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1.1 LAS SERPIENTES

La inmensa mayoria de las cerca de 3000 especies de serpientes
actuales no son venenosas, y -como se discutird mds adelante- los varios cientos
de especies de ofidios potencialmente peligrosos para el hombre albergan en sus
gldndulas del veneno un arsenal quimico, cuya composicién y accion bioldgica han
sido refinadas a lo largo de millones de afios de evolucidn y que representa tanto
un arma mortifera para la presa como una farmacopea natural cuyo enorme
potencial biotecnoldgico y clinico estd siendo activamente explorado en
laboratorios de todo el orbe (Menez 2002; Menez et al. 2006).

Se estima que hace unos 310 millones de afios los reptiles descendieron
de los anfibios. La innovacion evolutiva que permitio a los reptiles separarse de
los anfibios y colonizar ecosistemas terrestres fue el desarrollo de huevos con
cdscara que podian ser depositados en tierra, liberando a los reptiles de la
necesidad de retornar al agua para reproducirse
(http://www.geocities.com/CapeCanaveral/Hangar/2437/evolve.html) (Greene

1997). El registro fdsil incluye ejemplares de serpientes que datan del periodo
Cretdcico, hace unos 135 millones de afios, e indican el origen terrestre de las
serpientes, cuya version moderna son los boidos (boas, pitones y anacondas).
Estas serpientes convivieron timidamente con los dinosaurios, los reptiles que
dominaron la Tierra hasta su desaparicién hace unos 65 millones de afios durante
la transicion entre los periodos Cretdcico y Terciario (linea K-T), debido a las
consecuencias climdticas del impacto de un asteroide en el Golfo de México
(Alvarez et al. 1980). Entonces fue cuando los boidos pasaron a dominar el
planeta. Actualmente se sitda a las serpientes junto a los lagartos, con quienes
comparten un ancestro comin (Kochva 1987), en el orden Squamata de la clase

Reptilia, subfilo Vertebrata, filo Chordata, del reino animal (Fig.1)
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Reino Animalia Reino Plantae Reino Fungi

Testudines Lepidosauria Crurotarsi  Saurischia

! ) Ornithischia
{turtles - (lizards, (crocodiles, (Theropoda, (Ornithopoda,
anapsids)  shakes, alligators, Sauropoda, Marginocepha[i.a.

tuataras) efc.) Aves )

Thyreophora)

Pterosauria

Dinosauria
Ornithodira

Archosauria

Diapsida

Reptilia B

A 1o o Lo

Reuino Monera

Figura 1. A) Esquema de los 5 Reinos de la naturaleza (Whittaker y Margulis 1978). Basado en la
organizacidn celular, complejidad estructural y modo de nutricién B) Cladograma de la clase Reptilia
donde se muestran las diferentes subclases y los érdenes que la forman.

Hace unos 35 millones de afios aparecié un grupo de serpientes mds
pequefias y rdpidas, los colubroideos, que compitié con los boidos por comida y
nichos ecolégicos. Los colubroideos constituyeron un pequefio grupo de
serpientes hasta hace unos 20 millones de afios (Mioceno), cuando las placas
tecténicas se alejaron del ecuador alcanzando sus posiciones actuales
disminuyendo drdsticamente las temperatura locales. Los boidos, incapaces de
adaptarse a estos cambios climdticos, se vieron relegados de gran parte de sus
nichos ecoldgicos, los cuales fueron colonizados rdpidamente por los
colubroideos que pronto dominaron el universo de las serpientes. Su radiacion
coincide con la aparicién y diversificacion de los roedores, mamiferos que

constituyen una parte muy importante de la dieta en muchos de ellos
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(http://galeon.hispavista.com/tartaret/aficiones1089995.html). Las
aproximadamente 3000 especies actuales de serpientes se agrupan en unos 400

géneros y 18 familias (http://www.embl-

heidelberg.de/~uetz/families/snakes.ntml), presentes en hdbitats tanto
terrestres como acudticos, desde el mar hasta los desiertos, en todos los
continentes, exceptuando la Antdrtida. El éxito evolutivo de los colubroideos se
refleja en el hecho de que este grupo de serpientes incluye a mds de dos tercios

de todas las especies de ofidios actuales.

La mayor parte de los colubroideos son completamente inofensivos, ya
que a pesar de poseer la gldndula de Duvernoy activa en la produccion de toxinas
(Ching et al. 2006; Fry et al. 2003; Huang y Mackessy 2004) son aglifas
(carecen de aparato inoculador) y su saliva no es lo bastante téxica como para
constituir un peligro para la presa. De hecho, aunque la aparicién de la gldndula
del veneno data de hace unos 200 millones de afios, durante la evolucién de los
reptiles escamosos (Fry et al. 2006), no es hasta hace unos 10-15 millones de
afos que diferentes grupos de serpientes desarrollaron independientemente
aparatos de inyeccion del veneno (Jackson 2003). Las serpientes denominadas
opistoglifas desarrollaron en uno de los dientes posteriores de cada mitad de la
mandibula superior, de mayor tamafio que los demds, un canal que facilita el paso
del veneno. Este tipo de denticiéon es frecuente en los collbridos. Los
proteroglifos (eldpidos) poseen uno o mds colmillos en la parte anterior de los
maxilares con un surco que puede estar cerrado en algln tramo. La abertura del
surco permite a algunas cobras, como la cobra esputante Naja sputatrix, escupir
su veneno relativamente lejos. Los solenoglifos (vipéridos y atractaspididos) son
los ofidios que poseen el sistema de inyeccion de veneno mds elaborado. El
colmillo es un diente muy largo y el canal de inyeccion estd cerrado en toda su

extension, permitiendo que la inoculacién del veneno sea profunda.
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AGLYPHOUS OPISTHOGLYPHOUS
{most colubrids) {some colubrids)

Figura 2. Panel superior, esquema de tipos de denticion de serpientes resaltando los colmillos que
sirven para inyectar el veneno. Abajo, esqueleto de Crotalus atroxy crdneo de una serpiente de la
familia Viperidae donde se observan los colmillos maxilares inyectores del veneno.

La evolucién del aparato venenoso constituyé la adaptacién clave que
posibilité a las serpientes venenosas la transicion de un modo mecdnico
(constriccion) a un modo quimico (veneno) de matar e ingerir presas mucho mds
grandes que ellas mismas. Otras adaptaciones, como la de la cobra, sirven
también como mecanismo de defensa.
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1.2. COMPOSICION DE LOS VENENOS DE
SERPIENTES

En el mundo existen unas 3000 especies de serpientes de las que unas
640 son venenosas. Segln la OMS anualmente ocurren 5,4 millones de
accidentes por mordedura de serpientes, de los cuales 2,7 millones producen
envenenamiento y dan lugar a mds de 125.000 muertes al afio (Theakston et al.
2003). Las especies de serpientes venenosas se clasifican esencialmente en
dos grandes familias, Viperidae (viboras y serpientes de cascabel) y Elapidae
(cobras, mambas, serpientes de coral, etc). Aunque los venenos son mezclas
complejas de moléculas farmacolégicamente activas cuyos efectos bioldgicos
también son complejos debido a que los distintos componentes pueden actuar
individual- o sinergicamente, atendiendo a su accidn bioldgica primaria pueden
clasificarse en neuro-/miotdéxicos o hemorrdgicos/citotéxicos. En el primer
grupo se encuentran los venenos de la familia Elapidae, ricos en neurotoxinas
(bloguean canales idnicos dependientes de voltaje presentes en el cerebro y en
las uniones neuromusculares, produciendo una pardlisis de la presa) y
fosfolipasas A, de tipo I, cuyos efectos abarcan miotoxicidad,
cardiotoxicidad, actividad pro- y anti-coagulante, asi como neurotoxicidad pre-
y post-sindptica. La mayoria de las serpientes australianas pertenecen a esta
familia y son reconocidas como las mds toxicas del planeta (Fry 1999; Harvey
2001).

Los venenos de los vipéridos (subfamilias Viperinae y Crotalinae)
poseen un arsenal de proteinas capaces de degradar la matriz extracelular e
interfir con la cascada de coagulacidn, el sistema hemostdtico y la reparacién
de ftejidos (Fox y Serrano 2005a; Kini 2006; Markland 1998). Las
manifestaciones clinicas del envenenamiento por vipéridos y crotdlidos pueden
ser locales o sistémicas (Gutierrez et al. 2005; White 2005). Los efectos
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locales se presentan minutos después de la inyeccidn del veneno e incluyen con
frecuencia dolor, edema, equimosis y hemorragia local. Tales signos son
seguidos en muchos casos por necrosis del drea que rodea al sitio de la
mordedura. Entre los efectos de tipo sistémico se incluyen alteraciones en la
coagulacion sanguinea y episodios hemorrdgicos distantes al sitio de inyeccién
del veneno (Marsh 1994). Ademds, muchos venenos contienen toxinas que
afectan al sistema cardiovascular, habiéndose caracterizado factores de
crecimiento endotelial (svWEGF) que alteran la permeabilidad vascular (Suto et
al. 2005) y péptidos que inhiben a la enzima convertidora de la angiotensina T
en angiotensina II, potenciando las acciones bioldgicas de la bradiquinina. La
consecuencia es una inmediata y severa bajada de la presién sanguinea
(Hayashi y Camargo 2005; Joseph et al. 2004).

1.3. PROTEINAS DE VENENOS DE SERPIENTES
DE LA FAMILIA VIPERIDAE

A pesar de la aparente complejidad de los venenos de viboras y
serpientes de cascabel evidenciada mediante técnicas de separacién de
proteinas, como cromatografia de fase reversa y electroforesis bidimensional
(Serrano et al. 2005), andlisis detallados de los proteomas han revelado que las
proteinas de estos venenos pertenecen tan solo a unas 10-12 familias (Bazaa et
al. 2005; Judrez et al. 2004; Judrez et al. 2006a; Sanz et al. 2006b). Andlisis
de los transcriptomas de un nimero creciente de serpientes de la familia
Viperidae (Bitis gabonica, Bothrops insulares, Bothrops jararacussu,
Agkistrodon acutus, Echis ocellatus'y Lachesis muta) corroboran esta nocion
(Francischetti et al. 2004; Junqueira-de-Azevedo Ide y Ho 2002; Junqueira-
de-Azevedo et al. 2006; Kashima et al. 2004; Qinghua et al. 2006; Wagstaff y
Harrison 2006). La composicién proteica de los venenos refleja el hecho de

que éstos se originaron en etapas tempranas de la evolucién de los
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reptiles escamosos por reclutamiento y transformacion mediante evolucidn

acelerada de un nimero reducido de proteinas endégenas (Fry et al. 2006).

3FTx
Acetyicholinesterase
ADAM
CNP-BPP
Cytokine (FAM 3B)
Factor V
Factor X
Kunitz
L-amino Oxidase
Lectin
PLA, (Type IB)
PLA, (Type lIA)
Sarafotoxin = oy S—
VEGF —i- Serpentes — ';L_':’
Waglerin i g
Waprin Exendin l L o
o Ll taik'd Helodermatidae == 2 . ) é
BNP A =
CRISP -Anguidae %) =
o Varanidae 2
Crotamine L E
Cystatin
:?alll_krein yst PLA, (Type Il1) Iguanis >
_Eananlﬂla
Amphisbaenia
Telioidea
I—x-nmauuae
Scincidae

Figura 3. Detalle del drbol filogenético de los reptiles mostrando eventos sucesivos de
reclutamiento de proteinas enddgenas a lo largo de la divergencia evolutiva del clado de los
reptiles escamosos venenosos (Fry et al. 2006). 3FTx, " three finger toxin". ADAM, "A Disintegrin
And  Metalloprotease”, CNP-BPP, "C-natriuretic bradykinin-potentiating peptide”.  VEGF,
"Vascular endothelial growth factor"; CRISP, " Cysteine-rich secretory protein';

Las familias de proteinas presentes en los venenos de serpientes de la
familia Viperidae incluyen enzimas (metalloproteasas dependientes de Zn*,

fosfolipasas A, de tipo IT, serinproteasas, L-amino acido oxidasa) y proteinas
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sin actividad enzimdtica (péptidos natriuréticos, disintegrinas, inhibidores de
proteasas tipo Kunitz, cistatina, lectinas especificas de galactosa, lectinas tipo
C, factores de crecimiento vascular, CRISP). Sin embargo, el perfil proteico y
la abundancia relativa de los diferentes grupos de proteinas varia ampliamente
de especie a especie. La figura 4 ilustra este punto mostrando la composicién
de los venenos de las sepientes tunecinas Cerastes cerastes cerastes,
Cerastes viperay Macrovipera lebetina transmediterranea (Bazaa et al. 2005)

y Bitis gabonica gabonica (Calvete et al. 2007).

= = Disintegring
Macrovipera lebetina ' Cerastes vipera I

DC-fragments
Disintegrins

PLA,
flectin-like
\ LAO C-type lectin-like

Natriuretic
Biris gabonica gabonica

sv-VEGF

Mefallop

¢ proteases

Metalloproteases
. peptides

@ Disintegrin
B DC-fragments

O PLA2
Disintegrins O Cystatin
A W Kunitz-type inhibitors
PLA, @ Serine proteases
Meta - ELAO
O C-type lectin
mmm G/D B Metalloproteases
B unknown
4 o CRISP

LAQ C-type lectin-like | O sv-VEGF

Figura 4. Distribucién relativa de las familias de toxinas en diferentes serpientes de la familia
Viperidae.

Es asimismo importante resaltar la gran variedad de isoformas de cada
familia proteica presentes en todos los venenos analizados. Ello contribuye a la

complejidad en composicion proteica y a la gran diversidad de los efectos
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bioldgicos de los venenos. La presencia de mdltiples isoformas de una proteina
evidencia la ocurrencia de duplicaciones génicas, y la gran diversidad
estructural y funcional en el seno de cada familia multigénica indica la accién
de una evolucién acelerada de las toxinas (Kordis et al. 2002; Ohno et al.
2002). No es, pues, de extrafiar que se hayan descrito multitud de actividades
bioldgicas asociadas a miembros de la misma familia proteica. Asi, diferentes
isoenzimas de las fosfolipasas A, provocan hemolisis, miotoxicidad,
neurotoxicidad, cardiotoxicidad, edemas y actividad anti- o procoagulante (Kini
2004; Kini 2005c¢; Ohno et al. 2003).

Las serinproteasas de venenos de serpientes interfieren con los
mecanismos fisioldgicos de coagulacion, agregacion plaquetaria, fibrinolisis y el
sistema del complemento. Este grupo de enzimas incluye activadores de la
proteina C y de los factores V, X, XI, protrombina, inactivadores de los
factores Va y VIIIq, asi como enzimas que proteolizan selectivamente el
fibrinopéptido A o el B del fibrindgeno produciendo desfibrinogenemia y
hemorragia (Kini 2005a; Kini 2005b; Kini 2006; Markland 1998).

Las metalloproteasas dependientes de Zn®*, también denominadas
hemorraginas, son las foxinas mds abundantes de los venenos de viboras y
serpientes de cascabel (Fig.4). Son endoproteasas que degradan proteinas de
la matriz extracelular (coldgeno, fibronectina, laminina, etc.) produciendo
hemorragia local, inflamacién y, a menudo, necrosis (Fox y Serrano 2005b;
Gutierrez et al. 2005; Hati et al. 1999; Lu et al. 2005b). Esta familia incluye
también a- o B-fibrinogenasas que degradan las regiones C-terminales de las
cadenas A o B del fibrinégeno inhibiendo la formacion de fibrina y la formacién
del codgulo (Swenson y Markland 2005). Otra metalloproteasa, jararhagina,
del veneno de Bothrops jararaca, inhibe la agregacién plaquetaria degradando

al receptor plaquetario de coldgeno, la integrina o..p; (Kamiguti et al. 1996).
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Estructuralmente, las metaloproteasas de venenos de serpientes
(SVMPs, Snake Venom MetalloProteases) se incluyen, junto con las ADAMs
celulares (A Disintegrin And Metalloprotease) (White 2003) en la familia M12
(reprolisinas) de las metaloproteasas (Fox y Serrano 2005b). Tanto las SVMPs
como las ADAM de las que derivaron por evolucién divergente (Moura-da-Silva
et al. 1996) son proteinas multidominio (Fig.5 y Fig. 6).

