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Abstract. Analysis of cDNAs from Macrovipera
lebetina transmediterranea (MIt) 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 M1_G1 and M1_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 M1_G3 (MIt) 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 M1_G1, M1_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

*These authors contributed equally to this work and may both be
considered first authors.

Correspondence to: Libia Sanz; email: Libia.Sanz@ibv.csic.es

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
that were recruited into the venom proteome before the
radiation of the advanced snakes at the base of the
Colubroidea radiation (Fry and Wiister 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, Zn> " -
metalloproteases, L-amino acid oxidase, group II
PLA ) 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 and Wiister 2004; Fry 2005; Markland 1998; Fox
et al. 2006; Juarez 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 venom proteins may
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 the molecular events leading
to snake venom toxin diversification remain unclear.
Venom  Zn’"-dependent  metalloproteinases
(SVMPs) represent Serpentes-specific hemorrhagic
toxins derived from cellular ADAM (A disintegrin 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. PI metalloproteinases (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 A from the protein core (Calvete et
al. 2005; Monledn 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 (Juarez 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. [ 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
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Forward (F) and reverse (R) primers used for amplification of disintegrin genes from Macrovipera lebetina transmediterranea

(M1_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’ Ml1_GI, 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' Ml1_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-¥

at the herpetarium of the Liverpool School of Tropical Medicine.
The M. I. transmediterranea tissues were homogenized in 400 ul of
sterile salt buffer (0.4 M NaCl, 110 mM Tris-HCI, 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 pug/ml final
concentration). The homogenates were incubated at 55°C over-
night. Thereafter, 300 ul of 6 M NaCl (NaCl-saturated H,0) 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 pl sterile
distilled H,O.

DNA Amplification and Sequencing

Disintegrin-encoding DNAs from M. [. transmediterranea were
amplified by PCR from genomic DNAs using the following pairs of
primers, whose sequences are listed in Table 1. For MI_G1 and
MI_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 MI_G3, the forward primer was F2,
which contains the sequence coding for the conserved first six
residues of the mature short disintegrins jerdostatin (Protobothrops
Jjerdoni) (Sanz et al. 2005) (SwissProt/TrEMBL accession code
AY262730), CV-short (Cerastes vipera) (Q3BK17) (Sanz et al.
2006), and lebestatin (Q3BK14) (M. I. transmediterranea) (Sanz et
al. 2006) and the CCATGG Ncol restriction site. The reverse pri-
mer was R2, which includes a STOP codon (TTA), the CTCGAG
restriction site for Xhol, 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
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Fig. 1. PCR amplification of disintegrin genes of M. [. trans-
mediterranea. One percent agarose gel electrophoretic analysis of
the PCR-amplified genomic DNAs from M. [. transmediterranea
(A) ML_GI (lane G1) and MI_G2 (lane G2) and (B) M1_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.

