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Abstract. Analysis of cDNAs from Macrovipera
lebetina transmediterranea (Mlt) and Echis ocellatus
(Eo) venom gland libraries encoding disintegrins ar-
gued strongly for a common ancestry of the mes-
sengers of short disintegrins and those for precursors
of dimeric disintegrin chains. We now report the se-
quence analysis of disintegrin-coding genes from
these two vipers. Genomic DNAs for dimeric disin-
tegrin subunits Ml_G1 and Ml_G2 (Mlt) and Eo_D3
(Eo) contain single 1-kb introns exhibiting the 5¢-
GTAAG (donor)/3¢-AG (acceptor) consensus intron
splicing signature. On the other hand, the short RTS-
disintegrins Ml_G3 (Mlt) and Eo_RTS (Eo) and the
short RGD-disintegrin ocellatusin (Eo) are tran-
scribed from intronless genomic DNA sequences,
indicating that the evolutionary pathway leading to
the emergence of short disintegrins involved the re-
moval of all intronic sequences. The insertion posi-
tion of the intron within Ml_G1, Ml_G2, and Eo_D3
is conserved in the genes for vertebrate ADAM (A
disintegrin and metalloproteinase) protein disinte-
grin-like domains and within the gene for the med-
ium-size snake disintegrins halystatins 2 and 3.
However, a comparative analysis of currently avail-
able disintegrin(-like) genes outlines the view that a

minimization of both the gene organization and the
protein structure underlies the evolution of the snake
venom disintegrin family.
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Introduction

Venom represents a key innovation in ophidian evo-
lution that allowed advanced snakes to transition from
a mechanical (constriction) to a chemical (venom)
means of subduing and digesting prey larger than
themselves. Venom toxins likely evolved from endog-
enous proteins with normal physiological functions
thatwere recruited into the venomproteome before the
radiation of the advanced snakes at the base of the
Colubroidea radiation (Fry and Wüster 2004; Fry
2005; Fry et al. 2006). The superfamily Colubroidea
comprises >80% of the approximately 2900 species of
snake currently described (Vidal et al. 2002). Within
this taxon, venoms from the Viperinae (vipers) and
Crotalinae (pitvipers) subfamilies of Viperidae snakes
contain proteins that interfere with the coagulation
cascade, the normal hemostatic system, and tissue re-
pair, and human envenomations are often character-
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ized by clotting disorders, hypofibrinogenemia, and
local tissue necrosis (Markland 1998; Fox and Serrano
2005a). Despite the fact that viperid venoms are com-
plex mixtures of protein components (Fox et al. 2006),
venom proteins comprise only a few major protein
families, including enzymes (serine proteinases, Zn2+-
metalloproteases, L-amino acid oxidase, group II
PLA

2
) and proteins without enzymatic activity (disin-

tegrins,C-type lectins, natriuretic peptides,myotoxins,
CRISP toxins, nerve and vascular endothelium growth
factors, cystatin, and Kunitz-type protease inhibitors)
(Fry andWüster 2004; Fry 2005; Markland 1998; Fox
et al. 2006; Juárez et al. 2004; Bazaa et al. 2005).
Notably, most venom toxins are extensively cross-
linked by disulfide bonds and have flourished into
functionally diverse, toxin multigene families that ex-
hibit interfamily, intergenus, interspecies, and intra-
specific variability. The existence in the same venom of
functionally diverse isoforms of the same protein
family reflects accelerated Darwinian evolution (Mo-
ura da Silva et al. 1996; Ménez 2002; Tani et al. 2002;
Ohno et al. 2003). The evolutionary pressure acting to
promote high levels of variation in venomproteinsmay
be part of a predator-prey arms race that allows the
snake to adapt to a variety of different prey, each of
which is most efficiently subdued with a different ve-
nom formulation (Daltry et al. 1996). This evolution-
ary pattern parallels the ‘‘birth-and-death’’ model of
protein evolution proposed to underpin the evolution
of resistance genes in plants (Michelmore and Meyers
1998), the vertebratés adaptative immune responses to
protect the organism from a wide range of foreign
antigens (Nei et al. 1997; Nei and Rooney 2005), and
the evolution of elapid three-finger toxins (Fry et al.
2003).However, details of themolecular events leading
to snake venom toxin diversification remain unclear.