Metaloproteasa

Znﬁ'l-
[ ]

Figura 5. Esquema de la estructura modular de una metaloproteasa ADAM integral de membranay
modelo de evolucién divergente de las SVMPs PIII y PII a partir de un precursor ADAM por
pérdida de los dominios tipo EGF, tfransmembrana (TM) y citoplasmdtico (cyto).
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a_a"muopmuau Pl
2
ST PIll

Cysteine-rich

PIV
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Figura 6. Clasificacién y esquema de la estructura multidominio de las metaloproteasas
dependientes de Zn* de veneno de serpientes de la familia Viperidae.

Las SVMPs de clase PI (20-30 kDa) contienen tnicamente el dominio de
metaloproteasa. Las SVMPs de clase PII (30-60 kDa) contienen ademds un
dominio disintegrina C-terminal al dominio catalitico. Las SVMPs de clase PIII
(60-90 kDa) son similares a las de clase II pero contienen un dominio C-
terminal rico en cisteinas. Por dltimo, las SVMPs PIV se diferencian de las
PIIT en que contienen dominios de lectina tipo C unidos mediante enlaces
disulfuro entre si y al dominio rico en cisteinas (Fox y Serrano 2005b). Estas
Ultimas son relativamente raras como consecuencia de que la union de un
dominio de lectina tipo C al dominio rico en cisteinas es un proceso post-
traduccional que requiere la existencia de una cisteina libre no conservada en
las SVMPs PIII (Foxy Serrano 2005b).

Las metaloproteasas de clase PII (y algunas PIII) sufren

procesamiento proteolitico liberando el dominio catalitico tipo PI y el dominio
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de disintegrina (o el tdndem de dominios tipo disintegrina y rico en cisteinas,
también denominado fragmento DC) (Kini y Evans 1992). La actividad biolégica
de los fragmentos DC no estd bien establecida. Por otra parte, como se
describe mds adelante con mds detalle, las disintegrinas derivadas de SVMPs
PII representan una grupo de antagonistas de receptores de la familia de las
integrinas (Calvete 2005; Calvete et al. 2005). Por regla general, la actividad
hemorrdgica mds potente se asocia a las SVMPs PIII (Gutierrez y Rucavado
2000). La reciente determinacién de la estructura de la SVMP PIII VAP-1 del
veneno de Crotalus atrox (Takeda et al. 2006) (Fig.7) dota de una base
estructural a las observaciones bioquimicas. En efecto, la estructura cristalina
muestra cémo el dominio rico en cisteinas adopta una conformacién que sugiere
que puede actuar de anclaje de la metaloproteasa, actuando sinérgicamente

con el dominio catalitico en la degradacién de la proteina sustrato.

3.5 nm

Figura 7. Estructura cristalina (derecha) y posible mecanismo de accidn (izquierda) de la
metaloproteasa PIII VAP1 mostrando la disposicién espacial relativa de los dominios catalitico (M),
tipo disintegrina (D) y rico en cisteinas (C).
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Las toxinas que no presentan actividad enzimdtica, como las proteinas
de la familia de las lectinas tipo C, también presentan diversidad de
estructuras cuaternarias (dimeros of, dimeros de dimeros (o)., tetrdmeros
de dimeros (aB)s) (Fukuda et al. 2000; Horii et al. 2004; Mizuno et al. 1997;
Murakami et al. 2003) y actividades bioldgicas pro- o anti- agregante de
plaquetas utilizando para ello diversos mecanismos (activacion del receptor de
fibrindgeno -integrina armPs-, agonistas del receptor de coldgeno -integrina
a2B1-, unién a los factores de coagulacion IX y X, unién a las glicoproteinas
GPVI o GPIb, interaccion con el factor von Willebrand) (Clemetson et al. 2005;
Lu et al. 2005a; Morita 2004; Morita 2005).

Las proteinas CRISP (Cysteine-Rich Secretory Proteins) estdn
ampliamente distribuidas en los venenos de serpientes de las familias
Viperidae y Elapidae de diferentes continentes (Yamazaki et al. 2003). Aunque
sus propiedades funcionales son esencialmente desconocidas, el hecho de que
la holothermina, una toxina de la familia CRISP del lagarto mexicano
Holoderma horridum horridum, altere la funcién de diversos canales de Ca® y
K" dependientes de voltaje y receptores de rianodina, sugiere que las CRISPs
pueden representar una familia de toxinas que afectan a la contractilidad
muscular. Esta hipétesis estd sustentada por la observacién de que el dominio
rico en cisteinas de la estructura cristalina de la proteina Stecrisp del veneno
de Trimeresurus stejnegeri presenta gran similitud estructural con las
proteinas Bgk y Shk de la anémona marina Bunodosoma granulifera que
bloquean canales de K* Kv1 sensibles a voltaje (Guo et al. 2005).
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1.4 LA FAMILIA DE LAS DISINTEGRINAS

Las disintegrinas, objeto de esta Tesis, son polipéptidos (41-84
aminodcidos), cuya estructura estd fuertemente tramada por 4-7 enlaces
disulfuro, que son liberados al veneno de serpientes de la familia Viperidae por
procesamiento proteolitico de SVMPs de clase PII y constituyen una familia de
antagonistas de receptores de la familia de las integrinas (Calvete 2005;
Calvete et al. 2005; McLane et al. 1998; McLane et al. 2004). Las primeras
disintegrinas fueron descritas en el laboratorio de Stephan Niewiarowski
(Temple University, Philadelphia, USA) a finales de la década de 1980 como
potentes inhibidores de la agregacién plaquetaria (Huang et al. 1987;
Niewiarowski et al. 1994). Numerosos estudios bioquimicos y estructurales
(revisados en el Trabajo 1 del Anexo) pusieron en evidencia que el mecanismo
antiagregante de las disintegrinas se debia a su unidn al receptor plaquetario
de fibrindgeno, integrina armPs, utilizando para ello un tripéptido RGD (KGD o
WGD) localizado en el dpice de un bucle mévil que sobresale 14-17 A del cuerpo
globular de la disintegrina (Monleon et al. 2005) y referencias citadas (Fig.7).
Estas disintegrinas mimetizan el mecanismo de unién de la integrina a su
ligando natural (Arnaout et al. 2005; Calvete 2004) como quedé elegantemente
demostrado mediante la resolucion de las estructuras cristalinas de los
dominios extracelulares de la integrina a,f3 en complejo con un péptido RGD
ciclicoy de la integrina azrfs (Calvete 2004; Del Gatto et al. 2006; Xiao et al.
2004; Xiong et al. 2002) (Fig.8).

23



Introduccidn

Figura 8. Estructura por RMN de la disintegrina echistatina (Monleon et al. 2005) mostrando la
disposicién relativa del tripéptido RGD del bucle de inhibicién de integrinas y el extremo C-
terminal. Estos dos elementos estructurales forman un epitopo funcional conformacional. Abajo,
izquierda, esquema de las interacciones del péptido ciclico RGD en la estructura cristalina del
complejo a,B3-RGD (Xiong et al. 2002). El panel de la derecha muestra un modelo de la unién de
echistatina (azul) al lugar de unién de ligandos de la integrina armPs formado por elementos de
ambas subunidades (o, amarillo; Bs, naranja).

Ademds del tripéptido mantenido en la conformacién activa por enlaces
disulfuro (Calvete et al. 1991), los aminodcidos adyacentes y el extremo C-
terminal, que presenta movimiento concertado con el bucle de unién de
integrinas (Monleon et al. 2005; Monleon et al. 2003) modulan la unién de la
disintegrina a su receptor, induciendo cambios conformacionales en la integrina
armePs caracterizados por la expresion de epitopos LIBS (Ligand Induced
Binding Sites) (MclLane et al. 1998; Niewiarowski et al. 1994) cuya

consecuencia es un aumento de la afinidad de la unién de la disintegrina a la
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integrina armPs y un incremento de su potencia inhibidora de la agregacion
plaquetaria (Marcinkiewicz et al. 1997).

Ademds de los motivos de inhibicién plaquetaria (RGD, KGD, WGD), que
también bloquean con diferente afinidad y potencia la unién de otras integrinas
a sus ligandos naturales (ej. asp; a fibronectina; agB; a tenascina C, y o.p1 y
ayBs a vitronectina), se han caracterizado disintegrinas que poseen tripéptidos
activos frente a otros sistemas de interaccién integrina-ligando. Los motivos
VGD y MGD presentan selectividad por la integrina aspi; el tripéptido MLD
bloquea la funcion de las integrinas osf1, aaPi, 0P, 07B1, aoPs y aaPs y los
motivos KTS y RTS antagonizan selectivamente la unién de coldgeno Iy IV ala

integrina a;p; (Calvete 2005; Calvete et al. 2005) (Fig.9).

RTS
KTS MLD

; Bs
C-type lectins Otz RGD /
@) B e
MLD | aMLD wep  RGD
Y WGD

| RGD \ Bg

VGD
4 !

Figura 9. Esquema de la familia de las integrinas resaltando aquellos motivos estructurales de
disintegrinas que bloquean su funcién.

Debe, pues, destacarse que la familia de las disintegrinas ha

desarrollado un panel restringido, pero selectivo, de motivos de inhibicién de
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casi todas las integrinas de las familias Bl y B3. Las excepciones mds notables
son las integrinas linfocitarias (o B2, omBz Y oxBz), que no son inhibidas por
ninguna toxina conocida, y la integrina aB;, que -como se comentd
anteriormente- es la diana de numerosas lectinas fipo C de veneno de
serpientes. Ademds, el mapeo de los tripéptidos activos de disintegrinas sobre
el drbol filogenético de las cadenas o de integrinas (que confieren la
especificidad de unién de ligandos a heterodimeros que poseen una subunidad
B comdn), sugiere una adaptacién evolutiva de las disintegrinas a los lugares de

union de ligandos de las integrinas (Sanz et al. 2005) (Fig.10).

Figura 10. Arbol filogenético de las subunidades o de integrinas resaltando la adaptacidn evolutiva

de los motivos estructurales de disintegrinas que bloquean su funcidn.
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Mientras que todas las disintegrinas largas conocidas y la inmensa
mayoria de las disintegrinas medias y cortas descritas hasta la fecha expresan
el tripéptido RGD, las disintegrinas diméricas presentan una mayor diversidad
de motivos estructurales y de efectos bioldgicos (Marcinkiewicz 2005). Las
integrinas diana de las diferentes disintegrinas participan en diversos
procesos patoldgicos: la integrina armP; es responsable de la formacion de los
agregados de plaquetas causantes de trombosis e isquemia cardiaca; la
integrina o,p; desempefia un papel relevante en procesos de metdstasis
tumoral; las integrinas a4, auP7 Y oo participan en procesos de inflamacion y
autoinmunidad; las integrinas aipi y o.Bs han sido implicadas en el mecanismo
de neovascularizacién (angiogénesis) tumoral. Los antagonhistas de estas
integrinas representan, por tanto, potenciales dianas terapéuticas (Curley et
al. 1999; Gottschalk y Kessler 2002; Shimaoka y Springer 2003). A este
respecto cabe destacar que las drogas Tirofiban (Aggrastat®) y Eptifibatide
(Integrilin®) son inhibidores de la integrina armfBs; basados en la secuencia
RGD, de uso clinico para la prevencién de episodios tromboemboliticos. En el
Trabajo 2 del Anexo describimos la produccién recombinante de la disintegrina
jerdostatina de Trimeresurus jerdonii. Jerdostatina posee el tripéptido RTS y
forma con obtustatina (Vipera /lebetina obtusa), viperistatina (Vipera
palestinae) y lebestatina (Macrovipera lebetina transmediterranea) el grupo de
disintegrinas cortas que inhiben selectivamente a la integrina aupy /7 vitroy la
angiogénesis /in vivo (Kisiel et al. 2004; Marcinkiewicz et al. 2003; Olfa et al.

2005).

27



Introduccidn

La figura 11 muestra el minimo ndmero de mutaciones necesarias para
convertir los diferentes tripéptidos entre si. No obstante, la elucidacion de los
mecanismos evolutivos y la cadena temporal de eventos de esta diversificacién
funcional de las disintegrinas requiere un estudio detallado de los genes,

inviable actualmente por la ausencia prdcticamente total de informacidn

gendmica.
AGG GGG
ALG GGG TGG GGG ATG GGG
2nd position

Ist position 3rd position

(5" end) U c A (3’ end) G D M D
Phe Ser Tyr Cys u

U Phe Ser Tyr Cys c TG GGG ATG GG
Leu Ser STOP STOP A
Leu Ser STOP Tmp G
Leu Pro His A u

c Leu Pro EIS Arg Cc
Leu Pro In Arg A
les Pro Gin A G M L D
le Thr Asn  Ser u
lle  Thr Asn  Ser C

A le Thr Lys Arg A ATG TTG
Met Thr Lys Arg G
Val Ala  Asp Gly u

G vl Ma  Asp Bl [
Val Az Glu Gly A
Val Al Glu Gl G

Figura 11. Mutaciones minimas teéricas para interconvertir los diferentes motivos funcionales de
las disintegrinas.

No obstante, lo que si que parece claro es que las diferentes clases de
disintegrinas derivadas de SVMPs PII (Largas - ~84 aminodcidos y 7 puentes
disulfuro (SS)-, Medias - ~70 residuos y 6 SS -, Diméricas - homo- o
heterodimeros de subunidades de ~63 aminodcidos incluyendo 4 SS por
subunidad y 2 SS intercatenarios -, y Cortas - ~40-49 aminodcidos y 4 SS -)
se originaron por duplicacién génica y divergencia evolutiva mediante un

mecanismo de minimizacion de la estructura primaria y pérdida sucesiva de
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enlaces disulfuro (“ingenieria de enlaces disulfuro") (Calvete et al. 2003)

(Fig.12).

| MEDIAS
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Figura 12. Panel superior, relacidn
filogenética de los diferentes
grupos de disintegrinas derivadas
de SVMP PII, entre si y con sus
antecesoras SVMP PIII y ADAM.
El panel de la izquierda muestra el
esquema de  diversificacién
estructural de las disintegrinas
basado en el reclutamiento vy
diversificacién estructural en la
gldndula del veneno de serpientes
de los dominios extracelulares
(metaloproteasa, tipo disintegrina
y rico en cisteinas) de una
proteina de la familia ADAM
mediante un  mecanismo de
pérdida sucesiva de los enlaces
disulfuro que se muestran en
negrita y en rojo (“ingenieria de
enlaces disulfuro") (Calvete et al.
2003). En las proteinas de
venenos de serpientes, el dominio
metaloproteasa se ha omitido para
simplificar  la  figura.  Los
tridngulos amarillos indican la
posicién de las secuencias de
unién a integrinas.
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Al comienzo de este trabajo de Tesis Doctoral este esquema de
diversificacidn estructural postulaba la emergencia de las disintegrinas largas
a partir de un precursor PIII por pérdida concertada del enlace disulfuro
tipico de estds dltimas (entre las cisteinas XIII y XVI del dominio tipo
disintegrina) (Calvete et al. 2000) y del dominio rico en cisteinas. Las causas
de estos cambios estructurales eran la delecion del triplete TGT (pérdida de
la CysXIII) y la aparicion de un codén STOP en el dominio tipo disintegrina
entre las cisteinas XV y XVI (Fig.13). No habia ninguna evidencia experimental
de la existencia de intermediarios en los que faltara Unicamente uno solo de

estos elementos estructurales (CysXIII-CysXVI o dominio rico en cisteinas).