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 RS (reverse). PCR amplification of
the E. ocellatus genomic DNAs was performed in a 25-ul volume
containing 0.34 pg of genomic DNA, dNTP (each at 10 mM),
0.6 ul of 5" and 3" primers (10 uM each), 0.25 ul of Ampli Taq
Gold polymerase, and buffer provided by the supplier (Roche).
PCR amplification was performed using the Touchdown 60°C/
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M N S A N P C € D P I T €C K P R R G 18
ATG AAT TCT GCA AAT CCG TGC TGT GAT CCT ATA ACG TGT ARA CCA AGA CGA GGG 54
E H C ¥V 8 6 P C C R N C K 31
GAA CAT TGT GTA TCT GGA CCG TGT TGT CGT AAC TGC AAA GTA AGA CTT GTT TAT 108
TTT TAA CAC CAG GAA AAA TTT TAC CCT GCT CCA TAC TAG CCA TGT AGA AAT GTA 162
ATA TTT CTT GGC TGT TTA CTA TGA TCA AAAR CAT TTC AAC CCT ATT TCC TAT CCC 216
TTT CTT CTA GTT CAT CTG ACT CTT ATG AAC ATA CCC ATA GGG ARG ATA ATT TAA 270
CAA BRAT TTC AGC CTT GTC TCA GCC CCA AAT GCA CAC TTT TGG CAT GIT ARA TCA 324
TGT CTG TGA AAAR TRA TAT ATT TGT TCT TTG AGG GAG TTT GCA TGG ARA TCC AGT 378
TTA AAT AAG GGT GGG CAA TGT TTG AGA TTC GTG CCC TAA CTC AGC TTC CTG ACT 432
TTC TGG AAG GTT GTA AGA GGT CCC TGG TAA TGC TGT GAC ATT TTT CTC CCA GAG 186
ACT TTT AGG ATG GAA ATT GGT GTA GGA GAC TTA TGG AAG TAR AGT TGC CTT TTT 540
CCC CCC TTA AGT TAT CTA CCT GCT CTG TAA AGC TCT AAA TTC AGG TGT TTT GGT 594
GGC ACA TTC TGG AAG TGT TTC AAG ACC ATG AAA AGA GAG GTG CAA GTT CCT CAT 648
TCC TTC TTT CTA TGT AGG ATC CCA TTT GAC TGT TAA TGA ACC TTT TGA GCA GAG 702
TGG CCC AAA ACA TTT GTT ATT GCC ATA TTT CCA TCA CAA GCC TAG TTT CAC AGG 756
ARG AGA AGG GAG CCA TGA GTT TTT CAG CAT TAT GAC AGA AAR TTC TAT GAA TGC 810
TTC TTC CCA TGT ARA GAA ATA TCA TGA GAA GTT CCG CAA TTC ACT TTT TGC TGC 864
TTT TTC ATG GCA GGC CAA ATG ATT TTC ACT TTA TGG TCA GCC AAC ATG TAG AAC 918
TTIC TGT TTC AGG AART TGA GCC TTT CAT TGC RAT RAG ACA TAG CAA ATA AGA CAG 972
ACT GGG ACT TCT AGG CAC CAC ACA CAG TTG TAA CAG GGG AGG GAT GCC TTG CTT 1026
GGT GAT CCT CAA GAC RGA TGA AGAR GGA GGT TTT GAR ATG TGT TGT GAA TCA TGG 1080
TTT GAC TCT TTG ATC TCT GCT GCT GAT GAA TGA TAG CTG GGA GTA TTT TTG ATT 1134
F L R A G T Vv € K R A ¥V G D 45
CTC ACC CAC AG TIT TTG AGA GCA GGA ACA GTA TGC ARG AGA GCA GTG GGT GAT 1187
D M D D ¥ € T € I S S D C P R N P Y 63
GAC ATG GAT GAT TAC TGC ACT GGC ATA TCT TCT GAC TGT CCC AGA AAT CCC TAC 1241
D K * 65
ARR GAC TAA 125¢C
B % ¥~ s A N P € € D P I T C K P R K G 18
ATG AAT TCC GCA AAT CCG TGC TGT GAT CCT ATA ACG TGT AAA CCA AGA AAA GGG 54
E H €C vV 8 6 P C C R N C K 31
GAA CAT TGT GTA TCT GGA CCG TGT TGT CGT AAC TGC AAA GTA AGA CTT GTT TAT 108