Venom Zn2+-dependent metalloproteinases
(SVMPs) represent Serpentes-specific hemorrhagic
toxins derived from cellular ADAM (Adisintegrin and
metalloproteinase) proteins (Fry et al. 2006;Moura da
Silva et al. 1996; Calvete et al. 2003). Snake venom
hemorrhagins have been classified according to their
domain structure (Jia et al. 1996; Lu et al. 2005; Fox
and Serrano 2005b). The PIII class comprises the
closest homologues of cellular ADAMs, which are
large multidomain toxins (60–100 kDa) built up by an
N-terminal metalloproteinase domain and C-terminal
disintegrin-like and cysteine-rich domains. The class
PII metalloproteinases (30–60 kDa) contain a disinte-
grin domain at the carboxyl terminus of the metallo-
proteinase domain. PImetalloproteinases (20–30 kDa)
are single-domain proteins. Disintegrins, a broad
family of small (40–100 amino acids), cysteine-rich
polypeptides isolated from venoms of vipers and rat-
tlesnakes (Calvete et al. 2005), are released in viper
venoms by proteolytic processing of PII SVMP pre-
cursors (Shimokawa et al. 1996) or synthesized from

short-coding mRNAs (Okuda et al. 2002), and selec-
tively block the function of cell surface adhesive
receptors of the integrin family (Calvete et al. 2005;
Sanz et al. 2006). Currently, disintegrins can be clas-
sified according to their length and number of disulfide
bonds (Calvete et al. 2003). The first group includes
short disintegrins, composed of 41–51 residues and
four disulfide bonds. The second group is formed by
the medium-sized disintegrins, which contain about 70
amino acids and six cystine bonds. The third group
includes long disintegrins, with an �84-residue poly-
peptide cross-linked by seven disulfide bridges. The
fourth group is composed of homo- and heterodimers.
Dimeric disintegrins contain subunits of about 67
residues with 10 cysteines involved in the formation of
four intrachain disulfides and two interchain cystine
linkages (Calvete et al. 2000; Bilgrami et al. 2004,
2005). Like many other venom toxins, the integrin
inhibitory activity of disintegrins depends on the
appropriate pairing of cysteines, which determines the
conformation of the inhibitory loop that harbors an
active tripeptide located at the apex of a mobile loop
protruding 14–17 Å from the protein core (Calvete et
al. 2005;Monleón et al. 2003, 2005). The current view is
that functional diversification among disintegrins has
been achieved during ophidian evolution by amino
acid substitutions within the active loop, whereas
structural diversification was driven through a disul-
fide bond engineering mechanism involving the selec-
tive loss of pairs of cysteine residues engaged in the
formation of disulfide bonds (Calvete et al. 2003). The
great sequence and structural diversity exhibited by the
different subfamilies strongly suggests that disinte-
grins, like toxins from other venoms (Duda and Pa-
lumbi 1999; Kordis et al. 2002; Ohno et al. 2002), have
evolved rapidly by adaptative evolution.

Our earlier studies on venom gland cDNAs
encoding disintegrins of Cerastes vipera, Macrovipera
lebetina transmediterranea (Sanz et al. 2006), and
Echis ocellatus (Juárez et al. 2006a) provided com-
pelling data indicating a common ancestry of the
messengers coding for precursors of dimeric disinte-
grin chains and short disintegrins. In this study we
sought to investigate the molecular mechanism
underlying the structural diversification of these
disintegrins through analysis of the genomic organi-
zation of their genes.

Materials and Methods

Extraction of Genomic DNA

Genomic DNA was extracted from fresh tissues of M. l. trans-

mediterranea captured in the rocky mountains of northern Tunisia

and kept in captivity at the serpentarium of the Institute Pasteur de

Tunis (Tunisia) until sacrificed, and from fresh liver of E. ocellatus

(Kaltungo, Nigeria), of different ages and of both sexes, maintained

262



at the herpetarium of the Liverpool School of Tropical Medicine.

