'CQGESQPC

I 1
Vipers apis species

|

|
CAE47201 (28 MRILWIVAVCLIGI}EGNLYQFGNMIFKMTKKSALLSYSNYGC‘:CGWGGKGKPQDATDR(‘,CFVHDCC‘}GRVNGCDPK;SIYSYSFENGDIv(‘,GGDDPCLRAVCdCJRvAAI(‘,FGENLNTYDKKYKNYPSSH(‘,TfETEQC

)
CAE47294 (33) YGCYCG
CAE47107 (15) MRTLWIVAVCLIG
CAE47136 (52) MRTLWIVAVCLIGAEGHLSQFGDMINKKTGIEGIMSYIYYGCYCGWGGKG
CAE47280 (07) [¥GCYCGVGGKG

MRTLWIVAVCLIG*EGSLLEFGMMI
1

1
Daboia russellii 1
ARZ53182 (10) MRTLWIVAMCLIGYEGNLFQFARMI

(
ARZ53181(02)
ABD24039 (11) MRTLWIVAVCLIGVEGNLFQFAEMT C!
ACD43469 (02) MRTLWIVAVCLIGVEGNLFQFGDMINKKTGREGLLSYVYYGCY!
AAZ53179(03)

MRILWIVAVCLIGWEGSLLEFGKMI
[
1

Figure 3

MRILWIVAVCLIG EGNLFQFAKMINGKLGAFSVWNYISYGCYCGWGGRGTPKDATDRCCFVHDCC;GRVRGCN?KLAIYSYSFKKGNIVCGKNNGCLRDICHCJRVAANCFHQNKNTYSKNYRFLSSSRCRQTSEQC
EGNLFQFGDMILQKTGKEAVHPYAIXQE}CGW”GQGRAQDATDRCCFAQDCCJGRVNDCNPKMATYTYSFENGDIVCGDNDLCLRAVCHCDRAAAICLGENVNTYDKNYEYYSISHCTEESEQC

KPLDATDRCCFVHDCCYGRVNGCDPKMGTYSYSFQNGDIVCGGDDPCLRAVCHCDRVAAICFGENMNTYDKKYMLY SLFDCKEESEQC
TPKDATDRCCEFVHDCCYGNLPDCSPKTDRYKYHRENGAIVCGKGTSCENRICECDRAAAICFRKNLKTYNYIYRNYPDILSKE-SEKC

YGCYQQWGGQGT?KDASDRCCFVHDCCQARVKGCN?KLVEYSYSYRTGKIVCETYNRCKRAVCHCJRVAAICLGQNVNTYNKGYMFLSSYYCRQKSEQC
MRTLWIVAVCLIGYEGNLYQFGEMINOKTEGNEGEESYWVY Y G Q§WGGKGK?QEATERCCFVHDCC*GRVKGCD?KTATYSYSFENGDIVCGGDDPCLRAVCﬂC]RVAAICFRENMNTYDKKYMLYSIFDCKEESDQC

§ YGCYQgWGGQGK?QDATDRCCFVHDCC*GTGNDCN?KMATYSYSFENGDIVCGDNNLCLKTVCqCDRAAAICLGQNVNTYDKKYHNYPPSQCTG*TEQC
WGGQGRAQDATDRCCFVHDCCYGTVNDCNPKTATYSYSFENGDIVCGDNDLCLRTVCECDRARAICLGONVNTYDKNYEYYSISHCTEESEQC
YGE}gﬁWGGKGTPKDATDRCCFVHDCCYGNLPDCNPKSDRYKYKRVNGAIVCEKGTSCENRICIC]KAAAICFRQNLNTYSKKYMLYPDFLCKGELR*C

Alignment of phospholipase A, isoforms from snake venoms. Protein sequences were obtained from the NCBI data-
base and are presented with their accession numbers. The signal peptide is highlighted in grey color. The number of sequences
of closely related homologues is shown in brackets. The calcium binding loop is underlined and gaps are shown with "-". The
region undergoing exchange of segment is given different color coding.

exchange within the same species seem to arise due to
ASSET, as there is more than one amino acid replacement.
As this segment lies near the calcium-binding region, it
might affect catalysis due to changes in the conformation
in this region. For example, in viperid PLA, enzymes, the
sequence LEETGKLAIPSYSS (in AAZ53179) is replaced
with an unrelated sequence VKMTGKEAVHSYAI (in
ABD24039), which clearly imparts significant conforma-
tional changes (Figure 4). However, the impact of such
replacements on catalysis is not clear. In elapids within
the same genera, this segment is represented by two differ-

Figure 4

Ribbon model of (a) daboiatoxin (PDB ID: 2H4C) and
(b) Vipera PLA, (PDB ID: 1Q6V) showing conforma-
tional change due to segment exchange. These changes
may impart differences in biological function (not yet evalu-
ated).

ent types, but in viperids there are several types. Interest-
ingly, in AAD56409 and the y subunit of taipoxin, as a
result of this replacement, two cysteine residues are
inserted. These additional cysteines form the extra disul-
phide bridge, in addition to the seven conserved disul-
phide bridges of PLA, enzymes [66]. Further, the residues
in this short segment have been proposed to play crucial
role in some of the pharmacological effects of PLA,
enzymes [67]. Ammodytoxin A from the venom of Vipera
ammodytes ammodytes interacts with human FXa through
surface residues distributed in helices and the calcium
binding loop. One of the helices (helix B), which is under-
going accelerated segment exchange, is involved in this
interaction [67]. Replacement of critical amino acid resi-
dues through segment exchange can influence the biolog-
ical activity of PLA, enzymes. Other than this segment, the
mature protein in all the groups appears to be evolving via
accelerated point mutations. Though elapid and viperid
PLA, enzymes have evolved from different lineages, it is
interesting to note that the exchange of the segment in
both groups occurs at the same position. Such an
exchange may impart conformational and/or functional
changes.