TTT TAAR CAC CAG GAG AGA TTT TAC CCT GCT CCA TAC TAG CCA TGT AGA AAT GTA 162
ATA TTT CTC GGC TGT TTA CTA TGA TCA AAA CAT TTC AAC ACT ATT TCC TAT CCT 216
TTC TTC CAG TTT ATT TGA ACC TTA TGA ACA TAC GCA TAG GGA AGA TAA TTT TAAR 270
ARA ATT TCA GTC TTC TCC CAA TCT CAA ATG CAC TCT TTC AGC ATG TTA AAT CAT 324
GTC TGT GAR AAT AAT ACA TTT CTT CTT TGA CTG ARR TTG CAT GGA AAC TAA GTT 378
TAA ACA AGG GTG AGC AAT GTA TGA GAT TGG TGC CCT AAC TCA GCT TCT TGA CTT 432
TCT GGA AGG TTC TRA GAG GTC CCT GGT AAT GCT GTG ACA TTT TTT CTC TCT GAG 186
CCT TTT AGG ATG GAA ATT GGT GCA CCA GAC TTC TAG AAG TAA AAT TGC CTT TTT 540
TCC CCA TTA AGT TCC CTT CTT GCT CTC TAA AGC TCT AAR TTC AGG TAT TTG GGT 594
GGC _ACA TTC TGG AGT TGC TGC AGG ACC ATG AAA AGA GAG GTG CAG GIT CCC CAT 648
TTC TTC TTT CTA TGT GGG ATC CCA GIT GAC TCT GTA ATG ACC TTIT TTT GAG CAG 702
AGT GGC CCA AAA CAT TTT GTT ATT TCC ATA TTT CCA TCC CAA GCC TAG ATT CAC 756
AGC BAG AGA AGG GAG CCA CGT GTT TTT CAG CAC GTG ACA GAR AAT TCT ACG AAT 810
GCT TCT TCC CAT GTA RAG AAA TAT CAG GAG RAG TTC AGC AAT TCA CTT TTT GCT 864 . .. .
GCT GTT TCA TGG CAG CCC AAT TGA TTT TCA CTC TAT GGT CAG CCA ACA TGC AGA 918  Fig- 2. Disintegrin genes of M. /.
ACT TCT GTT TCA GGA ATT GAG CCC TTC ATT GCC ATC ATT TCT CCA TAG CAA ACA 972 transmediterranea. Nucleotide sequences of
AGA TGG ACT GGG ACT TCT AGG CAT TAC ACA CAA TTG TAA CAG GGT AGG GAT GAC 1026  the genomic DNA forMI_Gl (A), Ml_G2
CTT GCT TGG TGA TCC TCA AGA CAG ATG AAG AGG AGG TTT TGA AAT GIG TCA CTC 1080 () “and M]_G3 (C). The deduced amino
TTT GAT CTC TGC TGC TGA AGA ATG ATA GCT GGA GTA TTT TTG ATT CTC ACC CAC 1134 o) — .
acid sequences of exons are shown in the
F L ® P G T I C K R T HENEER ¢ L X 48 one-letter code. The nucleotide sequences
AG TTIT CTG AAC CCA GGA ACA ATA TGC AAG AGA ACA ATG CTT GAT GGC TTG AAT 1187 Complementary to the primers used for
pD ¥ ¢ T € I T 8 D € P R N P ¥ EKE D * 65 PCR amplification are underlined. In A
GAT TAC TGC ACT GGC ATA ACT TCT GAC TGT CCC AGA AAT CCC TAC ARA GAC TAA 1241 and B, the 5-GTAAG (donor)/3-AG
(acceptor) consensus intron splice site
c R a4 M p ¢6 T T 6 P €C € R Q@ € K L K P 14 signature is in italics and double-
CGT GCC ATG GAT TGT ACA ACT GGA CCA TGT TGT CGT CAG TGC AAA TTG AAG CCG 54 underlined, and the intronic sequences
overlapping in the 5" — 3" and the 3’ —» 5’
hoB X 2 O N mmmmm v o3 9 H 2 .G L S B 22 sequencing directions are underlined. The
GCA GGA ACA ACA TGC TGG AGA ACC AGT GTG TCA AGT CAT TAC TGC ACT GGC AGA 108 q g d. 1
VGD (A), MLD (B), and RTS (C) integrin
s ¢ E CcC P S Y P 6 N G * Y 5 R 43 binding motifs are depicted on a gray
TCT TGT GAA TGT CCC AGT TAT CCC GGG AAT GGC TAA TAC TCG AGG C 155