The M. l. transmediterranea tissues were homogenized in 400 ll of
sterile salt buffer (0.4 M NaCl, 110 mM Tris-HCl, pH 8.0, con-

taining 2 mM EDTA) using a Polytron tissue homogenizer for 10–

15 s. Echis ocellatus liver was ground to a fine powder under liquid

nitrogen and the genomic DNA extracted using a Roche DNA

isolation kit for cells and tissue containing sodium dodecyl sulfate

(SDS; 2% final concentration) and proteinase K (400 lg/ml final

concentration). The homogenates were incubated at 55�C over-

night. Thereafter, 300 ll of 6 M NaCl (NaCl-saturated H
2
O) was

added to each sample, and the mixture was vortexed for 30 s at

maximum speed and centrifuged for 30 min at 10,000g. An equal

volume of isopropanol was added to each supernatant, and the

sample mixed, incubated at )20�C for 1 h, and centrifuged for 20

min at 4�C and 10,000g. The resulting pellets were washed with

70% ethanol, dried, and, finally, resuspended in 300–500 ll sterile
distilled H

2
O.

DNA Amplification and Sequencing

Disintegrin-encoding DNAs from M. l. transmediterranea were

amplified by PCR from genomic DNAs using the following pairs of

primers, whose sequences are listed in Table 1. For Ml_G1 and

Ml_G2, the forward primer was F1, corresponding to the nucleo-

tide sequence coding for the N-terminal amino acid sequence

(MNSANPC) of dimeric disintegrin ML-(2,8,15) (SwissProt/

TrEMBL accession code AM114016) (Sanz et al. 2006). The re-

verse primer was R1. For Ml_G3, the forward primer was F2,

which contains the sequence coding for the conserved first six

residues of the mature short disintegrins jerdostatin (Protobothrops

jerdoni) (Sanz et al. 2005) (SwissProt/TrEMBL accession code

AY262730), CV-short (Cerastes vipera) (Q3BK17) (Sanz et al.

2006), and lebestatin (Q3BK14) (M. l. transmediterranea) (Sanz et

al. 2006) and the CCATGG NcoI restriction site. The reverse pri-

mer was R2, which includes a STOP codon (TTA), the CTCGAG

restriction site for XhoI, and the last six C-terminal residues of

jerdostatin/CV-short/lebestatin. The Touchdown 60�C/50�C PCR

protocol included an initial denaturation step at 95�C for 10 min

followed by 4 cycles of denaturation (30 s at 94�C), annealing (30 s

at 60�C), and extension (120 s at 72�C); 21 cycles starting with the

above conditions and, in subsequent cycles, decreasing the

annealing temperature by 0.5�C (reaching 50�C in cycle 21); 10

cycles of denaturation (30 s at 94�C), annealing (30 s at 50�C), and
extension (120 s at 72�C); and a final extension for 10 min at 72�C.

Genomic DNA fragments of E. ocellatus encoding disinte-

grins were amplified using primers listed in Table 1. The dimeric

disintegrin (Eo_D3) was amplified using the forward primer F3

and the reverse primer R3 complementary to the highly con-

served open reading frame (ORF). Amplification of the genomic

DNA coding for ocellatusin precursor (Eo_C3) was achieved

using the primer F4 designed from the N-terminal of the disin-

tegrin domain and the reverse primer R3. Amplification of the

short RTS-containing disintegrin (Eo_RTS) was achieved with

the primers F5 (forward) and R5 (reverse). PCR amplification of

the E. ocellatus genomic DNAs was performed in a 25-ll volume

containing 0.34 lg of genomic DNA, dNTP (each at 10 mM),

0.6 ll of 5¢ and 3¢ primers (10 lM each), 0.25 ll of Ampli Taq

Gold polymerase, and buffer provided by the supplier (Roche).