In addition to this exchange of a segment near the calcium
binding region, the presence or absence of another seg-
ment has been observed in exon III of Austrelaps superbus
PLA, enzymes (Figure 3, shown in green color). This seg-
ment represents the pancreatic loop, an ancestral feature
found in the pancreatic PLA, enzymes. Pancreatic PLA,
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Trimeresurus species

*

http://www.biomedcentral.com/1471-2148/9/146

* iii

1
D67080 (02) MVLIRVLANLLILOLSYAQKSSELVIGGDECNINEHRSLVVLENSSG==ALCGGTL INQEWVLTAAHCDMPNMQIYLGVHSASVPNDDEQARDPEEKYFC_WDKD IMLIRLNRSVRNSKHIAPLSLPSSPPSVGSVCRIMGWGAIT

D67084 MVLIRVLANLLILOLSYAQKSSELVIGGHPCNINEHPFLVL CGGTLINEEWVLTAAHC]

D67079 (02) MVLIRVLANLLILOLEYAQKSSELIIGGDECNINEHRFLVALYTERSRRLHCGGILINQEWVLSAARC
[CGGTLINQDWVVTAAHC]

Q91516 (02) MELIRVLANLLILOLSYAQKSSELVFGGDECNINEHRSLVVIL

FGLESKNVPNKDKQTRVPKEKFFCLSSKNEIKWGKD IMLIRLNRSVNNSTHIAPLSLPSSPPSONTVCNIMGHGTIS
LGMES TNV INEDVQTRVPKEKFFC LS SKEHTRWNKD IMLTRLNSPVNNSTHIAPVSLP SNPPSLGSVCRVMGWGTIS
[FGVESKKILNEDEQTRDPKEKFFCPNRKKDDEVDKDIMLIKLDSSVSNSEHIAPLSLPSSPPSVGSVCRIMGHGKT L
LGAHSKKVLNEDEQIRNPKEKF I CBNKKNDEVLDKD IMLIKLDSPVSYSEHIAPLSLPSSPPSVGSVCRIMGHGSIT
IGMHDKYVKFDDEQGRHPKEKY I F | iSNMIMN " DKD IMLIKLDYPVNY SEHIAPLSLP SSPPSMGSVCRVMGHGAIT

cceTLINQEWML TAAHC MMF GLHSKNVPNKDKQTRVPKEKF F CISSKNNKEWDKD IMLIRLNRPVNNSKHIAPLSLP SKPPSQDTVCNIMGWGTIS
CGGTLINEEWVLTAAHCEGNKMKIHLGMHSKKVPNKDKQTRVPKEKF FCUSSKNYPEWDKD IMLIRLDRPVGNSEHIAPLSLPSSPPSVGSVCRIMGHGTIS
CGGTLINEEWVLTAAHCNRRAMYIFLGVHNI SVKYDDEQRRFPKKKYFC_GDKD IMLIRLNKPVRKSEHIAPLSLPSSPPSVGSVCRVMGWGTIT
L GTHSTKVTNEDVQTRVEKKKFFCLSSKEYTRWDKD IMLIRLKRPVNNSEHIVPVNLP SNPPSLGSVCHIMGWGATT

LGMHSKTVPNEDEQTRVPKEKFF CESSKNY¥EHNWDKD IMLIRLDRPVSNSAHIAPLSLPSSPPSVGSLCRIMGHGTIS
LGVHSKKVLNEDEQTRDPKEKF I CPNRKKDDEKDKD IMLIRLDRPVSNSEHIAPLSLPSSPTSVGSVCRIMGHGINS
F GVHRLKGLNKDAQTRVAKEKF I CBNRKKNDEKDKD IMLIRLDSPVNSSTHIAPISLPSNPPSVGSVCHIMGWGAIT
DKDIMLIRLNKPVSNSEHIAPLSLPSSPPSVGSVCRIMGWGRIS
EKDIMLIRLNNPVSYSEYIAPLSLPSSPPSVGSVCRVMGWGQTT

D67078 MVLIRVLANLLILQLSYAQKSSELVIGGDECNINEHPFLVAL) CGGTLINPEWVLTAAHC]
D67083 MVLIRVLANLLILQLSYAQKSSELVVGGDECNINEHRFLVALYEYTSMTFICGGTLINQEWVLTAAHC]

*
D67080 SPNETYPDVPYCANIKLLRYSLCR-VYQRMPAQSRILCAGILQGGKGICKGDSGGPLICNGQFQGIVHGGGKTCAQPYEPGLY IKVFDYTDWIQNIIAGNTTATCPP
D67084 PTKEIYPDVPHCANINILDHAVCRAFYPGLLEKSKTLCAGILQGGKDICQGDSGGPLICNGQIQGIVSVGGNPCAEPRVPAIYTKVFDHLDWIKSIIAGNTAATCPL
D67079 ATKETHPDVPHCANINILDYSVCRAAYARLPATSRTLCAGILEGGKDSCKADSGGPLICNGEIQGIVSRGGHSCGQPRKPGLY TKVFDHLDWIKSI IAGNKDAICPP
Q91516 PTKEIYPDVPHCANINILDHAVCRTAYSWRQVANTTLCAGILQGGRDTCHFDSGGPLICNGIFQGIVSWGGHPCGQPGEPGVYTKVFDYLDWIKSIIAGNKDATCPP
D67078 PVEETFPDVPHCANINLLDDVECKPGYPELLPEYRTLCAGVLQGGIDTCGFDSGTPLICNGQFQGIVSYGGHPCGQSRKPGIYTKVFDYNAWIQSI IAGNTAATCLP
D67083 PTNETLPDVPHCANINILDHALCRAVFPGLPATSRTLCAGVLQGGTDTCNRDSGGPLICNGQFQGIVFWGWYPCAQPRVPALY TKVFDHLDWIQSITAGNTDAACPP
Sistrurus catenatus edwardsii
DQ464248 MVLIRVLANLLILOLSYAOKSSELVVGGDECNINEHRSLVL!
DQ464239 MVLIRVLANLLILQLSYAQKSSELIIGGDECNINEHRFLAL!
DQ464244 MALIRLLVNLLILOLSYAQKSSELVIGGDECNVNEHRFLALIL
DQ464246 MVLIRVLANLLILQLSYAQKSSELIIGGEECIINEHRFLVALYSFKSKRFHCSGTLINQEWVLTAAHC]
DQ464238 MVLIRVLANLLILOLSYAQKSSELVVGGDECNINEHRFLVALYHSRSKTFLCGGTLLNEEWVLTAAHC]
DQ464241 MVLIRVLANLLILOLSYAQKSSELVVGGEECNINEHRSLVVE | C2GTL INQEWVLTAAHC]
DQ464242 MVLIRVLANLLILOLSYGOKSSELVIGGDECNINEHRSLALVYESENGSENCGGTLINQEWVLTAAHC]
DQ464247 MVLIRVLANLLILOLSYAQKSSELIIGGEECNINEHRFLVALYHSRSKTFLCGGTLLNEEWVLTAAHCNRVFMY IRLGMHNKNVIFDDDHIRYAKEKYFF)
DQ464245 MVLIRVLATLLILQLSYAQKSSELVVGGRPCNINEHRSLVVI] [cAGTLINQEWVLTAAHC PERNEORQLGVHSKKVRNEDEQTRDPREKFFC|
DQ464248 PTKEIYPDVPHCANINILDQAVCREIYP--GLLEKSRVLCAGILEGGKDTCGGDSGGPLICNGEIQGILSVGGDPCAQSHVPALY IKVFDYTEWIQSTITGNTAATCPP
DQ464239 PTKVILPDVPHCVNINLLNYSVCRAAYPEYGLPATSRTLCAGILEGGKDTCVGDSGGPLICNGQFQGIASWGSPNCGYVREPGLY TKVFDHLDWIQSIIAGNTDATCPP
DQ464244 SPNVMLPDVPYCANINILDYEVCQAAYG--GSPATSRTLCAGILEGGKDSCDGDSGGPLICNGQFQGIVSWGADTCAQPRAPGFYTNVFDYTDWIQSIISGNTDATCPP
DQ464246 SPNVTLPGVPHCANINILDHEVCQAAYP--SLTATSRTLCAGI LEGGKSSCDGDSGGPLICNGEFQGIVFWGPDTCAQPDKPSLY TKVFDHLDWIQST IAGNKTVNCPP
DQ464238 PNKETYPNVPHCANINILNYEVCVAAYS--SLPATSRVLCAGVLEGGIDTCNRDSGGPLICDGQFQGIVSWGDGSCAQPDKPALYSKVFDHLDWIQNI IAGNTTVNCPP
DQ464241 PTKETYPDVPHCANINILHHEVCQAAYP--SLTATSGTLCAGILEGGKDACGGDSGGPLICNGEIQGIVSGGEHPCGQVLTPGFYTTVFDYIDWIQSIIAGNTDATCPP
DQ464242 SPNVTLPGVPHCANINILDHEVCQAAYP--SLTATSRTLCAGILEGGKSSCDGDSGGPLICNGEIQGIVSWGGDICAQPREPGVYTKVFDYTDWIQNI IAGNTDATCPP
DQ464247 SPQETLPDVPHCANINLLDYEVCRAAYP--WWPVITRILCAGILEGGKDSCQGDSGGPLICNGEIQGIVSWGARPCGRRLNPGFYTKVFDY IDWIQSITAGNTTVICPQ
DQ464245 STKEIYPNVPRCANINILDYAVCRAAYPEYMLPATSRTLCAGILEGGKDSCKGDSGGPLICNGQFQGILSWGDDPCGYVLQPALYTGVFDHLDWIQSIIAGNTDATCPP