background.

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. /. 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 DHS5o 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 pg/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 M1_G1, Ml_G2, MI_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.
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A M "~ s A 8 P c ¢c D P V T €C Q@ P K Q G 18
ATG AAT TCT GCA CAT CCA TGC TGT GAT CCT GTA ACA TGT CAA CCA ARA CAA GGG 54
E H ¢ I 8 6 P C € R N C K 31
GAA CAT TGT ATA TCT GGA CCG TGT TGT CGT AAC TGC AAA GTA AGA CTIT GTT TAT 108
TTT TAA CAC CAG GAG AGA TTT TAC CCT GCT CCA TAT TAG CCA TGT AGA RAT GTA 162
ATA TTT CTT GGC TGT TTA CTA TGA TCA AAA CAT TTC AAC CCT ATT TCC TAT CCT 21¢
TTC TTC CAG TTT ATT TGA CTC TGA TGA TCA TAC ACA TAG GGA AGA TAA TTT TAR 270
BAA AGG TTC TGT CTT CTC TCA GTC TCA AAT GCA CTC TTT CAG CAT CTT AAA TCG 324
BAT CTG TGA ARR TAA TAT ATT TGT TCT TTG ACT GAA ATT GCA TGG ARA CTA AGT 378
TTA AAC AAG GGT GAG CAR TGT TTG AGA TTG GIG CCC TAA CTC AGC TTC CTG ACT 432
TTC TGG AAG GTT CTA AGA GGT CTC TGG TAA TGC TGT GAC ATT TTT TTC TTT GAG 48€
CGT TTT AGC TTG GAA ATT GGT GCA CCA GAC TTC TAG TAG TAA AAT TGC CTT TTT 540
TCC CCA TTA AGT TTT CTT CCT GCT CTC TAA AGC TTC AAA TTC AGG TAT TTT GGT 594
GGC GCA TTC TGG AGT TGC TGC AGG ACC ATG ARA ATA GAT GTG CARA GTT CCT CAT 648
TTC TTC TTT CTA TGT GAC TCT GTA ATG ACC ATT TTT TAG CAG AGG GGC CCA RAA 702
CAT TTT GTA ATT ACC CTA TTT CCA TCA CAA GCC TAG ATT CAC AGC ARA AGT AGG 75€
GAC CTA CAT GCT TTT CAT CAT GTG ATA GAA AAT TCT GTG AAT GCT TCT TCC CAT 810
GTA AAG AAR TAT TAG GAG AAG TTC AGC AAT TCA CTT TTT GCT GCT TTT TCA TGG 864
CAG TCA AAC TGA TTT TCA CTT TAT GGT CAC CCA ACA TGT AGA ACT TAG GAA CTG 918
AGG CTT TTA TTG CAAR TTA TIT CCT CAT AAC ARR TAA GAC AGG GAC TIT TAG GCA 972
CCA CAC ACA GIT GTA ACR GGG CAG GAA TGC CTC AGG ATA GAT GAA GAG GAG GTT 1026
TTG AAR TGT GTC ACT CTT CTA TCT CTG CTG CTG AAG AAT GAT CAC TGG BRAT ATT 1080
F L N 8 6 T I € K K T M 43
TCT GAT TCT CAC CCA CAG TTT CTG AAT TCA GGA ACA ATA TGC AAG ARA ACA ATG 1134
L b 6 L W D ¥ ¢ T G v T s D c P R N 61
CTT GAT GGC TTG AAT GAT TAC TGC ACA GGT GTT ACT TCT GAC TGT CCC AGA AAT 1188
P Y K G K E D D * 69
CCC TAC AAA GGC ARR GAR GAT GAC TAA AAG TAA ATA AAG TAA GTA AAA GAT TAC 1242