PCR amplification was performed using the Touchdown 60�C/

Table 1. Forward (F) and reverse (R) primers used for amplification of disintegrin genes from Macrovipera lebetina transmediterranea
(Ml_X) and Echis ocellatus (Eo_X), whose sequences are displayed in Figs. 2 and 3

Primer Nucleotide sequence Amplified DNA

F1 5¢- ATG AAT TCC GCA AAT CCG TGC-3¢ M1_G1, M1_G2

R1 5¢-TTA GTC TTT GTA GGG ATT TCT GGG-3¢
F2 5¢-CGT GCC ATG GAT TGT ACA ACT GGA CCA TG-3¢ M1_G3

R2 5¢-G CCT CGA GTA TTA GCC ATT CCC GGG ATA AC-3¢
F3 5¢-ATG AAT TCT GCA AAT CCG TGC-3¢ Eo_D3

R3 5¢-TCA CAT CAA CAC ACT GCC TTT TGC-3¢
F4 5¢-GAA CTT TTG CAG AAT TCT G-3¢ Eo_C3

R3 5¢-TCA CAT CAA CAC ACT GCC TTT TGC-3¢
F5 5¢-TGT ACA ACT GGA CCA TGT TGT CG-3¢ Eo_RTS

R5 5¢-TTA GCC ATT CCC GGG ATA ACT GG-3¢

Fig. 1. PCR amplification of disintegrin genes of M. l. trans-
mediterranea. One percent agarose gel electrophoretic analysis of
the PCR-amplified genomic DNAs from M. l. transmediterranea
(A) Ml_G1 (lane G1) and Ml_G2 (lane G2) and (B) Ml_G3 (lane
G3). C, D PCR-amplified genomic DNAs from E. ocellatus coding
for dimeric disintegrin subunit Eo_D3, short RGD-disintegrin
(Eo_C3), and short RTS-disintegrin (Eo_RTS). STD, the ‘‘1 kb
plus’’ DNA ladder from Invitrogen was used as a reference for
estimating DNA fragment sizes.

263



50�C PCR protocol as above. The resulting PCR products were

directly ligated into a pTOPO vector using the TA cloning kit

(Invitrogen) for sequencing.

PCR-amplified genomic DNA fragments from M. l. transmed-

iterranea were separated by 1% agarose gel electrophoresis, purified

using the Perfect Pre Gel Clean Up kit (Eppendorf, Hamburg,

Germany), and cloned in a pGEM-T vector (Promega), which was

then used to transform Escherichia coli DH5a cells (Novagen,

Madison, WI, USA) by electroporation using an Eppendorf 2510

electroporator following the manufacturer’s instructions. Positive

clones, selected by growing the transformed cells in Luria broth

(LB) medium containing 10 lg/ml ampicilin, were confirmed by

PCR amplification using the above primers and the sequences of

the inserts were subjected to sequencing on an Applied Biosystems

Model 377 DNA sequencing system.

DNA Sequence Analysis

The nucleotide sequences of Ml_G1, Ml_G2, Ml_G3, Eo_D3, and

Eo_C3 were compared to all sequences in the GenBank database

(http://www.ncbi.nlm.nih.gov/blast/) (GenBank + EMBL +

DDBJ + PDB sequences) using the BLASTN 2.2.13 program

(Altschul et al. 1997). Multiple sequence alignment was done with

CLUSTALW (Thompson et al. 1994) through the online facility of

the Kyoto University Bioinformatics Center (http://clu-

stalw.genome.jp) using default parameters.

Fig. 2. Disintegrin genes of M. l.
transmediterranea. Nucleotide sequences of
the genomic DNA forMl_G1 (A), Ml_G2
(B), and Ml_G3 (C). The deduced amino
acid sequences of exons are shown in the
one-letter code. The nucleotide sequences
complementary to the primers used for
PCR amplification are underlined. In A
and B, the 5¢-GTAAG (donor)/3¢-AG
(acceptor) consensus intron splice site
signature is in italics and double-
underlined, and the intronic sequences
overlapping in the 5¢ fi 3¢ and the 3¢ fi 5¢
sequencing directions are underlined. The
VGD (A), MLD (B), and RTS (C) integrin
binding motifs are depicted on a gray
background.
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Phylogenetic Reconstruction