Crotalus species

AAL77226 (04)

ABY65931

AAL77227 (02)
ABA42115 (02)
ABY65929 (02)

ARL77226
ABY65931
AALT7227
ABA42115
ABY65929

MVLIRVLANLLILOLSYAQKSSEP I IGGDECNRNEHRFL-AL CGGTLINEEWVLTAAHCEGNKMKIHLGVHSKKVP -~ fNKDKQTRVAKEKFFC_WDKD IMLIRLDRPVSNSEHIAPLSLPSSPPSVGSVCR
MVLIRVLANLLILOLSYAQKSSELVIGGDECNINEHRLL-ATIV] CAGTLINQEWVLTAAHCDGENMDIYL.GVHNESVQ—— fYDDEEGRVAAEKFFC_WDKD IMLIRLNIPVRNSTHIAPLSLPSSPPSVGSVCR
MVLIRVLANLLILOLSYAQKSSELVVGGDECNINEHRSLVATI-| [CSGTLINQEWVVTAAHC] [LGVHSKKVP----NEDEQTRNPKEKFF CPNKKKDDVLDKD IMLIKLDSPVSNSEHIAPLSLPSSPPSVGSVCH
MVLIRVLANLLILQLSYAQKSSELVI GGDECNINEHRSL*AL\/—CGGTL INKEWVLTAAHC ILGVHRLKDVQTGVSKDVQTRVAKEKF ICPNRKKDDEKDKD IMLIRMDSPVNISTHIAPLSLPSNPPSVGSVCR
MVLIRVLANLLILQLSYAQKSSELVIGGDECNINEHNFLVALYEYWSQSFLCGGTLINGEWVLTAAHCDRKHELENGVHDRSVQ---~FDKEQRRFPKEKYFF [ MMM "DKD TML IRLNKPVS Y SEHIAPLSLPSSPP TVGSVCR

IMGWGTISPTKVILPDVPHCVNINLLNYSVCRAAYPEYGLPATSRTLCAGILEGGKDTCVGDSGGPLICNGOFQGIASWGSPNCGYVREPALY TKVFDHLDWIQSITAGNTDATCPFVNE
VMGWGTITSPNETYPDVPHCANINLFDYEVCLAAYPEFGLPATSRTLCAGIQQGGKDTCGSDSGGSLICNGQFQGIVSWGDNPCAQPHKPALY TKVLDDTEWIQSIIAGNTAVICPP———
IMGWGSITPIEKTLPDVPYCANIKLLDDAVCQPPYPE--LPATSRTLCAGIPEGGKDTCGGDSGGPLICNGOFQGIVFYGAHPCGQALKPGVYTKVFDYNDWIQSITAGNTAATCPP———
IMGWGAITSPNVTLPGVPHCADINIFDYEVCRAAKPE-~LPVTSRTLCAGILEGGKGSCDGDSGGPLICNGEIQGIVSWGGDICAQPREPEPYTKVFDYTEWIQST IAGNTDATCPP -~
VMGWGTIKSPQETLPDVPHCANINLLDYEVCRTAHPQFRLPATSRILCAGVLEGGIDTCHRDSGGPLICNGEFQGIVSWGDGPCAQPDKPALYSKVFDHLDWIQNITAGSETVNCPS———

Bothrops jararaca

BAA89310 (02)
BAA20283 (02)
ARB30013(02)

MVLIRVIANLLILOLSNAQKSSELVIGGDECNITEHRFLVEIFNSSGEFCGGTLIDQEWVLSAARCDMRNSMRINLGVHNEGVOHADQORRFAREKFFC HESRN¥@KWDKD IMLIRLNRPVNNSEHIAPLSLP SNPPSVGSVCR
MVLIRVLANLLILOLSYAQKASEL I IGGRPCDINEHRSLAL [CSGTLINQEWVLSAAHCD GEK=MKTHL.GVHSKKVPNKDKQTRVAKEKFFC| WDKDIMLIRLDSPVKNSAHIAPISLPSSPPIVGSVCR
VIGGDECDINEHPFLAFMY¥SPOYECGMTLINQEWVLTAARCDKIY=MRIYL.GIHTRSVANDDEVIRYPKEKF ICPNKKKNVITDKDIMLIRLNRPVKNSTHIAPTSLPSNPPSVGSVCR

BAD66927 (02) MVLIRVIANLLILOLSYAQKSSELVIGGDECDINEHRFLAFLYAG-GYYCGGTLINQEWVLSAAHCD
BAD66929 (02) MVLIRVIANLLILOLSYAQKSSELVIGGDECNINEHPFLAFL] |CSGTLINKEWVLTVKQCN]
ARQ62580 (03) NSLVIVVGGRPCKINVHPSLVLLENSSSLLCSGTLINQEWVLTAAHCD
BAD66928 (02) MVLVRVVANLLILOLSYAQKVSELVVGGDECNINEHRSLVAT[JMCSGILLNQEWVLTASHCD