Catrocollastatin-C ATTTCACCTCCAGT QGAAATGAACTTTTGGAGGTGGGAGAAGAATGTGACTGTGGC
Salmosin-3 GTTTCACCTCCAGT GECAATTACTATCCGGAGGTCGGAGAAGATTGTGACTGTGEC
Trigramin GTTTCAACTCCAGTN] EGAAATGAACTTTTGGAGGCGGGAGAAGATTGTGACTGTGGC
Cysl
Catrocollastatin-C ACTCCTGAAAATTGTAAAAATGAGTGCTGCGATGCTGCAACATGTARACTGARATCAGGS
Salmosin-3 CCTCCTGCAAA| JAGAATCCATGCTGTGATGCTGCAACGTGTGGECTGACAACAGEE
Trigramin TCTCCTGCAAAT, -, —-==-= CCGTGCTGCGATGCTGCARCCTGTARACTGATACCCGGG
CyslV
Catrocollastatin-C TCACAGTGTGGACATGGAGACTGTTGTGAGCAATGCAAATTTAGCARATCAGGAACAGAA
Salmosin-3 TCACAATGTGCAGAAGGACTGTGTTGTGACCAATGCAGACTTAAGARAGCAGGAACAATA
Trigramin GCGCAGTGTGGAGAAGGACTGTGTTGTGACCAGTGCAGCTTTATAGAAGAAGGARACAGTA
Catrocollastatin-C TGCCGGGCATCAATGAGTGALTGTEACCCAGCTGAACACTGCACTGGCCAATCTTCTGAG
Salmosin-3 TGCCGGAAAGCAAGGGGTGA MATCCAGATGATCGCTGCACTGGCCAATCTGGAGTC
Trigramin TGCCGGATAGCAAGGGGTGA' GACCTGGATGATTACTGCAATGGCAGATCTGCTGGC
CysXlil
r Cys-rich
domain
Catrocollastatin-C TGTCCTGCAGATGTCTTCCATAAGAATGGACAAC ATAGATAACTACGGTTACT
Salmosin-3 TGTCCCAGARRTACC® == == = = e e e e e
Trigramin TGTCCCAGAAATCCCTTCCATGLCH === === e N mmmm e e
CysXVI

Figura 13. Comparacién de las secuencias nucleotidicas del dominio tipo disintegrina de la SVMP
PIIT Catrocollastatina y las disintegrinas PII larga (Salmosina-3) y media (Trigramina), resaltando
la pérdida de los pares de cisteinas XIII y XVI y del dominio rico en cisteinas entre
Catrocollastatina y Salmosina-3, y del par CysI-CysIV entre Salmosina-3 y Trigramina.
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Por otra parte, la comparacién de secuencias de cDNAs de
disintegrinas largas y medias indicaba que el paso de las primeras a las
segundas implicaba la pérdida del par de cisteinas Iy IV (Fig.12), las cuales en
la disintegrina larga bitistatina forman un enlace disulfuro (Calvete et al.
1997). No se habia clonado ningin DNA que codificara para subunidades de
disintegrinas diméricas o para disintegrinas cortas y, por tanto, la ruta
evolutiva para estas clases de disintegrinas admitia ambigiiedades en el
sentido de que tanto las disintegrinas diméricas como las cortas pudieran
derivarse de las largas o de las medias. Con este trabajo de Tesis pretendimos

encontrar respuestas a estos interrogantes.
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Objetivos

El objetivo general de esta Tesis Doctoral ha sido profundizar en el estudio de las
bases moleculares de la diversificacion estructural y funcional de la familia de las
disintegrinas. Partimos de un esquema evolutivo basado en la pérdida sucesiva de enlaces
disulfuro ("ingenieria de enlaces disulfuro") y la acumulacién de mutaciones ("quimica
combinatorial") en el bucle de inhibicidn de integrinas. Aplicamos técnicas protedmicas para
determinar la composicion proteica de venenos de serpientes con la doble perspectiva de
estudiar la abundancia relativa de toxinas ("vendmica", Articulo 1) y en particular de
disintegrinas. Nos centramos posteriormente en el andlisis de librerias de cDNA de las
gldndulas de Duvernoy (del veneno) de Bitis arietans (que expresa la disintegrina larga
bitistatina) y de Echis ocellatus (cuyo veneno contiene las disintegrinas diméricas EO4 y
EO5 y la disintegrina corta ocelatusina) con objeto de clonar mensajeros que pudieran
representar intermediarios evolutivos de las familias de disintegrinas expresadas en los
venenos. Habiendo identificado cDNAs que codifican a un intermediario (BA-5A) en la ruta
evolutiva de la disintegrina bitistatina a partir del extremo C-terminal de una
metaloproteasa dependiente de Zn*" de clase PIII (Articulo 2), y cDNAs que codifican a
precursores de la disintegrina ocelatusina a partir de una subunidad de disintegrina
dimérica (Articulo 3), procedimos a investigar la organizacién genémica de genes de
disintegrinas diméricas y cortas en Echis ocellatus y en Macrovipera lebetina

transmediterranea (Articulo 4).
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3. MATERIALES Y METODOS.
RESULTADOS
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ARTICULO 1: Snake venomics:
characterization of protein families
in Sistrurus barbouri venom by
cysteine mapping, N-terminal
sequencing and tandem  mass
spectrometry analysis
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Snake venomics: Characterization of protein
families in Sistrurus barbouri venom by cysteine
mapping, N-terminal sequencing, and tandem mass
spectrometry analysis

The protein composition of the crude venom of Sistrurus barbouri was analyzed by
two-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis. Proteins
were separated by reversed phase high-performance liquid chromatography and char-
acterized by N-terminal sequence analysis. The molecular mass and number of cyste-
ine residues of the purified proteins were determined by matrix-associated laser de-
sorption/ionization-time of flight mass spectrometry. Selected protein bands were sub-
jected to in-gel tryptic digestion and peptide mass fingerprinting. Analysis of the
tandem mass spectrometry spectra of selected doubly-charged peptide ions was
done by collision-induced dissociation in a quadrupole-linear ion trap instrument. Our
results show that the venom proteome of the pigmy rattlesnake S. barbouri is com-
posed of proteins belonging to a few protein families, which can be structurally char-
acterized by their disulfide bond contents.

Keywords: Mass spectrometry / N-terminal sequencing / Sistrurus barbouri / Snake venom pro-

tein families

1 Introduction

Snake venoms contain complex mixtures of hundreds of
pharmacologically active molecules, including organic
and mineral components (histamine and other allergens,
polyamines, alkaloids), small peptides and proteins [1, 2].
The biological effects of venoms are complex because
different components have distinct actions and may, in
addition, act in concert with other venom molecules. The
synergistic action of venom proteins may enhance their
activities or contribute to the spreading of toxins. Accord-
ing to their major toxic effect in animals, snake venoms
may conveniently be classified as neurotoxic or haemor-
rhagic. Among the first group, Elapidae snakes (mambas,
cobras, and particularly the Australian snakes, which are
well known to be the most toxic in the world) possess
a wide variety of group | phospholipase A, (PLA,; EC
3.1.1.4) isoenzymes. All known PLA, isozymes cleave
the sn-2 acyl chain of glycerophospholipids to produce
two potent lipid mediators: arachidonate, the key eico-
sanoid precursor for the production of thromboxanes,
prostaglandins, and leukotrienes, and lyso-phosphatidyl-

Correspondence: Dr. Juan J. Calvete, Instituto de Biomedicina
de Valencia, C.S.I.C., c/Jaime Roig, 11, 46010 Valencia, Spain
E-mail: jcalvete@ibv.csic.es

Fax: +34-96-369-0800

Abbreviation: PLA,, phospholipase A,

[1 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

36

PRO 0628

choline, a chemoattractant for circulating monocytes.
Snake venom PLA, isoenzymes exhibit an array of phar-
macological activities, such as presynaptic and post-
synaptic neurotoxicity, myotoxicity, cardiotoxicity, anti-
coagulant effects, platelet aggregation (inhibition or initia-
tion), antihaemorrhagic activities, convulsant activities,
hypotensive activities, oedema-inducing activities, and
organ or tissue damage activities [2, 3]. The venom of
Elapidae snakes is also a rich source of three-fingered
neurotoxins, 60-70 amino acid polypeptides whose three-
dimensional structures are highly conserved, but which
exert a wide range of activities on particular subtypes of
voltage-dependent ion channels from the brain and neuro-
muscular junctions [4].

Venoms of Viperidae and Crotalidae snakes (vipers and
rattlesnakes) contain a number of different proteins that
interfere with the coagulation cascade, the normal haemo-
static system and tissue repair. Consequently, envenome-
nations by these snakes generally results in persistent
bleeding. These proteins can be grouped into a few major
protein families, including enzymes (serine proteinases,
Zn?"-dependent metalloproteases of the reprolysin family,
and group Il PLA;, isoenzymes) and proteins with no enzy-
matic activity (C-type lectins, and disintegrins) [3].

Serine proteinases are thrombin-like enzymes, which trig-
ger the clotting of fibrinogen thereby inducing platelet
aggregation. Snake venom metalloproteases induce local
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hemorrhaging as a primary consequence of degradation
of extracellular matrix proteins, while PLA, causes severe
local swelling followed by necrosis. C-type lectin-like pro-
teins are multimeric molecules [5-7], which include inhib-
itors and activators of coagulation factors V (AaACP), IX,
and X (botrocetin, fIX/X-binding protein); proteins that
bind to the platelet membrane GPIb/IX complex inhibiting
von Willebrand factor binding to this receptor and either
block (echicetin, agkicetin, flavocetin, and tokarecetin) or
promote (alboaggregins A and B) platelet aggregation;
and potent activators (colvuxin) of the platelet collagen
receptor GPVI, and selective inhibitors (EMS16, rhodoce-
tin) of the platelet integrin «2B1 [3]. Disintegrins are
released from venoms by proteolytic processing of Pl
Zn?T-metalloproteinases, and inhibit integrin-ligand inter-
actions [3, 8]. NMR studies of several short (echistatin)
and medium (kistrin, flavoridin, albolabrin) disintegrins
revealed that the active tripeptide is located at the apex
of a mobile loop protruding 14-17 A from the protein core
[9-12]. RGD-containing disintegrins show different bind-
ing affinity and selectivity towards integrins which recog-
nize the RGD sequence in their ligands (i.e. o3, oz and
asP1) [8]. KGD-containing barbourin inhibits o33 integrin
with a high degree of selectivity [13]. The MLD sequence
is responsible for the inhibitory activity of EC3, VLO5 and
EOS5 towards the oy integrins [14, 15]. Selective recogni-
tion of asBy by EMF-10 is associated with the MGD(W)
sequence [16]. The presence of a WGD motif in CC8, a
heterodimeric disintegrin isolated from the venom of the
North African sand viper, Cerastes cerastes cerastes, has
been reported to increase its inhibitory effect on o[,
aybzand asf+ integrins [17].

Toxic venom proteins play a number of adaptatives
roles: immobilizing, paralyzing, killing, liquefying prey
and deterring competitors. It is assumed that the exis-
tence in the same venom of a diversity of proteins
belonging to the same family but which differ from each
other in their pharmacological effects (neurotoxins [3],
PLA, [3], C-type lectin-like molecules [18], metallopro-
teases [19], disintegrins [15], serine proteinases [20])
reflects an accelerated Darwinian evolution. Hence,
gene duplication creates redundancy and allows a gene
copy to escape the pressure of negative selection and
evolve a new function. The fact that members of a single
family show remarkable structure similarity but differ
in their biological targeting makes them valuable bio-
technological tools for studying physiological processes
and provides exiting challenges for delineating struc-
ture-function correlations.

Neurotoxins have been used to map functional epitopes

on nicotinic and muscarinic acetylcholine receptors, and
on potassium and calcium channels, and represent
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potential lead compounds for designing selective ligands
for a molecular isoform of an ion channel or receptor
family. Snake venom components affecting thrombosis
and haemostasis are useful tools for investigating blood
coagulation mechanisms and have been extensively
used in the development of diagnostic tests. Disintegrins
are valuable tools for identifying novel integrin-binding
sequence motifs which may shed light on the structural
requirements of selective integrin inhibition. On relatively
rare occasions, toxins themselves have been used as
therapeutic agents [21]. Disintegrins have found numer-
ous applications in studies on platelet thrombosis, angio-
genesis, cancer, bone destruction, and inflammation.
They have been used to prevent experimental arterial
thrombosis in animal models, and a synthetic derivative
of the disintegrin barbourin, integrilin, has been devel-
oped as a drug that prevents arterial thrombosis after
angioplasty [3, 8]. It is also noteworthy that the natural
resistance to envenomation by snakes observed in a
few warm-blooded animals as well as in several snakes
can be explained, in most cases, by the presence of pro-
teins in the sera from resistant animals which can be
grouped as inhibitors of either PLA, (antimyotoxic and
antineurotoxic factors) or metalloproteinases of the
reprolysin family (antihemorrhagic factors) [3, 22, 23].
Thus, establishing structure-function relationships of iso-
lated venom toxins may lead to the design of novel non-
toxic drugs for clinical use in cases of severe envenoma-
tions. The aim of this study was to analyze the protein
composition of snake venoms with the perspective of
isolating and characterizing novel proteins for structural
and functional investigations. Here we report the prote-
omic analysis of the venom of pygmy rattlesnake Sis-
trurus barbouri.

2 Materials and methods

2.1 2-D SDS-PAGE

Lyophilized venom from Sistrurus barbouri was pur-
chased from Latoxan Serpentarium (Rosans, France).
Its protein composition was analyzed by 2-D using an
IPGphor (Amersham Bioscience, Uppsala, Sweden)
instrument. For the first dimension (IEF), 500-1000 pg
of total venom proteins (in 250 puL of 8 m urea, 4%
CHAPS and 0.5% IPG buffer) were loaded on a 13 cm
IPG strip (pH range 3-10) using the following focusing
conditions: 30 V for 6 h, 60 V for 6 h, 500 V for 1 h,
1000 V for 1 h, and 8000 V for 2 h. Electrophoretic
separation (second dimension) was done in a 16 cm
15% acrylamide gel. CBB was employed for protein
staining.
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2.2 Isolation of proteins

For RP HPLC separations, 2-5 mg of the crude venom
was dissolved in 100 pL of 0.05% TFA and 5% ACN, and
insoluble material was removed by centrifugation in an
Eppendorf centrifuge (Hamburg, Germany) at 13 000 x g
for 10 min at room temperature. Proteins in the soluble
material were separated using an ETTAN® LC HPLC sys-
tem (Amersham Biosciences) and a Lichrospher RP100
C18 column (250 x4 mm, 5 pm particle size; Merck,
Darmstadt, Germany) eluted at 1 mL/min with a linear
gradient of 0.1% TFA in water (solution A) and ACN
(solution B) (isocratically (5% B) for 5 min, followed by
5-45% B for 90 min, and 45-70% B for 20 min). Protein
detection was at 215 nm. Peaks were collected manually
and dried in a Speed-Vac (Savant, Holbrook, NY, USA).