CTC TAA TCT GTG TGC TCT ARAR TGC TCT AMA GTC TGA TTC CAA GGG GTG ATA TCT  129€
BAA AAR ARA TAR ATT GCA ATT GAT CAG TGT TGA AAT ATA CAT AGA AGA AAA AGT 1350
ATC CAT CTA GOC TTC TTT TGG TTG TTG TTA TTT TGA TTT TTC TTC ARA CAR CAA 1404
CCA CAA CAR ATG AGG TCA ATG TCC AGG ACT GTIT CCT TTC TTG CAA GRA CAA AAT 1458
GCT TGG CCT TCT CAG GGC CTT GTG CTT AGG TGG AAG AGA GAA ATG AGA AAA ATG 1512
GGG CAG ATC TAG TTG TGA CCT AAC AAT GAA GCA ARC CCA AAT CTT ACC TTA AAG 1566
AAT CAG GAA TCG CTT CCC CTIT GAT TTT TAT ACA ATA TAG AAC CTG AAA GAA GTT 1620
TGG GTT AGT TTG GRA AGT GCT GTC TTA CAC CAC TGA ARA TCT CTT TCT TTG ACT 1674
TTC AGG CCT GCA ACA GCA AAA GGC AGT GTG TTG ATG TGA 1713
BELLQNS‘JNPCYDPUTCQ? 18
GAA CTT TTG CAG AAT TCT GTA AAT CCA TGC TAT GAT CCT GTA ACA TGT CAA CCA 54
K E X E D €C E 8§ 6 P C C D N C K F L 3
ARA GAR AAG GAR GAC TGT GAA TCT GGA CCA TGT TGT GAT AAC TGC AAA TTT CTG 108 Fig. 3. Disintegrin genes of E. ocellatus.
Nucleotide sequences of the genomic DNA
E B &6 T I € K M A DENIN N M B D Y C 24 for Eo_D3 (A), Eo_C3 (B), and Eo_RTS
AAG GAA GGA ACA ATA TGC AAG ATG GCA AGG GGT GAT AAC ATG CAT GAT TAC TGC 162 = - . -
(C). The deduced amino acid sequences of
N 6 kK T ¢ D C P R N P ¥ K G E H D P 72 exons are shown in the one-letter code and
AAT GGC AAA ACT TGT GAC TGT CCC AGA AAT CCT TAC ARA GGC GAA CAT GAT CCG 21¢ in boldface. The nucleotide sequences
complementary to those of the primers
e i, 8 B e BOGX 6 A N odn M2 42 used for PCR amplification are underlined
ATG GAA TGG CCT GCA CCA GCA RAR GGC AGT GTG TTG ATG TGA 258 " p , :
In A the 5-GTAAG (donor)/3’-AG
C c T T 6 P € ¢ R @ € XK L K P A G T T 18 (acceptor) consensus intron splice site
TGT ACA ACT GGA CCA TGT TGT CGT CAG TGC AAA TTG AAG CCG GCA GGA ACA ACA 54 signature is in italics and double-
EE TR EERE R T EE Y 3 underlined. Intronic sequences overlapping
M ’ ’ ’ b
TGC TGG AGA ACC AGT GTA TCA AGT CAT TAC TGC ACT GGC AGA TCT TGT GAA TGT 108 n the. 5" — 3 and th? 3 - 5 sequencing
directions are underlined. The MLD (A),
P S Y P G N G * 44 RGD (B), and RTS (C) integrin binding
CCC AGT TAT CCC GGG AAT GGC TAA 132 motifs are depicted on a gray background.
Phylogenetic Reconstruction abilities for each clade represented in the tree. The analysis was