LGMHTRSVPNDDEEIRYPKEKF ICPNKKKNVI THKD IMLTRLNRPVKNSEHIAPLSLPSNPPSVGSVCR
ILGMHTRSVPNDDEEIRYPKEMF ICPNKKKN— ~DIMLIRLNRPVNNSEHIAPLSLPSNPPSVGSVCR
[LGVHSIKIRNKNERTRHPKEKF ICPNKKKNDVLDKDIMLIRLNRPVSNSEHIAPLSLPSSPPSVGSVCL
IGVHSKKTLNQDEQTRNPKEKIFCPNKKNDDALDKDLMLVRLDSPVSDSEHIAPLSLPSSPPSVGSVCR

BAA89310
BAA20283
AAB30013
BAD66927
BAD66929
ARQ62580
BAD66928

Figure 5

IMGWGTITSPNATFPDVPHCANINLFNYTVCRGAHAGLPATSRTLCAGVLQGGIDTCGGDSGGPLICNGTFQGIVSWGGHPCAQPGEPALYTKVEDYLPWIQSITAGNTTATCPP
IMGWGTISTSKVILSDVPHCANINLLNYTVCRAAYPELPATSRTLCAGILQGGKDTCVGDSGGPLICNGQFQGIVSWGSDVCGYVLEPALYTKVSDYTEWINSITAGNTTATCPP
IMGWGAITTSEDTYPDVPHCANINLFNNTVCREAYNGLPA--KTLCAGVLQGGIDTCGGDSGGPLICNGQFQGILSWGSDPCAEPRKPAFYTKVEDYLPWIQSITAGNKTATCPP
IMGWGSITTPDETSPNVPHCANINLENNTVCREAYNGLPA--KTLCAGVLQGGIDTCGGDSGGPLICNGQFQGILSWGGIPCAQPRKPAFYTKVEDYLPWIQSI IAGNKTATCPP
IMGWGTITPSKATYPDVPHCANINLENYTVCRGAHAGLPVTSRKLCAGVLEGGIDTCSADSGGPLICNGQLOGIVSWRGGSCAQPHKPGLYTKVEDYLPWIQSITAGSTTATCPP
VMGWGKISSTKETYPDVPHCAKINILNHAVCRAAYTWWPATID
IMGWGSITPIQKTNPDVPHCANINLLDDAVCRAAYPELPAEYRTLCAGVPEGGIDTCNGDSGGPLICNGQFQGIVFYGAHPCGQAPKPGLY TKVIDYNTWIESVIAGNTAATCPP

Alignment of serine protease isoforms from snake venoms. Protein sequences were obtained from the NCBI database
and are presented with their accession numbers. The signal peptide is highlighted in grey color. The number of sequences of

closely related homologues is shown in brackets. The segments undergoing exchange are marked as i, ii and iii and are given
different color coding. The active site residues are marked with asterisks.

enzymes show low hydrolytic activity due to the presence
of this loop, and the deletion of this loop in porcine PLA,
results in 16 times higher catalytic activity [68]. Thus, the
deletion of pancreatic loop in venom PLA, enzymes plays
an important role in the evolution of catalytically more
active enzymes.

Accelerated point mutations in the mature protein of PLA,
enzymes are known to play important roles in functional
evolution [37,43,69,70]. These substitutions appear to
occur mostly in the surface residues and thus alter the spe-
cificity of targeting to various tissues or cells, resulting in
distinct pharmacological effects [71]. Though we
observed ASSET near the calcium-binding region, its role
in functional evolution of PLA,s is not yet clear.

Serine protease family

Snake venom serine proteases (SVSPs) are one of the well
characterized families of enzymes that affect the hemo-
static system. They act on various components of the coag-
ulation cascade, fibrinolytic and kallikrein-kinin systems
as well as on platelets to cause significant perturbance of
the haemostatic system [31,72-75]. This family of
enzymes are believed to have evolved from glandular kal-
likrein and trypsin-like enzymes, as they have similar gene
structure and share common three-dimensional structure
[76]. Similar to other multigene families, they have
evolved through accelerated evolution in the protein cod-
ing region [8]. In the present study we aligned the SVSPs
from Trimeresurus species, Crotalus species, Sistrurus cate-
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Segment i Segment ii Segment iii

Trimeresurus species

FNSSG--AL /™™

DMPNMQTIY

YTFRSRRLH
PNRKKDDE

——— e
YEYTSMTFI

Sistrurus catenatus edwardsii

EGNKMKIH

NRRHMY IF

PNRKKNDE

YSFKSKRFH

NRVEFMY IR

Crotalus species

EGNKMKIH

PNRKKDDE

EYWSQSFL

Bothrops jararaca

FNSSGLF

SKN-FKMK PNKKKNDV

YAG-GYY

Figure 6

Diagrammatic representation of the segment i, ii and iii with amino acid sequence. The pattern of existence of seg-
ments in the isoforms demonstrates that they do not follow any similar pattern but are random.
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Figure 7

Ribbon (a) and surface (b) models of plasminogen
activator (TSV-PA) (PDB ID: 1BQY). The segments that
undergo exchange are shown in green, dark blue and tur-
quoise color. The side chains of the active site residues are
shown in the ribbon model. The substrate binding area is
shown in turquoise color.

natus edwardsii and Bothrops jararaca obtained from the
database to analyze for ASSET.

Comparison of the isoenzymes among the same group
reveals that the signal peptide is highly conserved in all
the groups, and the mature protein shows accelerated evo-
lution. Particularly, three segments in the mature proteins
seem to be undergoing accelerated exchange. These seg-
ments are identified in all the different genera and named
as i, ii and iii (Figure 5; shown in different colors). Among
them, segment iii is the most conserved segment and is
represented by only four different types (shown in green,
light blue, red and magenta, in Figure 5) across the genera
whereas segments i and ii exist in several different forms.
These segments were further analyzed to see if a similar
pattern exists across different genera (Figure 6). Although
some similar patterns emerge, the data strongly supports
accelerated exchange of these segments. Further, the seg-
ment exchanges appear to be random and we could not
link them through simple molecular phylogeny.

It is interesting to note that all three segment exchanges
occur on the surface of the protein (Figure 7) which is
important for substrate binding and interactions with lig-
ands. SVSPs are all characterized by the presence of a
highly reactive serine residue (Ser) in the active site. In
addition, His57 and Asp102 present in the active cleft are
important for catalysis (marked with an asterisk in Figure
6); this active cleft is located at the junction of two six-
stranded B-barrels [77]. The entrance to this active site
cleft is influenced by several surface loops of the protein.
Asp97, present in segment iii, is the most important resi-
due in substrate recognition, and a D97N mutant shows
markedly decreased substrate binding capacity [78]. This
residue (D97 in Q91516 (PSV-PA) is underlined in Figure

http://www.biomedcentral.com/1471-2148/9/146

5. However, in other isoforms from Trimeresurus, this seg-
ment PNRKKDDE (shown in turquoise color) is replaced
with either NCSNNFIK (shown in red color) or LSSN-
NDTE (shown in green color) with the loss of critical Asp
residue. Thus ASSET may have a direct impact on the sub-
strate binding of these isoforms. On the other hand,
changes of segment i and ii might not influence the cata-
lytic activity, as they are away from the active cleft and are
not involved in substrate binding (Figure 7). However,
they might still contribute to targeting to various tissues or
proteins as they are fully exposed on the surface of these
enzymes. This family of proteins seems to be evolving via
both ASSET and accelerated point mutations.