We have used three methods for phylogeny reconstruction and

assessment of the inferred evolutionary relationships based on

amino acid sequences. First, we used maximum-likelihood infer-

ence as implemented in MEGA 3.1 (Kumar et al. 2001), which

optimizes the likelihood function by simultaneously adjusting the

topology and branch lengths. We used the JTT (Jones, Taylor, and

Thornton 1992) substitution matrix, with a discrete gamma func-

tion with eight categories plus invariant sites to account for sub-

stitution rate heterogeneity among sites and empirically estimated

amino acid frequencies. Second, we employed Bayesian inference

with MrBayes 3.1.2. (Ronquist and Huelsenbeck 2003) using the

same substitution model (JTT) as in MEGA. The method uses

Markov chain Monte Carlo methods to generate posterior prob-

abilities for each clade represented in the tree. The analysis was

performed by running 106 generations in four chains, using burn-in

at 50,000 generations, and saving every 100th tree. The final tree

was rooted using the branch of the human ADAM 7 and 28

molecules as the outgroup.

Accession Numbers

The DNA sequences of clones Ml_G1, Ml_G2, and Ml_G3 from

M. l. transmediterranea and Eo_D3, Eo_C3, and Eo_RTS from E.

ocellatus are accessible from the SwissProt/TrEMBL data bank

(http://us.expasy.org) under accession codes AM261811,

AM261812, AM261813, AM286800, AM286799, and AM286798,

respectively.

Fig. 3. Disintegrin genes of E. ocellatus.
Nucleotide sequences of the genomic DNA
for Eo_D3 (A), Eo_C3 (B), and Eo_RTS
(C). The deduced amino acid sequences of
exons are shown in the one-letter code and
in boldface. The nucleotide sequences
complementary to those of the primers
used for PCR amplification are underlined.
In A the 5¢-GTAAG (donor)/3¢-AG
(acceptor) consensus intron splice site
signature is in italics and double-
underlined. Intronic sequences overlapping
in the 5¢ fi 3¢ and the 3 fi 5¢ sequencing
directions are underlined. The MLD (A),
RGD (B), and RTS (C) integrin binding
motifs are depicted on a gray background.
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Results and Discussion

Genomic Organization of Dimeric Disintegrin Subunits

Disintegrin-coding DNAs were PCR-amplified using
genomic DNAs as template and a pair of primers
complementary for the nucleotide sequences coding
for the N- and C-terminal amino acid sequences of
dimeric disintegrin subunits from M. l. transmediter-
ranea (Mlt) (Sanz et al. 2006) and E. ocellatus (Eo)
(Juárez et al. 2006a). The 1.2-kb sequences of two
such Mlt genes, termed Ml_G1 and Ml_G2 (Fig. 1A),
revealed that their ORFs were each interrupted by
single introns of 1052 and 1043 bases, respectively
(Figs. 2A and 2B). The 1.7-kb sequence of Echis
ocellatus Eo_D3 (Fig. 1C) coded for a dimeric dis-
integrin subunit and also contained a single 1006-
nucleotide intron (Fig. 3A). The exon-intron-exon
structure of the disintegrin domain would support the
hypothesis of exon shuffling as a putative mechanism
for structural diversification of toxins suggested by

Junqueira-de-Azevedo and colleagues (2006) in a re-
cent report on the transcriptome analysis of Lachesis
muta. The medium-sized disintegrins halystatins 2
and 3 from Gloydius halys are produced by alterna-
tive splicing of a single gene (GenBank accession code
D28871). Addressing this point requires detailed
genomic and transcriptomic comparative analyses.

The intragenic regions of Ml_G1, Ml_G2, and
Eo_D3 exhibit �88% sequence identity among them-
selves and display approximately 90% sequence iden-
tity with the full-length (999-base) intron 2 of the gene
for prepro-halystatins 2 and 3. The exon-intron orga-
nization of prepro-halystatins 2 and 3 and the partial
intron sequences (139 nucleotides) of a disintegrin
gene from several Agkistrodon contortrix subspecies
(Soto et al. 2006), which show 92% identity with the 5¢
regions of the M. l. transmediterranea and the E.
ocellatus introns (comprising nucleotides 12–155) are
the only reported sequences of disintegrin genes
(Fig. 4). The partial exon sequences of theAgkistrodon
contortrix isogenes show the highest similarity with

Fig. 4. Comparison of intronic sequences. Alignment of the
nucleotide sequences of the introns of Ml_G1, Ml_G2, and Eo_D3
with that of intron 2 of prepro-halystatins 2 and 3 from the Chinese
water mocassin (G. halys pallas) (GenBank accession code D28871)
and the partial intronic sequence of a disintegrin gene from several