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-

performed by running 10° 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. [. transmediterranea and Eo_D3, Eo_C3, and Eo_RTS from E.
ocellatus are accessible from the SwissProt/TTEMBL data bank
(http://us.expasy.org) under accession codes AM?261811,
AM261812, AM261813, AM286800, AM286799, and AM286798,
respectively.
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GTAAGACTTGTTTATTTTTAACACCAGGAAAAATTTTACCCTGCTCCATACTAGCCATGTAGARATGTAATATTTCTTGGCTGT TTACTATGATCAAAACATTTCAACCCTATTTCCTAT 120
GIAAGACTTGTTTATTTTTAACACCAGGAGAGATTTTACCCTGCTCCATACTAGCCATGTAGAAATGTAATATTTCTCGGCTGT TTACTATGATCAAAACATTTCAACACTATTTCCTAT 120
GTAAGACTTGTTTATTTTTAACACCAGGAGAGATTTTACCCTGCTCCATATTAGCCATGTAGAAATGTAATATTTCTTGGCTGTTTACTATGATCARAACATTTCAACCCTATTTCCTAT 120
GTAAGACTTGTTTATTTTTAACACCAGGAGAGATTTTACCCTGCTCCATACTAGCCTTATAGAAATGTAATATCTCTTGGCTGATTACTATGATCARAACATTTCAACCCTATTTC-TAT 119
——————————— TTATTTTTAACACCAGGAGAGATTTTACCCTGCTCCATACTAGCCATATAGAAATGTAATATCTCTTGGCTGT TTACTATGATCARAACATTTCAACCCTATT-CCTAA 108
* hhkhkhh & hhkhhhhhhhhhdkd whkdk dhkhh hkkdhh k ok
CCCTTTCTTCTAGTTCATCTGACTCTTATGAACATACCCATAGGGAAGATAATTTAACAAAA-TTTCAGCCTTGTCTCAGCCCCAAATGCACACTTTTGGCATGTTAAATCATGTCTGTG 239
CC-TTTCTTCCAGTTTATTTGAACCTTATGAACATACGCATAGGGAAGATAAT TTTAAAAAA-TTTCAGTCTTCTCCCAATCTCARATGCACTCTTTCAGCATGTTARATCATGTCTGTG 238
CC-TTTCTTCCAGTTTATTTGACTCTGATGATCATACACATAGGGAAGATAAT TTTAAAAAAGGTTCTGTCTTCTCTCAGTCTCARATGCACTCTTTCAGCATCTTAAATCGAATCTGTG 239
CC-CTTCTTCCAGTTTATTTTACCCTTATGAACATATCCATAGGGAGGATAAT TTAACARRAT-TTCAGCCTTGTCTCAATCTCARATGCACTCTTTCAGCATATTARATCATATCTGTG 237
CCTTT-CCTCCAATTTAATTTA-CCTCAGGAAT 139
*k * Kk kk k Kk ok * * *k ok khkk kkk dkdkdkkdkh hhkdkhkkdkkdr Kk hhkkd dkdkkk hkk kk kok * hkkkhkkkhhk hhkkd dhekkk dkkdkdd hhkkkkk
AAAATAATATATTTG-TTCTTTGAGGGAG-TTTGCATGGAAATCCAGT TTAAATAAGGGTGGGCAATGT TTGAGAT TCGTGCCCTAACTCAGCTTCCTGACTTTCTGGAAGGTTGTAAGA 358
ARAATAATACATTTC-TTCTTTGACTGAA-ATTGCATGGAAACTAAGT TTAAACAAGGGTGAGCAATGTATGAGATTGGTGCCCTAACTCAGCTTCTTGACTTTCTGGAAGGTTCTAAGA 357
ARAATAATATATTTG-TTCTTTGACTGAA-ATTGCATGGAAACTAAGT TTAAACAAGGGTGAGCAATGT TTGAGAT TGGTGCCCTAACTCAGCTTCCTGACTTTCTGGAAGGTTCTAAGA 358
AARATAATATATTTGGTCCTTTGACTGAGGATTGCATGGGGACTAAGT TTAAATARAGGTGGGTAATGT TTGGGAT TGG-GCCCTA-CTCAGGTTCCTGACTTCTGGGAGGCTTCTARGG 356
hhkkkhhhhhk hhhk * ek *k * ddk kkkk ok hkkkh ko dkkkk ok ok hhkhhkk Ak hhhhhd dkk ok hk kkkk
GGTCCCTGGTAATGCTGTGACATTTTT-CTCCCAGAGACT TTTAGGATGGAAAT TGGTGTAGGAGACT TATGGAAGTARAGT TGCCTTTTTCCCCCCTTAAGT TATCTACCTGCTCTGTA 477
GGTCCCTGGTAATGCTGTGACATTTTTTCTCTCTGAGCCTTTTAGGATGGAAAT TGGTGCACCAGACT TCTAGAAGTAAAATTGCCTTTTTTCCCCATTAAGTTCCCTTCTTGCTCTCTA 477
GGTCTCTGGTAATGCTGTGACATTTTTT-TCTTTGAGCGT TTTAGCTTGGARATTGGTGCACCAGACTTCTAGTAGTARAATTGCCTTTTTTCCCCATTAAGT TTTCTTCCTGCTCTCTA 477
GGGCC-TGGTAATCG---GGCATTTTT--~CTTTGGG-CCTTTGGGGTGG TACCTGGTCCCTA 412