Metalloprotease family

Snake venom metalloproteases (SVMPs) are the main
toxic components present in the venom of many Viperi-
dae [2,11]. They are synthesized as zymogens containing
multidomain precursors and undergo proteolytic process-
ing. Structurally, they are categorized into four types, PI,
PII, PII and PIV, based on the presence of different
domains and their quaternary structure [9,79]; the metal-
loprotease domain is present in all the subtypes. Catalyti-
cally it is the most important domain and contains the
zinc binding site with a consensus sequence of HEXX-
HXXGXXH [80]. This catalytic domain is known to play
an important role in inducing hemorrhage during enven-
omation and is highly conserved [81]. SVMPs induce
hemorrhage at the site of the bite by cleaving proteins in
the basement membrane and subsequently weakening
capillaries [82]. At present, not many isoforms of metallo-
proteases have been reported from the same species.
Sequences from Sistrurus catenatus edwardsii, Macrovipera
lebetina and Echis ocellatus were obtained from the data-
base and analyzed for point mutations and ASSET (Figure
8). Most of the residues in the mature protein seem to be
conserved, except for a few residues which have been
replaced through accelerated point mutations. However,
in the isoforms of Sistrurus catenatus edwardsii venom, the
cysteine-rich domain seems to be undergoing exchange of
segments (shown in red/green colors). Similarly, in the
spacer region between the metalloprotease and the disin-
tegrin-like domains of Macrovipera lebetina isoforms, 11
amino acid residues have been deleted in one of the iso-
forms (Figure 8). These two regions were analyzed in the
crystal structure of catrocollastatin/vascular apoptosis-
inducing protein (VAP) 2B from Crotalus atrox venom,
which possesses metalloproteinase/disintegrin/cysteine-
rich (MDC) domains (Figure 9). The segment represented
by VGEECDCGTPE is a part of the shoulder domain con-
taining one of the calcium binding regions, and this cal-
cium binding region is absent in one of the isoforms of
Macrovipera lebetina metalloprotease. The other segment,
highlighted with red color, is the most variable and diver-
gent among the ADAM/adamalysin/reprolysin protein
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Sistrurus catenatus edwardsii

GDPDFGMVDHGTKCADGKVCKNRQCVDVTTAY

DQ464251 MIEVLLVIICLAVEPYOGSSIILESGNVNDYEVVYPRKVTALPKGAVQPNYEDAMQYEFKVNGESVVLHLEKNKELF SENYSETHY SPDGREITTYPPAEDHCY YHGRIENDADSTASISACNGLKGHFKL-QGEMYLIEPLELPDSEAHAVFKYE
DQ464250 MIQVLLVTICLAVEPYQGSSIILGSGNVNDYEVVYPRKVTALPKGAVQQKYEDALQYELKVNGEPVVLHLEKNKELFSEDYSETHYSPDGRKITTYPSDEDHCYYHGRIQNDADSTASISACSGLKRTFQAFQGEMY LIEPLKLPDSEAHAVFKYE
DQ464249 MIQVLLVTICLAAFPYQGSSIILESGNVNDYEVVYPRKVTALPKGAAQPKYADAMQYEFKMNGEPVVLHLEKNKGLF SKDYSETHYSPDGRQITTYPMIEDHCYYHGCIQNDADSTASISACNGLKGHFKL-QGEMY LIEPLKLPDSEAHAVYKYE
DQ464251 NVEKEDEAPKMCGVTQTNWKSYEP IKKP SHLVVTAEQQRLT-~KRYVELVIVADHGMFMKHNETL-~~RTHVFQMVNTINETY IPLNIRFALVGLEIWSNGDKITVQSSAHNTLHLF GNWRKRVLLKRKKHDNAQLLTSIDFDGRTVGLAHVSSMC
DQ464250 NVEKEDEAPKMCGVTQ-NWESYEP TKKASQLVVTAEQORHLNNFRY IELVIVADYRMF TKYNRKLTEVKTHVYEIVNTLNE IYRYLY IRVALVGLEIWSNGDLSNVTLSADDTLDSFGEWRKRDLLRRKSHGNAQLLTAIDFNGTTIGLAHVASMC
D0464249 NIEKEDEAPKMCGVTQ-NWESYEP IKKASQLNLTPEQQAYLDAKKYVEFVVVLDHGMY TKYKDDLDKIKTRIYEIVNTMNEIY IPLNIRVALVRLEIWSNGDLINVSSAANVTLDSFRNWRVIDLLRRKSHEDNAQLLTTTDFDGDTVGLAYMRSMC
DQ464251 NOKLSTGVIQDHSAINLVMAVTMAHELGHNLGMDHDIKYCTCGAPACVMGNTLSEQPSYGFSNCSONQYQTFIINYNPQCILNEPLPTDIVSPPVCGNELLEVGEECDCGSPNTCRDPCCDATTCKQHSWVECESGECCEQCKFKGAGTECRAARS
DQ464250 ELKRSTGIVQDHSPINLLVAVTMAHEMGHNLGIRHDKKYCTCGGYSCIMSAVLSHOASKYFSNCSYNQYWNY INFYKPQCILNEPLRTDIVSPPVCGNELLEAGEECDCGSPATCQYQCCNATTCKLHSWVECESGECCEQCIFKGAGTECRAASS
DQ464249 QPRGSVGVIQEHSTINLLMAVTMAHEMGHNLGMSHDGNQCHCGAPSCIMADRLSHQPSTQFSDCSEKYCRTYLINSRPQCILNEPLLTDIVSPPVCGNELLEEGEECDCGSPANCONPCCDAATCKLTPGSQCAKGLCCDQCRFKGAGTECRAAKD
DQ464251 ECDIAESCTGQSADCPTDDLHRNGQPCLNNHGYCYNGMCP IMDHQCTALYGADATVAPDACFDFNLKGQDNFYCRREKARIFPCAPQDVKCGRLE CEF

DQ464250 ECDLPENCTGHSGDCP IDLFQTDGQPCLNNFGYCYNGNCPILYHQCYALFGPNAAEAQDSCFDDNRIGNYYGYCRKENGRK IPCAPEDVKCGRLYCSY| RDENMGMVEPGTKCGDGKVCSNGQCVDVNIAY