2.3 Characterization of isolated proteins

Isolated proteins (2-5 mg/mL in 100 mm ammonium bicar-
bonate, pH 8.3, containing 5 m guanidinium hydrochlo-
ride) were reduced with 1% v/v 2-mercaptoethanol for
2 min at 85°C, alkylated by addition of 4-vinylpyridine
(5% v/v final concentration) and incubated for 1 h at
room temperature. The S-pyridylethylated proteins were
subjected to N-terminal sequence analysis using a Pro-
cise instrument from Applied Biosystems (Foster City,
CA, USA) following the manufacturer’s instructions.
Amino acid sequence similarity searches were performed
against available databanks using the BLAST program
[24] implemented in the WU-BLAST2 search engine at
http://www.bork.embl-heidelberg.de. The molecular mas-
ses of the purified proteins were determined by MALDI-
TOF MS using an Applied Biosystems Voyager-DE Pro
mass spectrometer operated in linear mode. To this end,
equal volumes (0.5 plL) of the protein solution and the
matrix (sinapinic acid; Sigma, St. Louis, MO, USA), satur-
ated in 50% ACN and 0.1% TFA, were mixed onto the
MALDI-TOF plate. The mass calibration standard con-
sisted of a mixture of the following proteins, whose
isotope-averaged molecular mass in Daltons are given
in brackets: bovine insulin (5734.6), Escherichia coli thi-
oredoxin (11674.5), horse apomyoglobin (16952.6),
E. coli N-acetyl-L-glutamate kinase (NAGK; 27159.5)
[25], Pyrococcus furiosus Carbamoyl-phosphate syn-
thetase (PFU; 34297.4) [26], Parkia platycephala seed
lectin (PPL; 47946) [27], and bovine serum albumin
(66431). NAGK and PFU were generous gifts from Dr.
Vicente Rubio (Instituto de Biomedicina de Valencia,
Valencia, Spain). PPL was a generous gift from Dr.
Benildo S. Cavada (Universidade Federal de Ceara,
Fortaleza, Brazil). The other proteins were purchased
from Applied Biosystems.
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Isolated proteins were lyophilized, resuspended at a con-
centration of 2-5 mg/mL in 100 mm ammonium bicarbo-
nate, pH 8.3, and degraded with trypsin (1:100 w/w, en-
zyme to substrate ratio) for 18 h at 37°C. The tryptic pep-
tide mixture was lyophilized, dissolved in 0.1% TFA, and
0.85 pL was spotted onto the stainless steel sample plate
of a MALDI-TOF Voyager-DE Pro (Applied Biosystems)
mass spectrometer. The sample was mixed on the plate
with the same volume of a saturated solution of a-cyano-
4-hydroxycinnamic acid (Sigma) in 50% ACN containing
0.1% TFA, dried, and analyzed in delayed extraction and
reflectror modes. A tryptic peptide mixture of Cratylia flor-
ibunda seed lectin (SWISS-PROT accession number
P81517) prepared and previously characterized in our
laboratory was used as mass calibration standard (mass
range, 450-3300 Da).

2.4 Quantitation of free cysteine residues and
disulfide bonds

For quantitation of free cysteine residues and disulfide
bonds, the purified proteins were dissolved to a con-
centration of 2-5 mg/mL in 10 puL of 50 mm HEPES,
pH 9.0, 5 m guanidinine hydrochloride, and 1 mm EDTA.
They were heat-denatured at 85°C for 15 min, allowed
to cool at room temperature, and incubated with either
10 mm 4-vinylpyridine [28, 29] for 1 h at room temperature,
or with 10 mm 1,4-dithioerythritol (Sigma) for 15 min at
80°C. 4-Vinylpyridine, final concentration 25 mwm, was
added and samples were incubated for 1 h at room tem-
perature. Pyridylethylated (PE) proteins were freed from
reagents using a C18 Zip-Tip pipette tip (Millipore, Bed-
ford, MA, USA) after activation with 70% ACN and equili-
bration in 0.1% TFA. Following protein adsorption and
washing with 0.1% TFA, the PE proteins were eluted
onto the MALDI-TOF plate with 1 uL of 70% ACN and
0.1% TFA and subjected to mass spectrometric analysis
as described in Section 2.3.

The number of free cysteine residues (Ngy) was deter-
mined using Eq. 1:

Nsh = (Myp — Myar)/105.3 (Eq. 1),

where Myp is the mass of the denatured but nonreduced
protein incubated in the presence of 4-vinylpyridine; Myar
is the mass of the native, HPLC-isolated protein; and
105.3 is the mass increment due to the pyridylethylation
of one thiol group.

The number of total cysteine residues (Ng,s) can be calcu-
lated from Eq. 2:

Neys = [(Mpe — Myp)/106.3] + Nsy (Eq. 2),
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where Mpg is the mass (in Da) of the reduced and pyridyl-
ethylated protein; and 106.3 is the mass increment due to
the pyridylethylation of a cysteine residue, which, prior to
reduction, was involved in the formation of a disulfide
bond.

Finally, the number of disulfide bonds Ng_s can be calcu-
lated from Eq. 3:

NS—S = (Ncys - NSH)/2 (EQ- 3)-

All mass values in Egs. 1-3 are in Da. These equations are
valid for single chain polypeptides.

2.5 In-gel enzymatic digestion and mass
fingerprinting

Protein bands of interest were excised from a CBB-
stained SDS polyacrylamide gel and subjected to auto-
mated reduction and alkylation with iodoacetamide, and
digestion with sequencing grade bovine pancreas trypsin
(Roche, Barcelona, Spain) using a ProGest digestor
(Genomic Solutions, Chelmsford, MA, USA) following the
manufacturer’s instructions. The tryptic peptide mixtures
were dried in a SpeedVac (Savant, Holbrook, NY, USA)
and dissolved in 5 pL of 50% ACN and 0.1% TFA. Digests
(0.85 uL) were spotted onto a MALDI-TOF sample holder,
mixed with an equal volume of a saturated solution of
a-cyano-4-hydroxycinnamic acid (Sigma) in 50% ACN
containing 0.1% TFA, dried, and analyzed with an Applied
Biosystems Voyager-DE Pro MALDI-TOF mass spec-
trometer, operated in delayed extraction and reflectror
modes. The peptide mass fingerprint obtained for each
spot was compared with the known trypsin digest protein
nonredundant databases (releases of February 2003)
from SWISS-PROT (http://us.expasy.org) or NCBI (http://
www.ncbi. nim.nih.gov) using the MS-Fit search engine of
the Protein Prospector program (v.3.4.1) developed by
the University of California at San Francisco and available
at http:// prospector.ucsf.edu. All searches were con-
strained to a mass tolerance of 120 ppm.

2.6 CID MS/MS

For structure assignment confirmation or peptide se-
quencing, the protein digest mixture was loaded in a
nanospray capilar and subjected to electrospray ioniza-
tion mass spectrometric analysis using a QTrap mass
spectrometer (Applied Biosystems) [30] equipped with a
nanospray source (Protana, Odense, Denmark). Doubly-
or triply-charged ions selected after enhanced resolution
MS analysis were fragmented using the enhanced pro-
duction with Qq trapping option. Enhanced resolution
was performed at 250 amu/s across the entire mass
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range, a scanning mode that enables mass accuracy
of less than 20 ppm making charge state identification
reliable up to charge state 5. Enhanced production refers
to the performance of the PE-SCIEX developed and
patented LINACY (Q2) collision [30] cell technology,
which accelerates ions through the collision cell thereby
correcting the slow movement of ions due to high pres-
sures existing within the chamber, and provides high
sensitivity and improved resolution in MS/MS mode in
comparison to triple quadrupoles without the LINACY
collision cell. For MS/MS experiments, Q1 was operated
at unit resolution, the Q1 to Q2 collision energy was set
to 35 eV, the Q8 entry barrier was 8 V, the linear ion trap
Q3 fill time was 250 ms, and the scan rate in Q3 was
1000 amu/s. CID spectra were interpreted manually or
using the on-line form of the MASCOT program at http://
www.matrixscience.com.

3 Results and discussion

3.1 Protein composition

Separation of the protein components of the crude venom
of S. barbouri by 2-DE revealed the presence of three
major protein spots (Fig. 1). Two of these proteins exhib-
ited acidic p/s and molecular masses of 46 kDa and
14 kDa, while the other major protein had a basic p/ and
an apparent molecular mass of 12 kDa. A number of other
protein bands migrated between the neutral and acidic
part of the p/ gradient and had molecular masses around
30 kDa or below 10 kDa (Fig. 1). To characterize these
proteins, the crude venom was fractionated by RP
HPLC. The proteins in the major RP HPLC-isolated peaks
(Fig. 2) were identified by a combination of N-terminal se-

kDa

67
45

10

JEE 2

30

20
12

Figure 1. Two-dimensional gel electrophoresis of S. bar-
bouri venom proteins. Total venom proteins (1000 pg)
were subjected to IEF using a 13 cm IPG strip followed
by SDS-PAGE in a 15% acrylamide (16 cm) gel. Spots
assigned by peptide mapping and/or N-terminal se-
quencing are labelled and listed in Table 1.
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quencing and mass spectrometric determination of mo-
lecular masses and cysteine content (Table 1). In addition,
comparison of their tryptic peptide mass fingerprints
allowed us the tentative correlation of a number of RP
HPLC-isolated proteins with 2-D electrophoretic spots
(Fig.- 1). However, with the exception of the protein in
peak 15, which is described below, the peptide mass fin-
gerprinting approach alone was unable to identify any
proteins in the databases. This may reflect the almost
complete absence of S. barbouri protein entries in the
SWISS-PROT/TrEMBL and NCBI nonredundant data-
bases, and the lack in the S. barbouri proteins of a signif-
icant set of tryptic peptides with identical masses in
homologue proteins from other snake species repre-
sented in the databanks.

Fractions 1-3 contained low molecular mass peptides
which were undetectable by SDS-PAGE. They were not
further characterized. Except for the protein in peak 15,
which had a blocked N-terminus, all other proteins could
be assigned to known protein families (Table 1). Thus, the
polypeptides recovered in RP HPLC fractions 4 and 5
clearly identified them as members of the medium-sized
group (about 70 residues including 12 cysteines involved
in 6 S-S bonds) of the disintegrin family (Table 1). Disinte-
grins are potent inhibitors of integrin receptors of the p1
and 33 families [8, 15]. In particular, the mass of the major
polypeptide in fraction 4 (7500.7 Da, Table 1), matches

[1 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

40

accurately the mass of barbourin (7502.3 Da for residues
2-72 of the SWISS-PROT entry P22827), a previously
reported integrin allbp3-specific disintegrin [13]. Whether
the other disintegrin molecules present in fractions 4 and
5 represent N- and/or C-terminal processed barbourin
molecules or novel disintegrins requires further structural
characterization.

Fractions 6, 7, 9 and 10 contained PLA, enzymes, which
are widely expressed in snake venoms. They are charac-
terized by the presence in their primary structures of 14
cysteine residues involved in the formation of seven di-
sulfide bonds. This feature appears also to be conserved
in S. barbouri PLA; enzymes (Table 1). Figure 3 illustrates
the procedure followed for the quantitation of the num-
ber of cysteine residues in PLA, isolated in RP fraction
10 of Fig. 2. The closest homologue of the PLAs in frac-
tions 6 and 7 is the acidic PLA, from Protobothrops
mucrosquamatus (Q90W39) (96% identity), whereas the
S. barbouri venom proteins in fractions 9 and 10 dis-
played highest sequence similarity (82% sequence iden-
tity) to PLA,s from Crotalus viridis viridis (AA093140),
Crotalus atrox (P00624), and Agkistrodon piscivorus pis-
civorus (A53872). The N-terminal sequences of the pro-
teins recovered in fractions 11 and 12 identified them as
serine proteinases closely related to enzymes found in
venoms of Viperidae snakes exhibiting a variety of pepti-
dase activities.
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Table 1. N-terminal sequencing and MALDI-TOF mass spectrometric characterization of the major protein fractions pu-
rified by RP HPLC from the crude venom of the pigmy rattlesnake S. barbouri (Fig. 2).

HPLC N-terminal sequence MALDI-TOF MS (Da) No. of cysteines? Protein family
fraction Mo Myp?  Mpe? Free Total S-S
SH Cys
4 AGEECDCGSP 7501 7502 8762 - 12 6 Disintegrin
GEECDCGSPE
EECDCGSPEN
5 GEECDCGSPE 7110 7110 8371 - 12 6 Disintegrin
EECDCGSPEN
ECDCGSPENP
6 NLLQFNKMIKIMT 13952 13953 15442 - 14 7 PLA,
7 NLLQFNKMIKIMTKKNAIP 13956 13956 15455 - 14 7 PLA,
8 SVNFDSESPPKPEIQ 24841 24840 26506 - 16 8 CRISP
9 NLITFEQLIM 13963 13961 15494 - 14 7 PLA,
10 HLITFEQLIMKIAGRSGVFW 13980 13983 15483 - 14 7 PLA,
11 VIGGNECNINEHRSL 27418 27420 28665 - 12 6 Ser-proteinase
12 VIGGDECNINEHRFL 27430 27431 28765 - 12 6 Ser-proteinase
13 NPEHQRYVELFIVVDHGM 23187 23293 23921 1 7 3 Metalloproteinase
14 NPEHQRYVELFIVVD 23356 23375 24089 1 7 3 Metalloproteinase
15 Blocked 48555 48664 52241 1 35 17 ADAM

a) Myar, mass of the native, HPLC-isolated protein

b) Myp, mass of the denatured but nonreduced protein incubated in the presence of 4-vinylpyridine

¢) Mpg,mass (in Da) of the reduced and pyridylethylated protein

d) Quantitation of free cysteine residues (SH), total cysteine residues (Total Cys), and disulfide bonds (S-S) was done using
Egs. 1-3 as described in Section 2.4

100, A 290 100 B e Figure 3. Quantitation of cyste-

90 90 ine residues. A) MALDI-TOF

80 0] mass spectrum of the native

10 70 protein isolated in peak 10 of

Z o 2 0 the RP HPLC separated S. bar-

& | in . bouri venom proteins shown in

£ ¥ ! £E% I Fig. 2. B) MALDI-TOF mass

L | £ 40 ‘ spectrum of the same protein

30 | 30 |I as in A) after reduction and

20 |'.I 20 , \ S—pyrldylethyl_atlon. The num-

10 [\ 10! | K ber of cysteine residues was

J ki —_— — derived using Eq. 2 Ngy =

dhoo 11400 14800 18200 dhoo 11400 14800 18200 (15483-13980)/106.3 = 14.1,
Mass (m/z) Mass {m/z) as described in Section 2.4.

3.2 Zn?*-metalloproteases are widely distributed in Viperidae and Crotalidae snakes.

PIll metalloproteases (ADAMs or reprolysins) are mosaic

The molecular mass (48.5 kDa) and presence of 35 cyste- proteins composed of N-terminal Zn?"-metalloprotease

ine residues per molecule (a free cysteine and 17 disulfide (23 kDa, 7 cysteines) followed by a disintegrin domain

bonds; Table 1) strongly suggested that the N-terminal (18 kDa, 16 cysteines) and a cysteine-rich domain

blocked protein might be a PIll metalloprotease, which (12 kDa, 12 cysteines), which exhibit the most potent
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extracellular matrix degrading activity among hemor-
rhagic metalloproteases [31]. To confirm the identity of the
N-terminal blocked protein, the protein band was excised
from a CBB-stained SDS polyacrylamide gel and sub-
jected to automated in-gel tryptic digestion. The poor
quality of the MALDI-MS spectrum might be due to resis-
tance to proteolysis of the 2-DE separated protein. Indeed,
the carbamidomethylated protein-15 precipitated in the
buffer used for tryptic digestion unless guanidinium hydro-
chloride (up to 1.5 M) was added to the solution. Never-
theless, ions at m/z 1052.30, 1230.37, 1285.48, 1552.56,
and 2208.04 of the peptide mass fingerprint of the
48.5 kDa protein shown in Fig. 4 matched the polypep-
tide stretches “*GNYYGYCR®!, 524 DNSPGQNNPCK534,
s3sMFYSNDDEHK544,  558YCSNGHCVDVATAY®!,  and
199YLYMHVALVGLEIWSNGDK?', respectively, of the me-
talloproteinase jararhagin precursor from Bothrops jarar-
aca venom (SWISS-PROT accession code P30431). This
entry displayed rank number 1 and had a MOWSE score
of 2.43 x 10%. The second rank entry had a MOWSE score
of 37. As a whole, the peptides cover 10.8% of the full-
length 571-residue protein. The 198-217 peptide belongs

480 105230 —— MGNYYGYCR®

SUDNSPGQNNPCK®4

% Intonsity

50

SSMFYSNDDEHKSH

SSYCSNGHCVDVATAYS!
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to the Zn?"-metalloproteinase domain, while the other
peptides are all located within the cysteine-rich domain of
jararhagin (Fig. 4).

Interestingly, peptide 558-571 represents the C-terminal
fragment of jararhagin. As a whole, these peptides
strongly suggest that the 48.5 kDa protein of S. barbouri
venom may correspond to a full-length reprolysin Zn?*-
metalloprotease (also termed PlIl SVMP). The structural
assignment of the jararhagin-like tryptic peptides was
confirmed by CID analysis of the doubly-charged ions at
m/z 526.7 (Fig. 5), 615.9, and 776.1 (Fig. 6). The fragmen-
tation pattern of the ion at (M+2H)2* 526.7 was unusual
because most of the theoretical b and y ions have
the same mass and are therefore indistinguishable in
the mass spectra. Nevertheless, the data identified
m/z 526.7 (2+) as GNYYGYCR, confirming the MALDI-
TOF mass fingerprinting assignment.