Agkistrodon contortrix subspecies (Soto et al. 2006). Identical nu-
cleotides are labeled with an asterisk below the multiple alignment.
The 5¢-GTAAG (donor)/3¢-AG (acceptor) consensus intron splice
site signature is in italics and double-underlined.
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cDNA sequences for the a-subunit of acostatin and for
the a- and b-subunits of piscivostatin, two dimeric
disintegrins from A. c. contortrix and A. piscivorus
piscivorus, respectively (Okuda et al. 2002).

The M. l. transmediterranea, E. ocellatus, and G.
halys introns all display the 5¢-GTAAG (donor)/3¢-
AG (acceptor) consensus intron splice site signature
(Vicens and Cech 2006) (Figs. 2A and B, 3A, and 4),
whereas the introns from the Agkistrodon contortrix
subspecies genes lack the first 11 nucleotides, which
are absolutely conserved in the 5¢ end of the Macro-
vipera and the Gloydius introns (Fig. 4). Nonetheless,
all these introns share equivalent topology within
their respective disintegrin genes (Fig. 5). On the
other hand, comparison of the exon-intron organi-
zation of the gene for the medium-sized disintegrins
halystatins 2 and 3 and the genomic DNA coding for
the dimeric disintegrin subunits Ml_G1 and Ml_G2
revealed that intron 1 of the former (G. halys) disin-
tegrins is absent from the M. l. transmediterranea G1
and G2 genes (Fig. 5). Accumulating evidence sug-
gests that the subunits of dimeric disintegrins arose
from duplicated medium-sized disintegrin genes
(Calvete et al. 2003). Deletions and mutations
involving, among others, the codons of the first two
cysteine residues, yielded polypeptides with 10 cyste-
ines. Cys-6 and Cys-7, which in monomeric medium-
sized disintegrins are disulfide-bonded to the lost
cysteines, form interchain disulfide bonds with
homologous cysteines from another 10-cysteine-con-

taining disintegrin chain (Calvete et al. 2000; Bilgrami
et al. 2004, 2005), giving rise to homo- and hetero-
dimers (Marcinkiewicz et al. 1999a,b; Zhou et al.
2000; Gasmi et al. 2001; Calvete et al. 2002). Beside
mutations affecting the exon-coded sequences of
disintegrin genes, sequence analysis of dimeric disin-
tegrin subunit genes from different vipers indicates
that the loss of intron 1 may represent a conserved
feature in the transition from a medium-sized to a
subunit of dimeric disintegrin.

Intronless Genomic Sequences Coding for
Short Disintegrins

A 133-bp genomic DNA fragment from M. l.
transmediterranea (Ml_G3) was amplified (Fig. 1B)
using primers complementary to conserved regions
of the short disintegrins lebestatin (M. l. transmedi-
terranea), CV-short (Cerastes vipera) (Sanz et al.
2006), and jerdostatin (Protobothrops jerdoni) (Sanz
et al. 2005). This DNA fragment corresponded to a
small intronless genomic sequence coding for a full-
length RTS-disintegrin (Fig. 2C) identical to mature
CV-short and jerdostatin. Ml-G3 and lebestatin
show 89% amino acid sequence identity. An identi-
cal RTS-disintegrin sequence (Eo_RTS) was ampli-
fied from genomic DNA of E. ocellatus using a
different set of primers (Figs. 1D and 3C). This
striking finding was consistently confirmed in more