DO464249 DCDMADVCTGRSAECPTDRFQRNGHPCLNNKGYCYNRTCPTMKNQCISFFGPSATVAKDSCFKTNQKGSSYGYCRKENGTKIPCEPEDEKCGRLF CFP|

TDEDIGMVLPGTKCGRGKVCSNGHCVDVAT—

Macrovipera lebetina

LONSGNPCCDPVTCQPRRGEHCVSGKCCRNCKFLRAGTVCKRA

P SDENKGMVDPGTKCGDGKACSSNRQCVDVNTAY

AAX38182 MMOVLLVTICLAVEPYQGSSIILESGNVNDYEVVYPQKITALPKGAIQQPEQKYEDATKYEFKVNGKPVVLHLEKNKGLF SEDYSETHYTPDGREI TINPPVEDHCYYHGRIQNDADSTAST SACNGLKGHFKLQGEMYLIEPLRIPDSEAHATYK
AAX38181 MMQVLLVTISLAVEPYQGSSTILESGNVNDYEVVYPQOKVTAMPKGAVKQPEQKYEDAMQYEFKVKGEPVVLLLEKNKDLF SEDYSETHYSPDGREI TTNPPVEDHCY YHGRIQNDADSSASTSACNGLKGHFMLQGETYLIEPLKLPDSEAHAVYK
CAR66471 MIQVLLVTICLAVEPYQGSSKTLKSGNVNDYEVVNPQAVTGLPKGAVKQPEKKYEDTMQYEFEVNGEPVVLHLEKNRGLF SKDYSETHY SPDGREI TTNPAVEDHCYYHGRIQNDADSTASTSACNGLKGYFTLRGETYLIEPLKLPDSEAHAVYK
AAX38182 YENIEKEDEAPKMCGVTQTNWESDEP IK-ASQLNLTPEQRTYLKSKKYVELVIVADY IMFWKYDRSLSTIRTRIYEIVNTLNVIYRFLNIYIALVAVEIWSKGDLINVTSSAYDTLDSFGEWRERDLLNRKRHDNAQLLTGINFNGP SAGRGFVGR
AARX38181 YENVEKEDEAPKMCGVTQTNWESDEP IKKASQLNLTPEQRRYLNSPKY IKLVIVADY IMFLKYGRSLITIRTRIYEIVNILNVIYRVLNIYIALLGLEIWNNGDKINVLPETKVTLDLF GKWRERDLLNRRKHDNAQLLTD INFNGPTAGLGYVGS
CAR66471 YENIEKEDEAPKMCGVTQTNWASDEP IKKASQLNLTPEQQRFEP -~RY IELVIVADHAMVTKYNGDLAATTTWVHQLVNNINGFYRDLNVHITLSAVEVWTNGDLINVQPAASYVTLNLF GEWRERDLLNRRMHDHAQLLTGIDLDDNI IGLAYDDS
ARX38182 MCQPKYSVGIVQDHSKIYLLVASAMAHEMGHNLGMDHDRIDCTCGAKSCIMSGILRCETSYLFSDCSREEHRKYLINKMPQCILNKPLKTDIVSPAVCGNYFVEVGEECDCGSPANCODRCCDAATCKLRPGAQCGDGVCCYQCKFRRAGTVCRPA
AAX38181 MCDPQYSAGIVQODHNKVNF LVALAMAHEMGHNLGMEHDE THCTCGAKSCIMSGTLSCEAS IRFSNCSREEHQKYLINKMPQCILNKPLKTDIVSPAVCGNY LVELGEDCDCGSPRDCONP CCNAATCKLTPGSQCADGECCDQCKFRRAGTVCRPA
CAR66471 MCDPRYSVGIVQDHSAIIRLVAVTMAHELGHNLGMNHDGDQCNCGANGCVMSVVLIEQRSYQF SDCSKNKYQTYLTNRNPQCILNQPLRTDTVSTPVSGNEL—

AAX38182 NGECDVSDLCTGQSAECP TDQFQRNGQPCQNNKGYCYNGTCP IMEKQCISLFGASATVAQDSCFQFNRRGNHYGYCRKENNTKTACAPEDVKCGRLYCLD P SDENKGMVDPGTKCGDGMVCS-NGKCVDVTIAY
AARX38181 NGECDVSDLCTGQSAECPTDQFQRNGOPCONNNGYCYSGTCP IMGKQCISLEGASATVAQDACFQFNSLGNEYGYCRKENGRKIPCAPQDVKCGRLYCFD)

CAR66471 VGD-DMDDYCTGISSDCPR-NPYKD
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Figure 8
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MMQVLLVTICLAVEPYQGSSI1LESGNVNDYEVVYPQKVTALPKGAVQQAEQKYEDAMQYEFEVNGOPVVLHLEKNKDLF SEDYSETHYSPDGKE I TTNPP IEDHCYYHGRIQNDAHSTASTSACNGLKGHFKLRGETYLIEPLKIPDSEAHAVY