Fragmentation of the doubly-charged ion at m/z 776.1
was induced at low Q1 to Q2 collision energy (35 eV) to
avoid CID of the singly-charged ions of high molecular
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Figure 4. Unprocessed MALDI-TOF peptide mass fingerprint of a tryptic digest of the CBB-stained SDS polyacrylamide
gel-separated protein band of RP HPLC fraction 15, showing the proposed peptide sequence assignments made by the
Protein Prospector program (v.3.4.1) and their location within the sequence of the metalloproteinase jararhagin precursor

from B. jararaca venom (SWISS-PROT accession code P30431).

[1 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

42

www.proteomics-journal.de



334 P. Juarez et al. Proteomics 2004, 4, 327-338
526.7 y6 ySy4y3y2 yl
8.7e7 A |
8.0e7 ' J/
GNIYY|GYC-CMR
7.0e7 1
6.0e7
2 b2 b3 b4 b5 b6
o 5.0e7
e
'E 4.0e7
] yd =h5
E 3097 y5 = b6
555.2 \
3=bd
2.0e7 y2=b3 y 718.2 ?
1.0e7|..7 \ L s
- 3351 498.1
) ,347_1“?-25'5?'1 , [;',5#’?-1 609.2.627.2 7011772 7452 861.3. | 8913
350 400 450 500 550 600 650 700 750 800 850 900
m/z
Y 1361
1.495‘ B
|
1.2e6
1.0e6 -
a | b2
; 8:00% 172.0 a
] 1754
E 6.0e5 1550
c | ;
4.0e5 1274 i ‘ ||
2.0e5 | /R 1710 |
e | I
119.0 : | , J; _175.9
| 178.5.0
1159 | 3_2?0' ~133.0135.3147.0 156.3 1589 1649 [T | |\
110 120 130 140 150 160 170 180
miz

Figure 5. High (A) and low (B) mass range of the MS/MS spectra of the doubly-charged monoisotopic
ion at m/z 526.7 (ion m/z 1052.3 in Fig. 4) showing the b and y ions from which the corresponding
amino acid sequence (displayed in panel A) was deduced. The immonium ions of arginine at
m/z 129.0 and tyrosine at m/z 136.1 are labelled “R” and “Y”, respectively, in panel B. CM-C, carb-
amidomethyl cysteine.

mass. Using the operating conditions specified in Section
2.6, singly-charged y1-y6 ions and singly- and doubly-
charged b ions encompassing b2-b13 were generated
(Fig. 6 B-D) This information, along with some a-ions and
internal fragment ions of the a, b and b-H,O series, un-
ambiguously confirmed the identity of m/z 776.1 (2+) as
VCSNGHCVDVATAY, as suggested by the mass finger-
print approach.

[1 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In addition to PIlIl hemorrhagin, the venom of S. barbouri
also contains other metalloproteases, which eluted in RP
HPLC fractions 13 and 14 (Fig. 2, Table 1). They are char-
acterized by the presence of a free cysteine and 3 disul-
fide bonds. Their N-terminal sequences and molecular
masses suggest that they may be isoenzymes. The N-ter-
minal sequences of these S. barbouri metalloproteases
are identical to that of atrolysin E (EC 3.4.24.44) from the

www.proteomics-journal.de
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Figure 6. (A) Full MS/MS spectrum and sequence assignment of the doubly-charged monoisotopic
ions at m/z 776.1 (ion m/z 1552.5 in Fig. 4). (B-D) Details of different mass ranges and selected
daughter ions used to confirm the sequence VCSNGHCVDVATAY are labelled. The nomenclature for
sequence-specific (“b” and “y” ions) proposed by Biemann [40] is used. Internal ions are defined by
their y- and b-type cleavages at the two peptide bonds specified in between square brackets. The
immonium ions of His and Tyr at m/z 110.1 and 136.1 are labelled H and Y, respectively in panel B.
Asterisks in panel B mark the singly protonated internal amino acyl ion [y4-b12]-28 AT or [y3-b13]-28
TA (m/z 145.1), the internal ion [y4-b12]-H,O AT or [y3-b13]-H,O TA (m/z 155.0), and the internal ion
[y7-b9]-28 VD or [y6-b9]-28 DV at m/z 187.1. CM-C, carbamidomethyl cysteine.
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western diamondback rattlesnake C. atrox (P34182). At
present, it is not clear whether the metalloproteases in
fractions 13 and 14 belong to the PI, Pl or PIll class. PI
metalloproteinases (20-30 kDa) are single-domain pro-
teins with relatively weak hemorrhagic activity. The class
Pl metalloproteinases (30-60 kDa) contain a disintegrin
domain at the c-terminus of a metalloproteinase domain
structurally similar to that present in class Pl metallopro-
teinases. However, the fact that fractions 4 and 5 con-
tained disintegrins, antagonists of integrin receptors
which are released in venoms by proteolytic processing
of PIl metalloproteinases [8, 32], and the lack of disinte-
grin/cysteine-rich fragments, which are proteolytically
derived from PIIl metalloproteinases [33, 34], strongly
support the PI/PII origin of the proteins in fractions 13
and 14.

3.3 A protein of the CRISP family

The protein isolated in HPLC fraction 8 displays strong
similarity to other venom cysteine-rich secretory proteins
(CRISPs) from a number of Viperidae and Elapidae snakes
[85-37] in terms of its N-terminal sequence, molecular
mass, and the number of cysteine residues. The occur-
rence of CRISPs in the venoms of snakes from different
continents has been realized only very recently [37]. Our
results support the hypothesis that CRISPs may repre-
sent a widely distributed protein family among snake
venoms. Three venom CRISPs, piscivorin (A. piscivorus
piscivorus, Viperidae, USA), ophanin (Ophiophagus han-
nah, Elapidae, Southeast Asia), and catrin-2 (C. atrox,
Viperidae, USA and Mexico) showed mild but significant
inhibition of rat tail arterial smooth muscle evoked by high
K+ concentration [37]. Other CRISPs such as ablomin
(Agkistrodon blomhoffi, Viperidae, Japan), triflin (Trimere-
surus flavoviridis, Viperidae, Japan), and latisemin (Lati-
cauda semifasciata, Elapidae, Southeast Asia), inhibited
depolarization-induced contraction of rat tail arterial
smooth muscle, showing properties of L-type Ca?* chan-
nel blocking toxins [35]. CRISPs pseudechetoxin (Pseu-
dechis australis, Elapidae, North and Central Australia)
and pseudecin (Pseudechis porphyriacus, Elapidae,
South Australia), blocked olfactory and retinal cyclic
nucleotide-gated ion channel currents [36]. Snake venom
CRISPs have highest similarity to helothermine, a toxin
from the salivary secretion of the Mexican beaded lizard
(Heloderma horridum horridum) [38]. Helothermine tar-
gets a number of ion channels, including voltage-gated
Ca?t and K* channels, and ryanodine receptors, and its
physiological effects in rodents are lethargy, rear limb,
paralysis, hypothermia, and death [39]. The biological
effects of the S. barbouri snake venom CRISP requires
detailed investigations.

[1 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Concluding remarks

The accelerated evolution of snake venom gland proteins
has been documented. This phenomenon, which may
have adaptative consequences, represents a serious
handicap for the identification of proteins by mass pep-
tide fingerprinting, even if the proteins belong to close
evolutionary related species. Nevertheless, most snake
venom protein families are characterized by their cysteine
content. We have applied a cysteine mapping approach,
in conjunction with N-terminal sequencing and mass
spectrometric data to classify the proteins of S. barbouri
venom into defined protein families. Although the lack of
snake genome sequences is an additional drawback for
the identification of venom proteins by MALDI-TOF mass
fingerprinting, MS/MS fragmentation of selected ions
yielded sufficient amino acid sequence information,
derived from an almost complete series of b- and/or y-
ions and internal ions, to unambiguously identify an hom-
ologue protein from a S. barbouri related snake venom
protein. Our results show that the venom proteome of
the pigmy rattlesnake S. barbouri is composed of proteins
belonging to a few known protein families, and support
the hypothesis that CRISP molecules may represent a
widely distributed protein family among certain snake
venoms.
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Abstract. We report the cloning and sequence anal-
ysis of BA-5A from a venom gland cDNA library of the
puff adder, Bitis arietans, that encodes a novel ECD-
disintegrin-like domain. BA-5A is a unique PII disin-
tegrin. It contains the 16 cysteine residues that are
conserved in all known disintegrin-like domains of
ADAM proteins and snake venom metalloproteinases
but lacks the cysteine-rich domain. These features
suggest that BA-5A may represent an intermediate in
the evolutionary pathway of the long disintegrin bi-
tistatin and that removal of the cysteine-rich domain
and loss of the PIII-specific disulfide bond were sepa-
rate events along the structural diversification pathway
of disintegrins, the former predating the latter. The
protein family composition of the Bitis arietans venom,
as determined by combination of reversed-phase
HPLC and proteomic analysis, was as follows: Zn” " -
metalloproteinase (38.5%), serine proteinase (19.5%),
disintegrin (17.8%), C-type lectin-like (13.2%), PLA,
(4.3%), Kunitz-type inhibitor (4.1%), cystatin (1.7%),
and unknown (0.9%). BA-5A could not be detected in
the venom proteome of Bitis arietans. The occurrence
of this very low-abundance ( < 0.05%) or nonexpressed
disintegrin transcript indicates a hitherto unrecognized
structural diversity of this protein family. Whether
BA-5A plays a physiological role or represents an or-
phan protein which could eventually evolve a role in
the adaptation of snakes to changing ecological niches
and prey habits deserves further investigation.

Correspondence to: Juan J. Calvete; email: jcalvete@ibv.csic.es

49

Key words: Snake venomics — Venom proteome
— Bitis arietans — cDNA cloning — Disintegrin
evolution

Introduction

Snake venom proteins play a number of adaptative
roles: immobilizing, paralyzing, killing, digesting prey,
and deterring competitors. Venoms of vipers and rat-
tlesnakes (subfamilies Viperinae and Crotalinae of
Viperidae) contain protein toxins that initiate hemor-
rhage and other toxins that prevent the function of
normal hemostatic responses to arrest bleeding,
including platelet aggregation and the effectors
resulting from initiation of the coagulation cascade.
These proteins can be grouped into a few major protein
families, including enzymes (serine proteinases, Zn>" -
metalloproteases, L-amino acid oxidase, group II
phospholipases A, [PLA,]) and proteins without
enzymatic activity (disintegrins, C-type lectins, natri-
uretic peptides, cysteine-rich secretory proteins
[CRISP] toxins, nerve growth factors, cystatin, and
Kunitz-type protease inhibitors) (Markland 1998;
Juarez et al. 2004; Fry and Wiister 2004; Fry 2005).
Current evidence suggests that many of these toxin
gene families were recruited from proteins with nor-
mal, nontoxic, physiological function into the venom
proteome early in the evolution of advanced snakes at
the base of the colubroid tree (Fry and Wiister 2004;
Fry 2005; Fry et al. 2005). On the other hand, the



existence in the same venom of a diversity of isoforms
of proteins of the same family differing from each other
in their pharmacological effects results from paralo-
gous genes originated by gene duplications and accel-
erated Darwinian evolution (Menez 2002; Tani et al.
2002; Moura da Silva et al. 1996). A fast coevolution-
ary arms race between snakes and their prey as a
driving mechanism in the evolution of venom proteins
has been hypothesized (Daltry et al. 1996).

The diversity of biological activities of proteins
sharing the same general structural scaffold has been
investigated in a number of venom protein groups,
including the disintegrins (Menez 2002; Tani et al.
2002; Gomis-Riith 2003; Tsai et al. 2004; Lu et al.
2005a, b; Calvete et al. 2005; Calvete 2005). Disinte-
grins are small (40-100 amino acids), cysteine-rich
polypeptides that selectively block the function of
integrin receptors (Calvete et al. 2005; Calvete 2005).
Currently, the disintegrin family can be conveniently
divided into five groups according to their length (40—
100 residues) and the number (four to eight) of
disulfide bonds (Calvete et al. 2003). The first group
includes short disintegrins, composed of 41-51 resi-
dues and 4 disulfide bonds. The second group is
formed by the medium-sized disintegrins, which con-
tain about 70 amino acids and 6 disulfide bonds. The
third group includes long disintegrins, with an ~84-
residue polypeptide cross-linked by 7 disulfide bonds.
The fourth subfamily of disintegrins groups the dis-
integrin-like domains derived from PIII snake venom
metalloproteinases (SVMPs). PIII disintegrins are
modular proteins containing an N-terminal disinte-
grin-like domain of about 100 amino acids including
16 cysteine residues involved in the formation of 8
disulfide bonds and a C-terminal 110- to 120-residue
cysteine-rich domain cross-linked by 6 disulfides
(Calvete et al. 2000a). The disintegrin-like domains of
PIIT SVMPs molecules lack the integrin-binding motif
present in the integrin-binding loops of many PII
disintegrins (RGD, KGD, WGD, VGD, MLD, etc.),
which is replaced by XXECD sequences. Unlike the
PII (short, medium, and long) and PIII disintegrins,
which are single-chain molecules, the fifth group is
composed of homo- and heterodimers. Dimeric dis-
integrins contain subunits of about 67 residues, with
10 cysteines involved in the formation of 4 intrachain
disulfide bonds and 2 interchain cystine linkages
(Calvete et al. 2000b; Bilgrami et al. 2004, 2005).
Bilitoxin-1 represents another homodimeric disinte-
grin comprising disulfide-bonded polypeptides, each
containing 15 cysteinyl residues (Nikai et al. 2000).

Disintegrins proper (small, medium-sized, long,
and dimeric) are released in the venoms of various
vipers by proteolytic processing of larger mosaic PII
metalloprotease precursors (Kini and Evans 1992) or
synthesized from short-coding mRNAs (Okuda et al.
2002; Sanz et al. 2006). The antagonistic activity of
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PII disintegrins toward integrin receptors (o B, o3P,
4B, 0By, asPr, o6Pi, osPa, o7Br, osPi, oo, o PBs,
oy B1, oyPs. ourpPs) depends on the appropriate pairing
of cysteine residues, which determine the conforma-
tion of the mobile inhibitory loop which protrudes
14-17 A from the protein core and harbors the active
tripeptide at its apex (Moreno-Murciano et al. 2003;
Monleon et al. 2005; and references cited therein). In
contrast, the PIII disintegrin-like domains contain an
extra disulfide bond between CysXIII (within the
XXECD motif) and CysXVI, which may restrain the
conformation of their ECD-loop. Disintegrin-like/
cysteine-rich domains containing RSECD or
MSECD sequences have been reported to inhibit in-
tegrin  oB;-mediated collagen-induced platelet
aggregation (reviewed by Calvete et al. 2005).

Functional diversification between disintegrins is
mainly due to amino acid substitutions within the ac-
tive loop, whereas structural diversification was driven
through a disulfide bond engineering mechanism
involving the selective 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 of disintegrins
strongly suggests that disintegrins, like toxins from
other venoms (Duda and Palumbi 1999; Kordis et al.
2002; Ohno et al. 2002), have evolved rapidly by
adaptative evolution. The accelerated evolution of
toxins may be linked to adaptation to the environment,
including feeding habits (Okuda et al. 2001).

Research on disintegrins not only is relevant for
understanding the biology of viper venom toxins, but
also provides information on new structural deter-
minants involved in integrin recognition that may be
useful in basic and clinic research. To understand the
genomic basis of the accelerated evolution of disin-
tegrins, and the molecular mechanism underlying
their structural diversification, we have searched for
messages encoding disintegrins in a Bitis arietans
venom gland library. We report the cloning of a
cDNA encoding a novel ECD disintegrin-like domain
containing the 16-cysteine scaffold conserved in all
known ADAM domains but lacking the cysteine-rich
domain. Proteomic analysis failed to detect this un-
ique disintegrin-like domain in the venom proteome
of Bitis arietans, which is hypothesized to represent
an intermediate in the evolutionary pathway of the
long disintegrin bitistatin.