*k & deddedkdkkok * kkkkkhh * * & hkk * *kk *hk ok kk ok *k
AAGCTCTAAATTCAGGTGTTTTGGTGGCACATTCTGGAAGTGTTTCAAGACCATGAARAGAGAGGTGCAAGTTCCTCATTCCTTCTTTCTATGTAGGATCCCATTTGACTGT-TAATGAA 596
AAGCTCTAAATTCAGGTATTTGGGTGGCACATTCTGGAGT TGCTGCAGGACCATGAARAGAGAGGTGCAGGTTCCCCATTTCTTCT TTCTATGTGGGATCCCAGTTGACTCTGTAATGAC 597
AAGCTTCAAATTCAGGTATTTTGGTGGCGCATTCTGGAGTTGCTGCAGGACCATGAARATAGATGTGCAAGT TCCTCATTTCTTCTTTCTATGT-GACT CTGTARTGACCA-——————-~= 586
AAGCTCTAAATTCAGGTGTTTTTGTGGAGCATTCTTGAGGTGCTGCAGGACCATGAARAGAGAGGTGCTAGTTCCTCATTCCTTCTTTCTATGTGGGATCCCAGTTGACTCTGTAATGAA 532
hhkdkkhk hhkkkdkkhdkhhkdk hid kkkk khkkkdkk dk dk ok dkk dhhkhkkhhhhhhhk hhkh hkkk hkdkk hhkkdh dhhkhhkhhhbhdkd & *kk dekkk
CCTTTT-GAGCAGAGTGGCCCARAACATTT-GTTATTGCCATATTTCCATCACAAGCCTAGT TTCACAGGAAGAGAAGGGAGCCATGAGTTTTTCAGCATTATGACAGAARATTCTATGA 714
CTTTTTTGAGCAGAGTGGCCCARAACATTTTGTTATTTCCATATTTCCATCCCAAGCCTAGATTCACAGCAAGAGAAGGGAGCCACGTGTTTTTCAGCAC-GTGACAGAARATTCTACGA 716
~TTTTTT-AGCAGA( CCAARACATTTTGTAATTACCCTATTTCCATCACAAGCCTAGATTCACAGCAAAAGTAGGGACCTACATGCTTTTCATCAT-GTGATAGARAATTCTGTGA 704
CCTTTT-GAGCAGAGTGGCCCAAARACATTTTGTTATTTCCGTATTTCCATCACAAGCCTAGATTCACAGCAAGAGAAGGAAGCCACATGTTTTTCAGCAC-GGGACAGAARATTCTATGA 650
*hkk khkhhkhhh hhkhkhhhkhhkhhhhhh dhk dhkk *k * kk kk kkk * Kk K hhkkhkhhhk hk *hk hhkkkkkhhhkh *k
ATGCTTCTTCCCATGTAAAGARATA-——-———~- TCATGAGAAGTTCCGCAATTCACTTTTTGCTGCTTTTTCATGGCAGGCCARATGATTTTCACTTTATGGTCAGCCAACATGTAGAAC 826
ATGCTTCTTCCCATGTAAAGARATA-——-——-~- TCAGGAGAAGTTCAGCAATTCACTTTTTGCTGCTGTTTCATGGCAGCCCAATTGATTTTCACTCTATGGTCAGCCAACATGCAGAAC 828
ATGCTTCTTCCCATGTAAAGARATATTAGGAGAAGTTCAGCAATTCA -—-CTTTTTGCTGCTTTTTCATGGCAGTCAAACTGATTTTCACTTTATGGTCACCCAACATGTAGAAC 816
ATGCTTCTTCCCATGTAGAGARATAAAAATATATCACGAGAAGTTCAGCAATTAACCTTT-GCTGCTTTTTCATGGCAGCCCAATTGATTTTCCCTTTATGGTCAGCCAACAGGTAGAAC 769
*h * dk hkdkk * kk *h * hkkkk
TTCTGTTTCAGGAATTGAGCCTTTCATTGCAATAAGA----CATAGCAAATAAGACAGACTGGGACT TCTAGGCACCACACACAGT TGTAACAGGGGAGGGATG-CCTTGCTTGGTGATC 941
TTCTGTTTCAGGAATTGAGCCCTTCATTGCCATCATTTCTCCATAGCAAACAAGATGGACTGGGACT TCTAGGCAT TACACACAATTGTAACAGGGTAGGGATGACCTTGCTTGGTGATC 948
TTAGGAACTGAGGCTTTTATTGCAATTATTTCCTCAT ———-==-=-=~-, AACAAATAAGACAGGGACTTTTAGGCACCACACACAGTTGTAACAGGGCAGGAATG-CCTCAGGATA-GAT- 921
TTCTCTTTCAGGAATTGAGCCTTTCATTGCAATCATTTCCCCATAGCAAATAAGACAGACTGGGACT TCTAGGCACCACACACAGT TGTAACAGGGCAGGGATG-CCTTGCTTGGTGATC 888
*h * *k ek dk *hk dhkd hhk dekkd ke
CTCAAGACAGATGAAGAGGAGGTTTTGAAATGTGTTGTGAATCATGGTTTGACTCTTTGATCTCTGCTGCTGATGAATGATAGCTGGGAGTATTTTTGATTCTCACCCACAG 1052
CTCAAGACAGATGAAGAGGAGGTTTTGAAATGTGTC-——-—========~-~ ACTCTTTGATCTCTGCTGCTGAAGAATGATAGCTGG-AGTATTTTTGATTCTCACCCACAG 1043
———————————— GAAGAGGAGGTTTTGAAATGTGTC-—-——=---------ACTCTTCTATCTCTGCTGCTGAAGAATGATCACTGG-AATATTTCTGATTCTCACCCACAG 1005
CACAAGACAGATGAAGAGGAGGATTTGAAATGTGT TGTGAATCATGGTTAGACTCTTTGATCTCTGCTGCTGAAGAT TGATAGC TGGGAGTATTTTTGATTCTCACCCGCAG 999