NVNDYEVVYPQKVTALPKGATIQQPEQKYEDTMQYEFKVKGEPVALHLEKNKDLF SENYSETHYSPDGREITTNPPVEDHCYYHGRI LNDADSSASTSACIGLKGHFKLRGETYF IEPLKIPDSEAHAVY
MMQVLLVTICLAVEPYQGSSIILESGNVNDYEIVYPQKVTALP IEATLQPEQKYEDAMQYEFEVNGEPVVLHLEKNKNLF TKDYSETHY SPDGREITTKPLIEDHCY YHGRIQNDAHSTASTSACNGLKGHFKLQGETYLIEPLKIPDSEAHAVY
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MIQVLLVIICLAVEPYQGCSIILESGNVNDYEVVYPOKVAALPKGAIQQPEQKYEDAIQYEFEVKGEPVVLHLEKNKGLFSEDYSETHYSPDDREITTKP SVEDHCYYHGRVONDAESTASISACNGLKGHFTLRGETYF IEPLKIPDSEAHAVY
MIQILLVIICLAVEPYQGCSIILGSGNVNDYEVVYPOKVTALPKGAVQQPEQKYEDAMQYEFEVKGEPVVLHLEKNKELFSEDYSETHYSSDDREITTNP SVEDHCYYHGRIQNDAESTASISACNGLKGHFKLRGETYF IEPLKIPDSEAHAVY
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KYENIEKEDDAPKMCGVTQTNWESDEP IKEASQLVATSDQQRYYDHFRY IKYF IVVDHRMVEKYNGNLRT IRRRIYQLVNILNETYLPWNIRAPLVGIEFWNQRDLINVTSSAPYTLDLFGKWRASDLLNRKIHDY THLLTAIVFVEQILGMAHT
KYENIEKEDEAPKMCGVKHTNWESDEP IKEASQLVATSEQQTFLDAKKY IELVVVADHEMFRKYNSDSTAVRTRIYEIVNI INEMF IPLNIRVALVVLEIWSNRDLITVQPATTVTLESFGKWRESVLLNRKNHDSAQLLTGIGENGLTIGKGYV
KYENIEKEDEALKMCGVKHTNWESDEP IKEASQLFATSEQHRFRE--RYIEFFIVVDQRMYNKENNDSAAIRTWIFEMLNTVNEIYLPWNIHVP LVGLEFWTQGDLINVVSSADKTLD SFGEWRRRDLLNRKAHDNAHLITAMHFDAQTLGLAYT
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SSMCQATRSVGVVEDYSP IVREVAVTMVHEMGHNLGMYHDGNQCDCGAKSCIMYPFISDPPPMYF SNCSRHYYQNFLTDYKPDCTLIRPPRTDIVSPPVCGNELLEKGEECDCGSPANCRYPCCDAASCKLHSWVECESGECCDQCRFRPAGTEC
ATMCHSELSVGLVQDYMP SEEVVAAIMVHEMGHNLGI SHDEKYCNCGADSCIMYPQISIPPPVYFSNCSWEQYQNFLTIYKPDCTLIRPSRTDIVSPPVCGNDILEQGEECDCGSPEKCQDPCCDAASCKLHSWIECEFGECCDQCRFKPAGTEC
NSMCNPKYSVGIVODHSTVNLLVASTMAHELGHNLGMSHDTSSCTCHGNSCVMSAVLRDPASRLF SDCSQAQLOSYLINYTPQCILNEPLSTDIVSPPVCGNELLEVGEECDCGSPANCODP LCDAALCKLHLWVECESGECCQQGRFKSAETEC
GSMCHPKYSTGVFQDSSEINIFVAITLAHELGHNLGISHDVP SCTCQTKACIMSPYLSDQPTKLF SNCSEIQYERFLTQRNPKCMINKPLRTDIISPPVCGNGLLEREEECDCGSPENCRDPCCDAASCKLHSWVECESGECCDQCRFKRAGTLC
GTMCHPQF SAAVVQDHNKINFLVALAMAHELGHNLGMTHDEQF CTCGAKSCIMSATLSCEGSYRF SNCSREENRRYLINKMPQCILIKPSRTDIVSPPVCGNSLVEVGEDCDCGSPGYCRNPCCNAATCKLTPGSQCADGECCDQCRF TRAGTEC
DGMCKSDRSVGLIRDDSSTTFRTAVIMAHEMGHSLGMEHDSRSCKCAASPCIMSKALGKQP TKVEF SSCSYDDYRMYLAKYKPKCILDPPLRKD IASPAVCGNK IWEEGEECDCGSPEDCRNPCCDAETCELFPAAECADGPCCHKCKIRTAGTIC
YGMCKSDRSVELILDYSNITFNMAYITAHEMGHSLGMLHDTKFCTCGAKPCIMFGKESIPPPKEFSSCSYDQYNKYLLKYNPKCILDPPLRKDIASPAVCGNE INEEGEECDCGSPADCRNPCCDAATCKLKPGAECGNGECCDKCKIRKAGTEC

RGIRNECDLPEYCTGQSAECP IDRSHRNGKPCLNNYGYCYNGTCP IMYHQCYALFGPKAVVGQDVCFEENKRGESYFYCRKEN-~-DVKIPCAPED IKCGRLFCRHDIY—~—~ECRYDY~ SENPNYGMVEEGTKCGDGKVCSKRHCVDVTTAY ~——————~—
RGIRSECDLPEYCTGQSADCPTDVFHRDGKPCLSNYGYCYNGTCP IMQYQCYAHFGPNATVGEDVCFEWNKKGK SDF YCRKEN-~-DVKIPCAPEDVKCGRLFCETKPN-~~~ECKHPY~GDE-~--GMVDPGTKCEDGKVCSNGKCVDVTTAYKSTSGFSQT
RGIRSECDLPEYCTGQSVDCP IDHFHRNGKPCLNNNGYCYNGTCPMMONQCHALF GPNAAVAQDACFEENKKGKSYFYCRKEN---DVKIPCAPED IKCGRLFCEIVKN-———TCKYDY-SEDPDYGMVGQGTKCEDGKVCSNRECVDVTTAY —
RIARSECDLPEYCTGQSADCPTDHFHKNGOPCLNNYGYCYNGKCP IMYHQCYALFGTNATVGQDGCFEWNKKAESYFYCRMEN-~-DVRIPCAPED IKCGRLFCET IEN-———TCKYDY-SEDPNYGMVDEGTKCGDGKVCSNRHCVDVTTAY ~
RPARDDCDMAESCSGHSADCP IDGFHANGQPCSHNLGYCYNGKCPLTLYQCRAFLGKDVVGVQESCFQYNRLGNTYAYCRKEN--~GRKIPCAPKDEKCGRLYCS YKSEGDYISCLPCYRANEEDKGMVDEGTKCGEGKVCSNGYCVDLNVAY ~
RPARDECDKADLCTGQSAECPADQFQRNGOPCONNSGYCYNGICPVMRNQCISLFGSRAIVAEDACFQFNSLGIDYGYCRKEN--~GRKIPCAPEDVKCGRLYCFD) P RDEDKGMVDP GTKCENGKVC INGKCVDVNTAY —
RPARDECDVTEHCTGQSAECPRNELORNGEPCLDKLGYCYNGDCP IMRNQCISLFGSRATVAEDSCFQONLNGSEHGYCAKEN-~~GRKIPCAPQDVKCGRLYCLD) INADQHKGMVEP GTKCEDGKVC INRKCVDVKTAYYSTTGFSQT
RPARDDCDVAEHCTGQSAECPRNEFQRNGQPCLNNSGYCYNGDCP IMLNQCTALFSPSATVAQDSCFQRNLOGSYYGYCTKEIGYYGKRFPCAPQDVKCGRLYCLD) YADENKGIVEPGTKCEDGKVCINRKCVDVNTAY - ————==-—

Alignment of metalloprotease isoforms from snake venoms. Protein sequences were obtained from the NCBI data-
base and are presented with their accession numbers. The signal peptide is highlighted in grey color and the zinc binding site is
underlined. The number of sequences of closely related homologues is shown in brackets. Segments undergoing exchange are
shown in different colors.

family and is known as hyper-variable region. This hyper-
variable region has been predicted to be a potential
exosite for target recognition [83]. This segment in one of
the isoforms of Sistrurus catenatus edwardsii has been
replaced with another segment (highlighted in green
color) and hence might recognize a different substrate or
lose its substrate binding property.