Materials and Methods

¢DNA Library Synthesis

Total RNA was extracted from pooled venom glands of two spec-
imens of B. arietans. The vipers were sacrificed 3 days after venom
extraction, when toxin gene transcription rates are at a peak (Paine
et al. 1992). Glands were homogenized under liquid N, and total
RNA (Trizol; Invitrogen) and then mRNA (PolyATract; Promega)
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was extracted following the manufacturers’ guidelines. The cDNA
library was constructed according to the manufacturer’s protocol
from the mRNA using the SMART cDNA library construction kit
(Clontech, USA), which involved an initial reverse transcriptase
step followed by a PCR step of 27 cycles which yielded cDNA
varying from 250 to 2500 bp. The latter was size fractionated (500—
2500 bp), inserted into the ATriplEx2 vector, and packaged into A
phage using Gigapack III Gold Packaging Extract (Stratagene).
The resultant amplified cDNA library contained 8 x 10° plaque-
forming units/ml. This material was boiled for 5 min prior to being
used as targets of polymerase chain reaction (PCR) amplification.

¢DNA Cloning and Sequencing

A forward primer, 5-CCAAATCCAGC/TCTCCAAAATG-3,
and a reverse primer, 5-TTCCAG/TCTCCATTGTTGG/TTTA,
complementary to highly conserved 5’- and 3’-noncoding regions of
cDNA encoding for elegantin-2a from Trimeresurus elegans
(GenBank accession number AB059572), elegantin-la from 7.
elegans (GenBank accession number AB059571), and HR2a from
Trimeresurus flavoviridis (accession code AY037808) were synthe-
sized. The PCR protocol, using venom gland cDNA as template,
included an initial denaturation step at 95°C for 6 min followed by
35 cycles of denaturation (1 min at 94°C), annealing (1 min at
55°C), and extension (1 min at 74°C) and a final extension for
7 min at 72°C. AmpliTaq Gold (Roche), a highly processive 53’
DNA polymerase that lacks 3’5" exonuclease activity, was used.
The inclusion of water-only controls with each PCR reaction al-
lowed us to monitor and prevent crossover contamination. The
amplicons were subcloned into the TA cloning vector, pCR 2.1-
TOPO (Invitrogen, Groningen, The Netherlands), and used to
transform chemically competent E. coli cells (TOP10F’; Invitrogen)
under ampicillin selection, resulting in numerous (> 50) colonies.
Plasmid DNA was extracted (Mini-spin prep kit; Qiagen, Hilden,
Germany) from four randomly selected colonies and digested with
BamH]1 and Xhol at 37°C to select plasmids containing inserts of
the predicted size for DNA sequencing.

Isolation and Characterization of Venom Proteins

Venom was collected by snake biting on a parafilm-wrapped jar
and pooled from 15 wild-caught B. arietans specimens (Ghana) of
different ages and of both sexes and maintained in the herpetarium
of the Liverpool School of Tropical Medicine. Venom was lyo-
philized and stored at 4°C in a dark bottle until used. For reverse-
phase HPLC separation, 2.2 mg of the crude venom was dissolved
in 100 pl of 5% acetonitrile and 0.1% trifluoroacetic acid (TFA).
Insoluble material was removed by centrifugation in an Eppendorf
centrifuge (Hamburg, Germany) at 13,000 g for 10 min at room
temperature. Soluble proteins were separated with an ETTAN LC
HPLC system (Amersham Biosciences) using a Lichrospher RP100
C18 column (250 x 4 mm, 5-mm particle size; Merck, Darmstadt,
Germany) eluted at 1 ml/min with a linear gradient of 0.1% TFA in
water (solution A) and in acetonitrile (solution B), first isocratically
(5% B) for 5 min, followed by linear gradients of 5-45% B for
120 min and 45-70% B for 20 min. Protein detection was at
215 nm, and peaks were collected manually. The isolated protein
fractions were analyzed by SDS-PAGE, N-terminal sequencing
(using an Applied Biosystems Procise 492 sequencer), and matrix-
assisted laser-desorption ionization-time-of-flight mass spectrome-
try (MALDI-TOF-MS).

MALDI-TOF Mass Spectrometry

For mass determination and quantitation of sulfhydryl groups and
disulfide bonds, the purified proteins (1 pg in 2 pul of 100 mM
ammonium bicarbonate, pH 8.3, containing 5 M guanidinium
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hydrochloride) were incubated either with 10 mM iodoacetamide
for 1 h at room temperature or with 10 mM DTT for 15 min at
65°C, followed by the addition of a fivefold molar excess of io-
doacetamide over-reducing agent and incubation for 1 h at room
temperature. The reaction mixtures were freed from reagents using
a CI18 Zip-Tip pipette (Millipore) after activation with 70% ace-
tonitrile and equilibration in 0.1% TFA. Following protein
adsorption and washing with 0.1% TFA, the proteins were eluted
onto the MALDI-TOF plate with 1 pl of 70% acetonitrile and 0.1%
TFA and subjected to mass spectrometric analysis. The molecular
masses of the native and the reduced and carbamidomethylated
lectins were determined by MALDI-TOF mass spectrometry using
an Applied Biosystems Voyager DE-PRO instrument operating at
25 kV accelerating voltage in the linear mode, and using 3,5-di-
methoxy-4-hydroxycinnamic acid (sinapinic acid) saturated in 70%
acetonitrile and 0.1% TFA as the matrix. The mass calibration
standard consisted of a mixture of the following proteins, whose
isotope-averaged molecular mass, as daltons, are given in paren-
theses: bovine insulin (5734.5), E. coli thioredoxin (11,674.5), and
horse apomyoglobin (16,952.6).

The number of free cysteine residues (Nsy) was determined
using eq. (1):
NSH: (MIAfMNAT)/STOS (1)

where M4 is the mass of the denatured but nonreduced protein
incubated in the presence of iodoacetamide, Myt is the mass of
the native protein, and 57.05 is the mass increment due to the
carbamidomethylation of one thiol group.

The number of total cysteine residues (Ncys) was derived using
eq. (2):
Neys= [(MCM—MIA)/S&OS]-‘FNSH (2)

where Mcy is the mass of the reduced and carbamidomethylated
protein, and 58.05 is the mass increment due to the carbami-
domethylation of a cysteine residue, which prior to reduction was
involved in the formation of a disulfide bond.

Finally, the number of disulfide bonds (Ns_.s) was calculated
from eq. (3):

Ns_s= (Neys—Nsn)/2 (3)

All mass values in egs. (1)—~(3) are in daltons.

Sequence Similarity Searches and Phylogenetic
Analysis

Amino acid sequence similarity searches were carried out against a
nonredundant protein databank using the program PSI-BLAST
(Altschul et al. 1997) accessible at http://www.ncbi.nlm.nih.gov/
BLAST. Program MEGA (Molecular Evolutionary Genetic
Analysis; http://www.megasoftware.net) (Kumar et al. 2001) was
employed for inferring phylogenies (evolutionary trees) from a
multiple alignment of disintegrin sequences.

In-Gel Enzymatic Digestion and Mass Fingerprinting

Reverse-phase HPLC-separated fractions containing blocked N-
termini or heterogeneous N-terminal sequences were analyzed by
SDS-PAGE. All the SDS-PAGE-separated, Coomassie brilliant
blue-stained protein bands were excised from the gels and subjected
to automated digestion with sequencing-grade bovine pancreas
trypsin (Roche) at a final concentration of 20 ng/ul in 50 mM
ammonium bicarbonate, pH 8.3, using a ProGest digestor (Geno-
mic Solutions) following the manufacturer’s instructions. Diges-
tions were conducted after reduction with DTT (10 mM for 15 min
at 65°C) and carbamidomethylation with iodoacetamide (50 mM
for 60 min at room temperature). The tryptic peptide mixtures were
dried in a SpeedVac, and the samples were dissolved in 5 pl of 50%



acetonitrile and 0.1% TFA, then subjected to mass fingerprinting.
When necessary, the digestion mixtures were diluted with 0.1%
TFA to a final acetonitrile concentration of < 10% and were freed
from reagents using a C18 Zip-Tip pipette tip (Millipore) as above.

For mass fingerprinting analysis, 0.85 pl of the digests was
spotted onto a MALDI-TOF sample holder, mixed with an equal
volume of a saturated solution of a-cyano-4-hydroxycinnamic acid
(Sigma) in 70% acetonitrile containing 0.1% TFA, dried, and
analyzed with an Applied Biosystems Voyager-DE Pro MALDI-
TOF mass spectrometer, operated in delayed extraction and
reflector modes. Database searches were constrained to a mass
tolerance of 100 ppm. A tryptic peptide mixture of Cratylia flori-
bunda seed lectin (SwissProt accession code P81517) prepared and
previously characterized in our laboratory was used as the mass
calibration standard (mass range, 450-3300 Da).

Collision-Induced Dissociation by Tandem Mass
Spectrometry

For peptide sequencing, the protein digest mixture was subjected to
electrospray ionization tandem mass spectrometric (MS/MS)
analysis using a QTrap mass spectrometer (Applied Biosystems)
equipped with a nanospray source (Protana, Denmark). Doubly
charged ions selected after Enhanced Resolution MS analysis were
fragmented using the Enhanced Product Ion with Q, trapping
option at 250 amu/s across the entire mass range. For MS/MS
experiments, Q1 was operated at unit resolution, the Q1-to-Q2
collision energy was set at 35 eV, the Q3 entry barrier was 8 V, the
LIT (linear ion trap) Q3 fill time was 250 ms, and the scan rate in
Q3 was 1000 amu/s. Collision-induced dissociation (CID) spectra
were interpreted manually or using the on-line form of the MAS-
COT program at http://www.matrixscience.com.

Database Accesion Codes

The cDNA sequence clone BA-5A has been deposited with the
EMBL Nucleotide Sequence Data Bank (http://www.ebi.ac.uk/)
under accession code AM117393.

Results and Discussion

Disintegrins have been reported to date in the venoms
of a number of genera from the subfamilies Crotali-
nae (Agkistrodon, Bothrops, Calloselasma, Crotalus,
Deinagkistrodon, Gloydius, Lachesis, Protobothrops,
Sistrurus, and Trimeresurus) and Viperinae (Bitis,
Cerastes, Daboia, Echis, Eristocophis, Macrovipera,
and Vipera), which represent about 50% of the clas-
sified genera of family Viperidae (http://www.embl-
heidelberg.de/~uetz/families/Viperidae.html).  For
the majority of the venoms of snakes from the other
half of the genera of Viperidae, toxin compositional
analyses have not been addressed. Hence, disintegrins
may represent a widely distributed venom protein
family. Most of the venoms of snakes from the
examined genera contain medium-sized, dimeric,
and/or short disintegrins. Long disintegrins have
been reported so far only in three species, Gloydius
halys brevicaudus (salmosin-3) (Park et al. 1998),
Agkistrodon bilineatus (bilitoxin-1) (Nikai et al. 2000),
and Bitis arietans (bitistatin) (Shebuski et al. 1989).

145

Based on biochemical and phylogenetic analyses, we
have proposed a model for the structural diversifi-
cation of disintegrins, in which the long disintegrins
derive from the disintegrin-like/cysteine-rich domains
of a PIII metalloprotease by deletion of the cysteine-
rich domain and the PIII-specific disulfide bond be-
tween cysteine XIII and cysteine XVI (Calvete et al.
2003). To check this hypothesis we have analyzed a
Bitis arietans venom gland cDNA library looking for
novel disintegrin-coding transcripts.

BA-5A, a Putative Intermediate in the Evolution of
Bitistatin

The full-length clone B5-A5 was amplified from B.
arietans venom gland polyadenylated RNA using
primers for the highly conserved 5" and 3’ noncoding
region of known disintegrins. The deduced amino
acid sequence of the full-length open reading frame,
assembled from four identical overlapping cDNA
sequences from a single PCR-amplified band of about
1600 bp, is shown in Fig. 1 and reveals the presence
of a signal peptide, a pro-domain, a metalloprotein-
ase domain, and a disintegrin-like domain. A similar
multidomain structure has been reported in a number
of PII and PIII snake venom metalloproteinases
(SVMPs), the precursors of disintegrin proper and
disintegrin-like/cysteine-rich (DC) fragments, respec-
tively (Lu et al. 2005b; Fox and Serrano 2005).
However, B5-A5 departs from the canonical struc-
tures of PII- and PIII-SVMP precursors in two main
features: (i) it contains a disintegrin-like (ECD) in-
stead of a disintegrin proper (RGD) domain, and (ii)
it lacks a cysteine-rich domain (Fig. 2). Thus, full-
length BA-5A must be regarded as a PII metallo-
protease with a PIII-like disintegrin domain.

Disintegrin-like domains are thought to represent
ancestral molecules of the long and medium disinte-
grins (Calvete et al. 2003) and are distinguished from
the disintegrins proper by the length of their polypep-
tides (100 vs. 80 residues, respectively), which in-
cludel6 cysteine residues, and by the expression of an
XCD motif in lieu of the typical RGD (KGD, VGD,
WGD, MGD, MLD, etc.) integrin-binding motif of
the disintegrins proper (Calvete et al. 2005; Calvete
2005). The disulfide bonding pattern of 14 of the 16
cysteines of disintegrin-like domains is conserved in the
structure of the long disintegrins (Calvete et al. 1997,
2000) (Fig. 3). The other two cysteines are located
within the XCD motif and in the C-terminal region,
and are engaged in the formation of a disintegrin-like
domain-specific disulfide bond. In the structure of BA-
SA the two extra cysteines are residues 69, within a
®RSECD” motif, and Cys95 (Fig. 2).