Fig. 5. Comparison of amino acid sequences and organization of
disintegrin genes. Alignment of the genomic DNA-deduced amino
acid sequences of dimeric disintegrin subunits Ml_G1, Ml_G2, and
Eo_D3 and the short disintegrins Ml_G3 and Eo_C3 from M. l.
transmediterranea (‘‘Ml_X’’) and E. ocellatus (‘‘Eo_X’’) with rep-
resentative disintegrin-like domains from ADAM molecules of
other vertebrate taxa (hu, human; ck, chicken; mm, mouse; zf,
zebra fish) and snake venom disintegrins whose gene organization
has been reported: Halys-2 and Halys-3, disintegrin domains of
halystatins 2 and 3 from the Chinese water mocassin (Gloydius

halys pallas; GenBank accession code D28871); Contortrix, partial
sequence of a disintegrin gene from several Agkistrodon contortrix
subspecies (Soto et al. 2006). The amino acid residues preceding the
conserved insertion position of introns 1, 2, and 3 (marked with
arrows) in the respective disintegrin/disintegrin-like genes are
underlined and boxed. Cysteine residues are depicted on a gray
background. Accession codes: hu_ADAM-11 (NC_000017.9),
hu_ADAM-19 (NC_000005.8), hu_ADAM-22 (NC_000007.12),
ck_ADAM-22 (http://www.ensembl.org; ENSGALP00000014587),
mm_ADAM-19 (AK147217), zf_ADAM-22 (NC_007128.1).
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than 20 DNA sequence experiments from indepen-
dent clones. Thus, using the same set of primers, we
(Sanz et al., in preparation) have amplified intron-
less jerdostatin-like genes from genomic DNAs of a
number of species classified into very diverse genera
from the subfamilies Viperinae (pitless vipers:
Daboia russelli, Bitis arietans) and Crotalinae (pit
vipers: P. jerdoni, G. halys, Sistrurus catenatus
catenatus, Crotalus viridis, P. mucrosquamatus)
(http://www.embl-heidelberg.de/�uetz/families/
Viperidae.html).

The short RGD-disintegrin ocellatusin (E. ocella-
tus) is also transcribed from an intronless genomic
258-bp DNA sequence (Eo_C3) (Figs. 1D and 3B).
The nucleotide sequence of Eo_C3 is identical to the
region comprising nucleotides 1228–1485 of the long
precursor (PII metalloprotease) of ocellatusin (clone
Eo_00006; Juárez et al. 2006a). Analysis of cDNAs
from M. l. transmediterranea and E. ocellatus venom
gland libraries encoding disintegrins argued strongly
for a common ancestry of the messengers of short
disintegrins and those for precursors of dimeric dis-
integrin chains (Juárez et al. 2006a; Sanz et al. 2006).
In line with this evidence, our current findings indi-
cate that the evolutionary pathway leading to the
emergence of short disintegrins involved the removal
of all intronic sequences (Fig. 6).

Loss of Introns Along the Diversification Pathway
of Disintegrins

A survey of complete genome sequences (http://www.en-
sembl.org;http://www.ncbi.nlm.nih.gov/BLAST) reveal-
ed that the genes for ADAM proteins from a number of
species, including zebra fish (Danio rerio), mouse (Mus
musculus), rat (Rattus norvegicus), chicken (Gallus
gallus), and human (Homo sapiens), contain three
topologically conserved introns within their disinte-
grin-like domains (Fig. 5). ADAMs represent the
closest homologues of PIII snake venom proteins,
which in turn are likely to represent the ancestors of the
PII disintegrin family (Moura da Silva et al. 1996;
Calvete et al. 2003, 2005; Calvete 2005). Noteworthily,
all known ADAMand disintegrin introns share the 5¢-
GTAAG (donor)/3¢-AG (acceptor) consensus splice
site signature (Figs. 5 and 6). Moreover, the insertion
sites of introns 1 and 2 are conserved in the genes for
ADAMs and for the medium-sized snake disintegrins
halystatins 2 and 3, and in addition, the insertion po-
sition of intron 2 is also conserved in the genes for
dimeric disintegrin subunits Ml_G1, Ml_G2, and
Eo_D3 (Figs. 5 and 6). On the other hand, intron 3 has
been removed from the halystatin gene; introns 1 and 3
are not present in the genes for Ml_G1, Ml_G2, and
Eo_D3; and the short disintegrins Ml_G3 and Eo_C3

Fig. 6. Minimization of protein structure and gene organization.
A Scheme of the domain organization, disulfide bond patterns, and
proposed evolutionary pathway from the PIII disintegrin/cysteine-
rich proteins to short disintegrins (Calvete et al. 2003, 2005; Calvete
2005; Juárez et al. 2006a, b). Structural features (the cysteine-rich
domain of PIII disintegrin-like molecules, and class-specific disul-
fides) lost along the disintegrin diversification pathway are high-
lighted with thick lines. B Scheme of the conserved exon-intron
organization of known disintegrin-like domains of vertebrate