Molecular mechanism of ASSET

Previously, we discussed the possible molecular mecha-
nisms of ASSET, including splicing variation, recombina-
tion, accumulation of point mutations and independent
recruitment events [46]. Nevertheless, we believe that
none of these explanations are satisfactory. Splicing varia-
tions, such as alternative splicing and changes in the splic-
ing site, can lead to insertion/deletion of alternate
segments in the mature protein. However, all but one seg-

ment change occur within the exons and not at the intron-
exon boundaries. In the long chain 3FTxs only, the inser-
tion of a segment occurs at the intron-exon boundary due
to a shift in the splicing site (discussed above). Genetic
recombination might also give rise to replacement of seg-
ments in the mature protein. However, the segment
exchanges observed in the venom proteins are too small,
and canonical recombination processes cannot explain
exchange of short segments. The possibility of accumula-
tion of point mutations producing the observed change in
segments cannot be ruled out unequivocally, as venom
proteins have been well-documented to evolve through
accelerated point mutations [7,8,37,39-43,84]. In such
circumstances, this would have to occur over many gener-
ations to attain the observed change in segments, and
intermediates would have to be selected via positive selec-
tion. Further, the same point mutations would have to
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Figure 9

Surface model of catrocollastatin/vascular apoptosis-
inducing protein (VAP) 2B (PDB ID: 2DWI) showing
exchange of segments. Surface area shown in red is the
hyper-variable segment found to be undergoing exchange in
other metalloproteases whereas the yellow colored region is
the shoulder domain.

occur independently in several unrelated lineages to pro-
duce the same segment composition. Thus, odds are
against the accumulation of point mutations as an expla-
nation. The 3FTxs showing these exchanges could have
occurred through independent recruitment events, but
significant similarities in protein sequence and gene struc-
ture (particularly high similarity among intron sequences)
show that they have evolved from a common ancestor.
The observed changes in protein segments could also be
due to insertion/deletion of 1-2 nucleotides, resulting in
a frame shift and hence altered protein sequence. In such
a case, a similar number of nucleotide(s) must be
removed/added in a downstream region, respectively, to
get back into the original open reading frame. Therefore,
we carefully analyzed each of these segment exchanges at
the nucleotide level. Only one segment, RKCHNS-
PLSLVYQ (S2 in Q8UUKO), is changed to RKCNKLVPL-
FYK in P01443 (Figure 1A) due to deletion and insertion
of nucleotides. In this case, there is an insertion of A at the
78th position (from the start codon) and a deletion of four
nucleotides downstream (Additional file 3). Therefore,
none of the above possibilities explain the observed
exchange of segments in the exons. It is important to note
that in spite of the segment exchanges, the cysteine resi-
dues, which maintain the three dimensional fold, are con-
served in 3FTxs. Although the molecular mechanism of
the exchange of segments is not yet understood, these

http://www.biomedcentral.com/1471-2148/9/146

events clearly play a significant role in the functional evo-
lution of some snake venom proteins.

ASSET occurs at the molecular surface

Surface residues of a protein molecule are important for
their physicochemical properties as well as for their inter-
actions with biomolecules, including other proteins.
Accordingly, the alteration of the conformation and sur-
face properties indeed affects the pharmacological proper-
ties of protein toxins. In an earlier paper, we showed that
in PLA, enzymes the surface residues have undergone nat-
ural substitution 2.6-3.5 times faster than the buried res-
idues and proposed that accelerated point mutations
preferentially target the surface residues in PLA, enzymes,
leading to the evolution of new isoforms with distinct
functions [71]. As shown here, ASSET also targets surface
residues in 3FTXs, PLA, enzymes, serine proteases and
metalloproteases (Figure 2, 4, 7 and 9). Accelerated point
mutations result in finer modifications to the surface
topology and/or electrostatic potential, whereas ASSET
drastically alters the surface, essentially instantaneously
producing large-scale changes in the ligand interaction
site(s). The molecular mechanisms of both accelerated
point mutation and ASSET are not clearly understood, but
both phenomena play a crucial role in the evolution of
snake venom proteins.

Conclusion

Elapid 3FTxs, similar to viperid 3FTxs (Doley et al., 2008),
evolve by both ASSET and accelerated point mutations.
ASSET affects the entire mature protein of 3FI'xs except for
segment S8, which is highly conserved. In serine pro-
teases, three of the surface segments are changed rapidly
by ASSET, but the rest of the mature protein evolves only
by accelerated point mutations. In PLA, enzymes and met-
alloproteases, only one and three surface segments
(respectively) are changed via ASSET. In all these super-
families of toxins, ASSET most likely affects their func-
tional properties. However, serine protease inhibitors
have evolved by only accelerated point mutations. We
propose that ASSET occurs first, resulting in drastic
changes in functionally important surface regions, fol-
lowed by accelerated point mutations in those regions
which fine-tune the target specificity. Although the molec-
ular mechanisms of ASSET and accelerated point muta-
tions are unknown, both contribute to the evolution of
snake venom toxins and both help to explain the observed
functional diversity of toxins and the evolution of new
functions in snake venom protein superfamilies.

Methods

Sequence analysis and identification of segments

The protein and cDNA sequences were obtained from the
NCBI database. Sequence alignments were done using the
DNAMAN program and by manual examination. The
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intron-exon boundary (marked by a red dashed line in the
figures) was identified by comparing the gene and their
respective cDNA sequences. In those toxins whose gene
structure is not available, the intron-exon boundary was
identified by comparing with other toxins whose bound-
ary is known. These segments are identified by comparing
with the corresponding sequences, and the point of dele-
tion in amino acid sequence was identified as the bound-
ary of most of the segments. We have analyzed the
sequences in different species, but there is no absolute
trend in defining the segment, other than high sequence
identity. Color coding was used to distinguish segments
with distinct % identity; segments with >50% identity are
shown in the same color, whereas segments with <50%
identity are shown in different colors. Ribbon and surface
models were generated from PDB files using DS Viewer-
Pro software.

Abbreviations used
ASSET: Accelerated Segment Switch in Exon to alter Tar-
geting.
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Additional material

Additional file 1

Three-finger toxins from Naja species showing point mutations. The
segments undergoing exchanges are given different color coding. The res-
idues showing point mutations are shown in white and red type whereas
those that are conserved are in black. The gaps are represented by "-". This
demonstrates accelerated point mutations occur in various segments and
the segment exchange is not due to these point mutations. Similarly three-
finger toxins from other snake venoms as well as toxins from other families
show point mutations through out various segments (data not shown).
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-9-146-S1.pdf]

Additional file 2

Alignment of Kunitz-type serine protease inhibitor isoforms from
snake venoms. Protein sequences were obtained from the NCBI database
and are presented with their accession numbers. Numbers of similar
sequences are shown in brackets. They appear to evolve by accelerated
point mutations in the mature protein (changes in residues are shown in
red) but not by segment exchange.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-9-146-52.pdf]

http://www.biomedcentral.com/1471-2148/9/146

Additional file 3

Segment S2 (Figure 1) of three-finger toxins Q8UUKO and P01443.
Figure shows deletion and addition of nucleotides (red color) in the seg-
ment.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-9-146-53.pdf]
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