Snake venom PIII disintegrins evolved from the
extracellular domains of cell membrane-anchored
ADAM (a disintegrin and metalloprotease) molecules
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| ===== Signal sequence ----- > |-- Pro-

M M Q N L L v T I ¢} L A v F P Y Q G 18
ATG ATG CAA GTT CTC TTA GTA ACT ATA TGC TTA GCA GTT TTT CCA TAT CAA GGG 54
domain ------ >

S S I I L E S G N v N D Y E v v Y P 36
AGC TCT ATA ATC CTG GAA TCT GGG AAC GTT AAT GAT TAT GAA GTA GTG TAT CCA 108

o K v T A L P K G A v [} Q A E o K Y 54
CAA AAG GTC ACT GCA CTG CCC AAA GGA GCA GTT CAG CAG GCT GAG CAA AAG TAT 162

E D A M Q Y E F E v N G Q P v v L H 72
GAA GAT GCC ATG CAA TAT GAA TTT GAA GTG AAT GGA CAG CCA GTG GTC CTT CAC 216

L E K N K D L F S E D Y S E T H Y S 90
CTA GAA AAA AAT AAA GAT CTT TTT TCA GAA GAT TAC AGT GAG ACT CAT TAT TCA 270

P D G K E I T T N P P I E D H (o} Y Y 108
CCT GAT GGC AAA GAA ATT ACA ACA AAC CCT CCA ATT GAG GAT CAC TGC TAT TAT 324

H G R I Q N D A H S T A S I S A C N 126
CAT GGA CGG ATC CAG AAT GAT GCT CAC TCA ACT GCA AGC ATC AGT GCA TGC AAT 378

G L K G H F K L R G E T Y L I E P L 144
GGT TTG AAA GGA CAT TTC AAG CTT CGA GGG GAG ACG TAT TTA ATT GAA CCC TTG 432

K I P D S E A H A v Y K Y E N I E K 162
AAG ATT CCT GAC AGT GAA GCC CAT GCA GTC TAC AAA TAT GAG AAC ATA GAA AAA 486

E D D A P K M c G v T [0} T N w E S D 180
GAG GAT GAT GCC CCC AAA ATG TGT GGG GTA ACC CAG ACT AAT TGG GAA TCA GAT 540

| -- Metalloproteinase -->

E P I K E A S [0} L \% A T S D Q Q R Y 198
GAG CCC ATC AAA GAG GCC TCT CAG TTA GTT GCT ACG TCT GAT CAA CAA AGA TAC 594

Y D H F R Y I K Y F I A\ \ D H R M v 216
TAT GAC CAC TTC AGA TAC ATT AAG TAT TTC ATA GTT GTG GAC CAC AGA ATG GTT 648

E K Y N G N L R T I R R R I Y Q L A\ 234
GAG AAA TAC AAT GGT AAT TTA AGA ACG ATA AGA AGA AGA ATA TAT CAA CTT GTC 702

N I L N E I Y L P w N I R A P L \4 G 252
AAC ATT TTA AAT GAG ATA TAC TTA CCT TGG AAT ATT CGT GCA CCA CTG GTT GGC 756

I E F w N Q R D L I N \ T S S A P Y 270
ATA GAA TTT TGG AAC CAA AGA GAT TTG ATT AAT GTG ACG TCA TCA GCA CCA TAT 810

T L D L F G K w R A S D L L N R K I 288
ACT TTG GAC TTA TTT GGA AAA TGG AGA GCA TCA GAT TTG CTG AAT CGC AAA ATA 864

H D Y T H L L T A I A F \ E Q I L G 306
CAT GAT TAT ACT CAC TTA CTC ACG GCC ATT GTT TTT GTT GAA CAA ATA TTA GGA 918

M A H I A T M (e} H S E L S A\ G L \ Q 324
ATG GCT CAC ATA GCC ACC ATG TGC CAT TCA GAA CTT TCT GTA GGA CTT GTT CAG 972

D Y M P S E H A\ v A A I M v H E M G 342
GAT TAT ATG CCA TCA GAG CAC GTG GTT GCA GCT ATA ATG GTC CAC GAG ATG GGT 1026

H N L G I S H D E K Y C N C G A D S 360
CAT AAC CTG GGC ATT AGT CAT GAT GAA AAA TAC TGT AAT TGT GGT GCT GAC TCA 1080

C I M Y P Q I S I P P P v Y F S N (¢} 378
TGC ATT ATG TAT CCT CAG ATA AGC ATT CCA CCT CCT GTG TAT TTC AGC AAT TGT 1134

S w E Q Y Q N F L T I Y K P D (¢} T L 396
AGT TGG GAG CAA TAT CAG AAT TTT CTT ACT ATT TAT AAA CCA GAT TGC ACT CTC 1188

-------- Disintegrin-like domain ---->

I R P S R T D I v s P P v c G N D I 414
ATC AGA CCC TCG AGA ACT GAT ATT GTT TCA CCT CCA GTT TGT GGA AAT GAT ATT 1242

L E Q G E E C D c G S P E K c Q D P 432
TTG GAG CAG GGA GAA GAA TGC GAC TGT GGC TCT CCT GAA AAG TGT CAA GAT CCG 1296

C C D A A S c K L H S w I E c E F G 450
TGC TGC GAT GCT GCA TCA TGT AAA CTA CAC TCA TGG ATA GAG TGT GAA TTT GGA 1350

E c c D Q c R F K P A G T E c R G I 468
GAG TGT TGC GAC CAA TGC AGA TTT AAG CCA GCA GGA ACA GAA TGC CGG GGA ATA 1404

R S E (o] D L P E Y c T G Q S v D c P 486
AGA AGT GAG TGT GAC CTG CCT GAA TAC TGC ACT GGC CAA TCT GTT GAC TGT CCT 1458

I D H F H R N G K P c L N N N G A E 504
ATA GAT CAC TTC CAT AGG AAT GGA AAA CCA TGC CTA AAC AAC AAT GGA GCG GAA 1512

K G E F Q H T G G R Y * 516
AAG GGC GAA TTC CAG CAC ACT GGC GGC CGT TAC TAG 1548
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Fig. 1. DNA and deduced amino
acid sequences of the Bitis arietans
BA-5A clone. The nucleotide
sequences are numbered in the 53
direction from the initial codon ATG
to the stop codon TAG. The signal
sequence and the predicted mature
protein sequences are underlined and
in boldface, respectively. The
N-termini of the signal peptide, pro-
domain, metalloproteinase, and
disintegrin-like domain are labeled.
The positions of the Cys-switch site
(KMCGV), the Zn " -binding motif
(HEMGHNLGISH) within the
metalloprotease domain, and the
RSECD sequence in the disintegrin-
like domain are shaded.
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BA-5A VSPPVCGNDILEQGEECDCGSPEKCQDPCCDAASCKLHSWIECEFGECCDQCRFKPAGTTECRGIRSECDLPEYCTGQSVDCPIDHFHRNGKPCLNNNGAEKGEFQHTGGRY
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Bitistatin (P17497

)
Bitis D1  (AAY43681)
Bitis D2 (AAY43682)
Bitis D3 (AAY43683)
Bitis DC1 (AAY43684)
*
MD2 (AAF61189)
LR 4 .
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Eo-10cl
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Jararhagin P30431
HF3 Q98UF9
Ecarin Q90495

Trimerelysin (P20164

HR1A Q9PSN8
Acut E QIW6EMS
Atrolys A Q92043
HT-1 Q9PSN7

Fig. 2. Amino acid sequence alignment of the Bitis arietans BA-
SA clone, the long disintegrins bitistatin, its D1, D2, D3, and DCI
isoforms, and salmosin-3, and the disintegrin-like domains of se-
lected PIII metalloproteases. Swiss-Prot/TrTEMBL (http://us.exp-
asy.org/sprot/) accession codes are in parentheses. The sequences
of clones E0-00006 and Eo-10cl are from Juarez et al. (2006).
Cysteine residues are shaded. Residues of BA-5A different from
bitistatin are marked with asterisks on top of the bitistatin se-

after mammals and reptiles diverged (Moura da Silva
et al. 1996). Phylogenetic analysis, in conjunction
with biochemical and genetic data, support the model
depicted in Fig. 3B, by which the structural diversi-
fication of the disintegrin family occurred through the
successive loss of disulfide bonds (Calvete et al. 2003).
In the phylogenetic tree of disintegrins, BA-5A seg-
regates into the clade formed by the PIII and the long
disintegrins (Fig. 3A). From a structural point of
view, BA-5A represents an intermediate species be-
tween a PIII disintegrin-like molecule and a long
disintegrin.

In all PIII-SVMP precursor open reading frames
characterized to date the disintegrin-like (D) domain
is followed by a C-terminal cysteine-rich (C) domain
(Lu et al. 2005b; Fox and Serrano 2005). We have
hypothesized that the concerted loss of the disinte-
grin-like-specific, integrin loop-constraining CysXIII-
CysXVI linkage and the cysteine-rich domain may
have paved the way for the emergence of the single-
domain PII disintegrins (Calvete et al. 2003, 2005)
(Fig. 3). The finding of BA-5A, a PIII disintegrin-like
domain lacking the C-terminal cysteine-rich domain,
calls for a revision of the proposed scheme for the
evolution of long disintegrins from PIII SVMPs.
Thus, the occurrence of BA-5A supports the view
that removal of the cysteine-rich domain and loss of
the PIII-specific disulfide bond are separate events,
the former predating the latter (Fig. 3B). Hence, the
updated model depicted in Figs. 3B and 4 includes
BA-5A as an intermediate in the evolutionary path-
way leading to the emergence of the long disintegrin
bitistatin through gene duplication and the stepwise
removal from the duplicated PIII metalloproteinase

VSPPVCGNKILEQGEDCDCGSPANCQDRCCNAATCKLTPGSQCNYGECCDQCKFKKARTV CRIARGD-WNDDYCTGKSSDCPWNH
SPPVCGNKILEQGEDCDCGSPANCQDRCCNAATCKLTPGSQCNYGECCDQCRFKKAGTV -CRIARGD-WNDDYCTGKSSDCPWNH
SPPVCGNELLEEGEECDCDSPANCQDRCCNAATCKLTPGSQCNYGECCDQCKFKKARTV -CRIARGD-WNDDYCTGKSSDCPWNH
SPPVCGNELLEEGEECDCDSPANCQDRCCNAATCKLTPGSQCSYGECCDQCKFKKARTV -CRIARGD-WNDDYCTGKSSDCPWNH

VSPPVCGNKILEQGEDCDCGSPANCQDRCYNAATCKLTPGSQCNYGECCDQCRFKKAGTV -CRIARGD-WNDDYCTGKSSDCPWNH

EAGKDYDRDSSANPCYDAATCKLNQGAQCTAGPCCDQGRFKEEGTI -CRRARGD-DLDDYCNGISGDCPRNPYHA

ELLQNSVNPCYDPVTCQPKEKEDCESGPCCDNCKFLKEGTI - CKMARGD-NMHDYCNGKTCDCPRNPYKGEHDP
NSAHPCYDPVTCQPKEKEDCESGPCCDNCKFLKEGTI - CKMARGD-NMHDYCNGKTCDCPRNPYKGEHDP

(093515) VSPPVCGNYYPEVGEDCDCGPPANCQNPCCDAATCGLTTGSQCAEGLCCDQCRLKKAGTI -CRKARGD-NPDDRCTGQSGVCPRNT

|----- Cys-rich ---->

( ) ISPPVCGNELLEVGEECDCGTPENCQNECCDAATCKLKSGSQCGHGDCCEQCKFSKSGTE-CRASMSECDPAEHCTGQSSECPADVFHKNGQPCLDNYGYCYNGNCPIMYHQCY
( )  VSPPVCGNELLEMGEECDCGSPRNCRDPCCDAATCKLHSWVECESGECCDQCRFKGAGTE-CRAAKSECDIAESCTGQSADCPTDDFKRNGQPCLHNYGYCYNGNCPIMYHQCY
( ) ASPAVCGNEIWEEGEECDCGSPADCRNPCCDAATCKLKPGAECGNGECCDKCKIRKAGTE-CRPARDDCDVAEHCTGQSAECPRNEFQRNGQPCLNNSGYCYNGDCPIMLNQCY
( ) VSPPVCGNELLEAGEECDCGSPENCQYQCCDAASCKLHSWVKCESGECCDQCRFRTAGTE-CRAAESECDIPESCTGQSADCPTDRFHRNG - PCLYNHGYCYNGKCPIMFYQCY
VAP-1 (Q9DGBY) VSPPVCGNELLEVGEECDCGSPTNCONPCCDAATCKLTPGSQCADGVCCDQCRFTRAGTE -CRQAKDDCDMADLCTGQSAECPTDRFQRNGHPCLNDNGYCYNGKCPIMADQCT
( ) VSPPVCGNELLEVGEECDCGSPATCRYPCCDAATCKLHSWVECESGECCEQCRFRTAGTE -CRARRSECDIAESCTGHSADCPTDRFHRNGQPCLHNFGYCYNGNCPIMYHQCY
( ) ISPPLCGNELLEVGEECDCGTPENCQNECCDAATCKLKSGSQCGHGKCCEQCKFRTSGTE-CRASMSECDPAEHCTGQSSECPADVFHKNGEPCLDNYGYCYNGNCPIMYHQCY
( )  ISPPVCGNELLEVGEECDCGSPRTCRDPCCDAATCKLHSWVECESGECCQQCKFTSAGNV-CRPARSECDIAESCTGQSADCPTDDFHRNGKPCLHNFGYCYNGNCPIMYHQCY
( ) ISPPVCGNELLEVGEECDCGFPRNCRDPCCDATTCKLHSWVECESGECCGQCKFTSAGNE -CRPARSECDIAESCTGQSADCPMDDFHRNGQPCLNNFGYCYNGNCPILYHQCY

quence, and those of the bitistatin isoforms departing from biti-
statin P17497 are in italics and underlined. The Cys30/Tyr
mutation in bitistatin DC1 is labeled with a romb. The RGD in-
tegrin-binding motif of bitistatin and salmosin-3 and the topolog-
ical equivalent tripeptides in BA-5A and the PIII disintegrin-like
domains are highlighted in boldface. The highly conserved N-ter-
minal part of the cysteine-rich domains of the latter are underlined
and labeled ““Cys-rich.”
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Fig. 3. A Cladogram for the multiple sequence analysis of selected
representative from the different snake venom disintegrin subfam-
ilies. The non-venom-secreted disintegrin-like BA-5A described in
this work is labeled with an asterisk. The non-venom-secreted
ocellastusin precursor, EO10c-10, described in the accompanying
paper (Juarez et al. 2006), is labeled with a filled circle. The tree
represents the minimum evolutionary distance estimated through
neighbor joining using maximum likelihood distances. Maximum
parsimony produced a similar topology. The length of the hori-
zontal scale bar represents 20% divergence. For primary references
on the analyzed disintegrins, consult Calvete et al. (2003). B
Scheme of the domain organization, disulfide bond patterns, and
proposed evolutionary pathway from the PIII disintegrin-like/cys-
teine-rich proteins to short disintegrins. Structural features (the
cysteine-rich domain of PIII disintegrin-like molecules, and class-
specific disulfides) lost along the disintegrin diversification pathway
are highlighted with thick lines. In the proposed model for the
evolutionary divergence of disintegrins, BA-5A is hypothesized to
represent an intermediate structure between a PIII disintegrin-like
protein and the long disintegrin bitistatin (Fig. 4).
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precursor gene of the cysteine-rich domain and the
PIIT disintegrin-like domain-specific cystine linkage,
followed by the emergence of the RGD motif.

54



148

ZnZ*-Metalloprotease
Disintegrin-like Cysteine-rich
) 16 Cys I 12 Cys

J

)16.CyS mecoc| | BASA

Bitistatin
precursor

123 457 8 910 11 12 1214

SR

Bitistatin

Fig. 4. [Illustration of the proposed evolutionary pathway of the
long disintegrin bitistatin, which includes the stepwise removal of
the cysteine-rich domain from a PIII metalloproteinase precursor
gene, yielding the BA-5A gene, loss of the PIII disintegrin-like
domain-specific CysXIII-CysXVI linkage, and emergence of the
RGD motif. The mature bitistatin structure, showing its seven
disulfide bonds as connecting lines, is depicted.

BA-54 Was Not Detected in the B. arietans Venom
Proteome

PIII-SVMPs can undergo proteolysis/autolysis during
secretion or in the venom to produce a biologically
active, two-domain product comprising of a disinte-
grin-like (D) and a C-terminal cysteine-rich (C) do-
main and termed a DC-fragment. The consensus from
several functional studies on a number of PIII-SVMPs
and DC-fragments suggests that the disintegrin-like
and cysteine-rich domains are likely to play a role in
the composite activity of the modular PITI-SVMPs, by
targeting the toxin to the cell surface o,f; integrin
and, as a processed product, by blocking the binding
of collagen ligands to the integrin (Lu et al. 2005b;
Calvete et al. 2005; Fox and Serrano 2005). Most of
the onP; integrin-blocking DC-fragments exhibit
RSECD (i.e., atrolysin A from Crotalus atrox) (Jia et
al. 1997) like B5-AS5 or MSECD (catrocollastatin-C
from Crotalus atrox (Zhou et al. 1995; Shimokawa et
al. 1997), jararhagin-C from Bothrops jararaca (Mo-
ura da Silva et al. 2001; Zigrino et al. 2002), and al-
ternagin-C from Bothrops alternatus (Souza et al.
2000)) motifs. These data suggested an o3 integrin
inhibitory activity for B5-A5 (“°RSECD” motif;
Fig. 2). To test this hypothesis, we sought to isolate
and study this unique disintegrin from the pooled
venom of 15 wild-caught specimens of Ghana B.
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Fig. 5. Reverse-phase HPLC separation of the Bitis arietans ve-
nom proteome. Protein fractions whose identities were character-
ized by combination of N-terminal sequencing and mass
spectrometry (Table 1) are labeled.

arietans snakes. To this end, venom proteins were
separated by reverse-phase HPLC (Fig. 5) and the
isolated protein peaks were submitted to N-terminal
sequencing and mass spectrometric analysis (Table 1).
However, no evidence for the presence in the venom
of the isolated B5-AS5 disintegrin-like domain was
found. The expected molecular mass of the isolated
B5-AS disintegrin-like domain should range between
the isotope-averaged molecular mass of full-length
BA-5A ('VSPPV...GGRY'""), which is 12180 Da,
assuming that all cysteines are involved in disulfide
bonding, and that of a fully oxidized processed mol-
ecule encompassing residues °CGNDI..GKPC??
(minimal mass), which is 9727 Da. No HPLC peak
fulfilled these criteria. Peaks 1-6 showed N-terminal
sequences that depart in just two residues from that of
BA-5A displayed in Fig. 2 and may hence represent
close relatives of BA-5A. However, the mass differ-
ence of 813 Da between the reduced and carbami-
domethylated and the native BA-1-6 molecules
(Table 1) clearly indicated that each of these disinte-
grins contained (813/58) = 14 cysteine residues and
not 16, as would be expected for BA-5A.