ADAM proteins and of the medium-sized disintegrins halystatins 2
and 3, the dimeric disintegrin subunits Ml_G1, Ml_G2, and
Eo_D3, and the short-disintegrins Ml_G3 and Eo_C3. GT...AG,
denotes the 5¢-GTAAG (donor)/3¢-AG (acceptor) consensus intron
splice site signature conserved in all known disintegrin-like and
disintegrin genomic DNAs. The concept of minimization of both
the protein and the gene structures along the diversification path-
way of disintegrins is highlighted.
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(ocellatusin) are encoded by intronless genes (Figs. 5
and 6).

Phylogenetic relationships among disintegrins in-
ferred using maximum likelihood and Bayesian
analysis (Fig. 7) indicate that the disintegrin-like
domains of PIII snake venom metalloproteinases and
those of cellular ADAMs are the closest homologues,
and are in line with the view that PIII SVMPs di-
verged from an ADAM precursor (Moura da Silva et
al. 1996). PIII SVMPs are modular proteins con-
taining N-terminal Zn2+-metalloproteinase, disinte-
grin-like, and C-terminal cysteine-rich domains. Gene
duplication and removal of the region encoding the
cysteine-rich domain generated the PII SVMP genes
(Moura da Silva et al. 1996; Juárez et al. 2006b). The

phylogenetic tree inferred for the disintegrin family
(Fig. 7) also supports our hypothesis that the struc-
tural diversity of PII disintegrins has been achieved
during evolution through mutations causing the loss
of pairs of cysteine residues engaged in the formation
of disulfide bonds, generating successively the pre-
cursors of long, medium-sized, dimeric, and short
disintegrins as depicted schematically in Fig. 6A
(Calvete et al. 2003; Juárez et al. 2006a). Our current
results showing the sequential loss of introns along
the diversification pathway of disintegrins provide
additional evidence in favor of our hypothesis that a
minimization of both the gene organization and the
protein structure underpins the evolution of the snake
venom disintegrin family (Fig. 6). Challenges for fu-

Fig. 7. Phylogenetic tree for the disintegrin family. Evolutionary
relationships among disintegrins were inferred using maximum-
likelihood and Bayesian methods. The analyses were based on the
amino acid sequences of PIII disintegrin-like and PII long, med-
ium-sized, dimeric, and short disintegrin domains displayed in Fig.
3 of Calvete et al. (2003). When available, database accession
numbers are indicated. The sequences of the short disintegrins
multisquamatin, pyramidinA, and leucogastin are from Okuda

et al. (2001). The primary structures of the dimeric disintegrin su-
bunits EMS11A, VLO4, VLO5A, VLO5B, VA6, VB7A, and VB7B
are reported by Calvete et al. (2003). Bilitoxin-1 is from Nikai et al.
(2000), and the sequence of the disintegrin-like domain of gram-
inelysin is fromWu et al. (2001). For rooting the tree, the branch of
disintegrin-like domains of the human ADAM-7 and ADAM-28
molecules was used as the outgroup. Nodes with confidence values
>60% are indicated.
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ture investigations are to identify the molecular
machinery responsible for, and to dissect the indi-
vidual steps along, the transformation pathway of
disintegrins from ADAM PIII disintegrin-like do-
mains to snake venom short PII disintegrins.
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Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller

W, Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new

generation of protein database search programs. Nucleic Acids

Res 25:3389–3402

Bazaa A, Marrakchi N, El Ayeb M, Sanz L, Calvete JJ (2005)

Snake venomics: comparative analysis of the venom proteomes

of the Tunisian snakes Cerastes cerastes, Cerastes vipera and

Macrovipera lebetina. Proteomics 5:4223–4235

Bilgrami S, Tomar S, Yadav S, Kaur P, Kumar J, Jabeen T,

Sharma S, Singh TP (2004) Crystal structure of schistatin, a

disintegrin homodimer from saw-scaled viper (Echis carinatus)
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