Fig. 4. Comparison of intronic sequences. Alignment of the
nucleotide sequences of the introns of M1_G1, M1_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

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. [. transmediter-
ranea (Mlt) (Sanz et al. 2006) and E. ocellatus (Eo)
(Juarez et al. 2006a). The 1.2-kb sequences of two
such Mlt genes, termed MI_G1 and M1_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

dedk ek ok ok ddkdedddddddkkkkkkkdk kkk

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.

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 MI_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. [ 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 the Agkistrodon
contortrix isogenes show the highest similarity with
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Intron 3

¢

Intron 2

17 g

hu_ADAM-11 DPPECGNGFVEAGEECDCGSWQECSRAGGNCCKK--CTLTHDAMCSDGLCCRROKYEPRGVSCREAVNECDIAETCTGDS SO PPNLEKLDGYYCDHEQ
hu_ADAM-19 GGRRCGNGYLEDGEECDCGEEEECNNP---CCNASNCTLRPGAECAHGSCCHQOKLLAPGTLCREQARQCDLPEFCTGKSHHEPTNFYQMDGTPCEGGY
hu_ADAM-22 DPPECGNGFIETGEECDCGTEAECVLEGAECCKK--CTLTQDSRCSDGLEC FQPMGTVCREAVNDCDIRETCSGNSSQEAPNIHKMDGY SCDGVQ
ck_ADAM-22 GGRKCGNGYLEEGEECDCGEVEECNNP---CCNANNCSLKLGAECAHGSCCHECOKLMS PGTLCREKSGLCDLPEYCTGQSHFEPSNSYQIDGASCEGGK
mm_ADAM-19 GGRRCGNGYLEDGEECDCGEEEECKNP--- CCNASNCTLKEGAECAHGSCCHQUKL.VAPGTQCREQVRQCDLPEFCTGKSHHEPTNY YOMDGTPCEGGY
2f_ADAM-12 GGQKCGNGYIEEGEECDCGEHEECLNP---CCHNATTCTLKGDAVCAHGQCCENCQLKPAGTPCRESSNSCDLPEFCTGTNEHEPANVY LHDGHACHNMD
Halys-2 EAGEDCDCGAPANP-----~ CCDAATCKLRPGAQCAEGLCCDQCRF IKAGTVCR-RARGDWNDNTCTGQSADCPRNGL

Halys-3 ERGEDCDC ?------ccnm'rcmpancucmcn FMKEGTICR-MARGDDMDDYCNGISAGCPRNPFHA

ML_G1 MNSANP-====~ CCDPITCKPRRGEHCVSGEC FLRAGTVCK~RAVGDDMDDY CTGISSDCPRNPYDKD

ML_G2 MNSANP-~- =~~~ CCDPITCKPRKGEHCVSGPCCRNCEFLNPGT ICK-RTMLDGLNDY CTGITSDCPRNPYDKD

Eo D3 MNSAHP--—~=~ CCDPVTCQPKQGEHCISGPCCRNOKFLNSGTICK-KTMLDGLNDY CTGVTSDCPRNPYRGKEDD
Contortrix B CCDAATCKLTAGSQCAEGLCCDOCRFMKAGTICR-RARGD . . .

Ml_G3 CTTGPCCROCKLKPAGTTCW--RTS-VSSHYCTGRSCECPSYPGNG

Eo_€3 1lgnsvnpeydpvteqpkekeDCESGPCCONCKFLKEGT ICK-MARGDNMHD Y CNGKTCDCPRNPYRGEHDP
Eo_RTS CTTGPCCRQCKLKPAGTTCW--RTS-VSSHYCTGRSCECPSYPGNG

Fig. 5. Comparison of amino acid sequences and organization of halys pallas; GenBank accession code D28871); Contortrix, partial

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 MI_G3 and Eo_C3 from M. [
transmediterranea (“MI1_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

cDNA sequences for the a-subunit of acostatin and for
the o- and f-subunits of piscivostatin, two dimeric
disintegrins from A. c. contortrix and A. piscivorus
piscivorus, respectively (Okuda et al. 2002).

The M. [. 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 M1_G1 and MIl_G2
revealed that intron 1 of the former (G. halys) disin-
tegrins is absent from the M. [. 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-

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).

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. [
transmediterranea (M1_G3) was amplified (Fig. 1B)
using primers complementary to conserved regions
of the short disintegrins lebestatin (M. [. 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. MI-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. ID and 3C). This
striking finding was consistently confirmed in more
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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; Juarez 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

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; Juarez 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 (Juarez et al. 2006a; Sanz et al. 20006).
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).

AG GT

n 1 (Intron 2

AG G AG

ADAM proteins and of the medium-sized disintegrins halystatins 2
and 3, the dimeric disintegrin subunits M1_G1, M1_G2, and
Eo_D3, and the short-disintegrins M1_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.

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 ADAM and 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 M1_G1, Ml G2, and
Eo_D3 (Figs. 5and 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 MI_G3 and Eo_C3
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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

(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 PIIT SVMPs di-
verged from an ADAM precursor (Moura da Silva et
al. 1996). PIII SVMPs are modular proteins con-
taining N-terminal Zn>"-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; Juarez et al. 2006b). The
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et al. (2001). The primary structures of the dimeric disintegrin su-
bunits EMS11A, VLO4, VLOSA, 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 from Wu 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.

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; Juarez 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-
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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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