HPLC peaks 26-28 corresponded to SVMPs
exhibiting the same N-terminal sequence and sharing
internal sequences as determined by MS/MS analysis
(Table 1). Their molecular masses clearly indicated
that Ba-26/27 (23 kDa) belong to the PI class of me-
talloproteases, whereas Ba-28 (46 kDa) represents a
PIII-SVMP. Further structural data are needed to
determine whether Ba-28 and Ba-26/27 are actually
the full-length and the processed metalloproteinase
domain of the same gene product. Peak Ba-29 also
corresponded to a metalloprotease of high molecular
mass, which shares with 26-28 an internal peptide
sequence. The current limited sequence data (Fig. 5,
Table 1) indicate that all these SVMPs are clearly
distinct proteins from BA-5A. The fact that BA-5A
was undetectable in the B. arietans venom proteome
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Assignment of the reversed-phase isolated fractions of Bitis arietans venom to protein families by N-terminal Edman sequencing,

MALDI-TOF mass spectrometry, and collision-induced fragmentation by nESI-MS/MS of selected peptide ions from in-gel digested

protein bands

Isotope-averaged Peptide MS/MS-
HPLC MALDI-TOF mass ion derived
fraction N-Terminal sequencing (£0.2%) mjz z sequence Protein family
1 SPPVCGNKILEQGED 8,824.4° 9,637 Disintegrin
2 SPPVCGNKILEQGED 9,008.4> 9,821° Disintegrin
(Bitistatin 1-83) (P17497)
3 SPPVCGNKILEQGED 8,991.4° 9,804% Disintegrin Bitistatin
DI (AAY43681)
4 VSPPVCGNKILEQGED 9,018.9° 9,831° Disintegrin
5 SPPVCGNKILEQGED 8,851.1° 9,664 Disintegrin
6 SPPVCGNKILEQGED 9,291.0° 10,104 Disintegrin
7 N.D. 9,571.4° 10,383° Disintegrin
8 Blocked 6,942 (7,398%) 5339 2 FKTPEECR Kunitz-type inhibitor
396.2 2 TPEECR
9,10 N.D. 7 kDa*® 5339 2 FKTPEECR Kunitz-type inhibitor
396.2 2 TPEECR
11,12 N.D. 17,622 461.8 2 XFCEXNK Unknown
530.3 2 XPC(233.1)PXVK
13 SLVEFGQMIQEETEK 13,903 PLA,
14 IPGGLSPRDVTDPDV 13,219 Cystatin (P08935)
15 VIGGDECNINEHRSL M 42 kDa® 467.1 2 YFCXSSR Ser-proteinase
530.6 2 XFDYSVCR
608.1 2 VFDYTDWXR
757.1 2 VIGGDECNINEHR
m 30 kDa® 696.5 3 FHCAGTXXNKEWVXTAAR Ser-proteinase
530.6 2 XFDYSVCR
m 17 kDa® 510.8 2 NPFICKSR C-Type lectin-like
16 VIGGDECNINEHRSL [28,667, 30,182] Ser-proteinase
17 VIGGDECNINEHRSL 29,911 608.1 2 VFDYTDWXR Ser-proteinase
757.1 2 VIGGDECNINEHR
18 VIGGAECNINEHRSL 30608 Ser-proteinase
19 VIGGAECNINEHRSL 30 kDa® Ser-proteinase
20 DPGCLPDWSSYKVFK 29,959 C-Type lectin-like
GCLPDWSSYKGHCYK
21 N.D. 30 kDa 620.8 2 YEKSWAEAEK C-type lectin-like CTL-5
850.2 2 FVYDAWIGLRDESK (AAQO01208)
510.8 2 NPFICKSR
699.2 2 CFGLDVHTEYR
22 DPGCLPDWSSYKVFKKYV 29,716 C-Type lectin-like (bitiscetin)
DEGCLPDWSSYKGHCYK Q7LZKS
2324  N.D. 30 kDa 510.8 2 NPFICKSR C-Type lectin-like
25 DFQCPSEWSAYGQHCY 33,382 C-Type lectin-like CTL-5
DQDCLSGWSFYFETCY (AAQO01208)
26,27 (sid)PIKYINVIVVAD- 23,310 753.9 2 SASDTXHSFVTWR PI metalloproteinase
QRLVTYYKGELNKIT
855.9 2 (171.2) EMWSNGDXCTVTK
472.3 2 FISTHNPK
28 (sid) PIKYINVIVVAD- 46,585 753.9 2 SASDTXHSFVTWR PIII metallo-proteinase
QRLVTYYKGELNKIT
8559 2 (171.2) EMWSNGDXCTVTK
472.3 2 FISTHNPK
29 N.D. >90 kDa 753.9 2 SASDTXHSFVTWR Metalloproteinase

Note. X, 1le or Leu. Unless stated otherwise, for MS/MS analyses, cysteine residues were carbamidomethylated. N.D., not determined.

*MALDI-TOF mass of the reduced and carboamidomethylated molecule.

®Molecular mass determined by electrospray-ionization mass spectrometry.
“Apparent molecular mass determined by SDS-PAGE after sample reduction with B-mercaptoethanol.

supports the view that it may represent a nontrans-
lated transcript or a very low-abundance protein
(<0.05% of the total venom proteins). Alternatively,
BA-5A may be translated but not secreted into the

venom, it may be secreted into the venom of some but
not all individuals, or the protein may exhibit a tem-
poral expression pattern over the lifetime of the snake.
Clearly, further work is needed to clarify this point.
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Table 2. Overview of the relative occurrence of proteins (as a
percentage of the total HPLC-separated proteins) of the different
families in the venoms of Ghana Bitis arietans

Protein family %

Disintegrin 17.8
Kunitz-type inhibitor 4.1
PLA, 4.3
Cystatin 1.7
Serine proteinase 19.5
C-Type lectin-like 13.2
Zn’>" -metalloproteinase 38.5
Unknown 0.9

The B. arietans Venom Proteome

The snake venom proteome of B. arietans was
investigated using a combination of protein chemical
(reverse-phase HPLC and N-terminal sequencing)
and proteomic (MALDI-TOF mass determina-
tion and fingerprinting of in-gel digested protein
bands, and sequence analysis of peptide ions by MS/
MS) analyses. Hence, HPLC fractions showing single
N-terminal sequence and molecular mass could be
straightforwardly assigned to a given protein family
by BLAST database search (Table 1). Those HPLC
fractions with either blocked or uninterpretable (het-
erogeneous) N-termini were subjected to SDS-PAGE
and the resulting protein bands were characterized by
MALDI-TOF mass fingerprinting followed by MS/
MS of seclected ions. In general the product ion
spectra did not match with any known protein upon
automatic database search with MASCOT. However,
in most cases a sufficiently long string of sequence
could be manually deduced, which was then used for
sequence similarity analysis using BLAST. This
strategy allowed us to characterize protein fractions
which represent less than 0.05% of the total venom
proteins. An overview of the relative contribution of
proteins from different families to the total venom
proteome of B. arietans is shown in Table 2. The data
are in line with the view that although snake venom
contains complex mixtures of pharmacologically ac-
tive molecules, the toxins can be grouped into a few
major protein families (Juarez et al. 2004; Bazaa et al.
2005). Thus, the B. arietans venom proteome is quite
simple, with its major proteins (> 10%) belonging to
only four major and three minor protein families
(Table 2). Noteworthy, disintegrins represent over
17% of the total venom proteins. This figure is 0.1—
8% in the Tunisian snakes Macrovipera lebetina (6%),
Cerastes vipera (<1%), and Cerastes cerastes (8%)
(Bazaa et al. 2005) and in the North American snakes
of the genus Sistrurus, Sistrurus miliarius barbouri
(8%), S. catenatus catenatus (2.5%), S. catenatus ter-
geminus (2—4%), and S. catenatus edwardsii (0.1-
0.9%) (L. Sanz, S. P. MacKessy, H. L. Gibbs, & J. J.
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Calvete, unpublished results). On the other hand, no
evidence for the presence of natriuretic peptides,
nerve growth factors, myotoxins, CRISPs, and L-
amino acid oxidase, which form part of the toxin
arsenal of other advanced snakes of the Viperidae
family (Juarez et al. 2004; Fry and Wiister 2005; Fry
2005; Fry et al. 2005; Bazaa et al. 2005), was found in
the B. arietans venom. Knowledge of the relative
amounts of different toxin families in a given venom
might be relevant for generating immunization pro-
tocols to elicit toxin-specific antibodies showing
greater specificity and effectiveness than the conven-
tional methods relying on the immunization of large
mammals with whole venom.

The molecular masses determined for HPLC peaks
BA-2 and BA-3 fit accurately with the calculated
isotope-averaged molecular masses of the long dis-
integrin  bitistatin (SwissProt/TrTEMBL accession
code P17497) and its isoform D1 (AAY43681),
respectively. On the other hand, we did not find evi-
dence, by either N-terminal sequencing or mass
spectrometry, for the presence of the bitistatin iso-
forms D2, D3, and DC1 whose nucleotide sequences
deduced from venom gland cDNAs of B. arietans
were deposited on February 2005 in the EMBL/
GenBank/DDBJ databases by J. Oliver, R. G. D.
Theakston, and R. A. Harrison, under accession
codes AAY43682, AAY43683, and AAY43684,
respectively (Fig. 2). These results indicate that BA-1
to -6 correspond to novel isoforms of bitistatin or
bitistatin-like disintegrins, and support the view of
the existence of greater disintegrin sequence vari-
ability in the genome/transcriptome than in the ve-
nom proteome of B. arietans. It is also notable that
the bitistatin isoform DCI1 includes a Cys30/Tyr
mutation (Fig. 2), which indicates that this gene
product, if expressed, would have a nonnative disul-
fide arrangement. Interestingly, three other DNA
messengers coding for disintegrin domains exhibiting
the same Cys/Tyr mutation have been reported,
including MD2 from Deinagkistrodon acutus (Tsai et
al. 2000) and clones Eo0-00006 and Eo-10cl from
Echis ocellatus (Juarez et al. 2006) (Fig. 2). The latter
E. ocellatus messengers are not expressed in the ve-
nom and appear to represent key intermediates in the
evolutionary pathway leading to the emergence of the
short disintegrin ocellatusin from a short-coding di-
meric disintegrin precursor (Juarez et al. 2006). All
this evidence points to the existence of very low-
abundance, nonexpressed, or non-venom-secreted
disintegrin transcripts, which may play a hitherto
unrecognized physiological function, or may simply
represent orphan molecules which eventually could
serve as scaffolds for evolving novel biological
activities, perhaps becoming functional proteins of
relevance for the adaptation of snakes to changing
ecological niches and prey habits.
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Abstract. We report the cloning and sequence
analysis of Echis ocellatus cDNAs coding for dimeric
disintegrin subunits and for the short disintegrin
ocellatusin. All the dimeric disintegrin subunit mes-
sengers belong to the short-coding class, indicating
that short messengers may be more widely distributed
than previously thought. Mass spectrometric analysis
of the HPLC-separated venom proteins was per-
formed to characterize the dimeric disintegrins ex-
pressed in the venom proteome. In addition to
previously reported EO4 and EOS5 heterodimers, a
novel dimeric disintegrin containing RGD- and
KGD-bearing subunits was identified. However, a
WGD-containing polypeptide encoded by clone Eol-
1 was not detected in the venom, suggesting the
occurrence of larger genomic than proteomic diver-
sity, which could represent part of a non-venom-se-
creted reservoir of disintegrin that may eventually
acquire physiological relevance for the snake upon
changes of ecological niches and prey habits. On the
other hand, the realization of the existence of two
distinct messengers coding for the short disintegrin
ocellatusin reveals key events of the evolutionary
emergence of the short disintegrin ocellatusin from a
short-coding dimeric disintegrin precursor by two
nucleotide mutations.

Key words: Snake venom — Echis ocellatus —
cDNA cloning — Disintegrin evolution — Ocellatu-
sin precursor
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Introduction

Approximately 130 million years ago snakes diverged
from lizards and since then they developed their own
venom apparatus (Kochva 1987; Fry and Wiister
2004; Fry et al. 2005). Snake venoms are composed of
proteins belonging to only a few major families,
including enzymes (serine proteinases, Zn>"-metal-
loproteases, L-amino acid oxidases, phospolipases A,
[PLA,]) and proteins without enzymatic activity
(disintegrins, C-type lectins, natriuretic [bradykinin-
potentiating] peptides, cyteine-rich secretory protein
[CRISP] toxins, nerve and endothelial growth factors,
cystatin, and Kunitz-type protease inhibitors) (Juarez
et al. 2004; Fry 2005). These toxins evolved from
proteins with a normal physiological function and
were recruited into the venom proteome before the
diversification of the advanced snakes (Fry 2005)
(superfamily Colubroidea), which make up over 80%
of the about 2900 species of snake currently described
(Vidal 2002), hence predating the evolution of the
intricate front-fanged venom delivery mechanisms.
Venom proteins play a number of adaptative roles:
immobilizing, paralyzing, killing, and digesting prey,
and deterring competitors. Notably, most venom
toxins are extensively cross-linked by disulfide bonds
and have flourished into functionally diverse, toxin
multigene families that exhibit interfamily, interge-
nus, interspecies, and intraspecific variability. The
existence in the same venom of a functionally diverse
isoform of the same protein family reflects an accel-
erated, by gene duplication, Darwinian evolution
(Moura da Silva et al. 1996; Menez 2002; Tani et al.
2002). Rapid co-evolution between snakes and their
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prey in driving the evolution of venom proteins has
been discussed (Daltry et al. 1996). Studies on the
underlying mechanisms of this protein structural/
functional variation are of considerable theoretical
interest in the field of molecular evolution, in the
development of new research tools and drugs of po-
tential clinical use, and for antivenom production
strategies.

Viper venom disintegrins are a family of small (40—
100 amino acids), cysteine-rich polypeptides that
selectively block the function of integrin receptors
(Calvete et al. 2005; Calvete 2005) and result from
proteolytic processing of larger mosaic PII and PIII
metalloprotease precursors (Kini and Evans 1992) or
are synthesized from short-coding mRNAs (Okuda et
al. 2002). Currently, the disintegrin family can be
conveniently divided into five groups 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 4 disulfide bonds. The
second group is formed by the medium-sized disinte-
grins, containing about 70 amino acids and 6 disulfide
bonds. The third group includes long disintegrins, with
an ~84-residue polypeptide cross-linked by 7 disulfide
bonds. The fourth subfamily, the PIII disintegrins, is
modular proteins containing an N-terminal disinte-
grin-like domain of about 100 amino acids including 8
disulfide bonds and a C-terminal 110- to 120-residue
cysteine-rich domain cross-linked by 6 disulfides
(Calvete et al. 2002a). Unlike the PII (short, medium,
and long) and PIII disintegrins, which are single-chain
molecules, the fifth group is composed of homo- and
heterodimers. Dimeric disintegrins contain subunits of
about 67 residues with 10 cysteines involved in the
formation of 4 intrachain disulfide bonds and 2 inter-
chain cystine linkages (Calvete et al. 2000b; Bilgrami
et al. 2004, 2005). Bilitoxin-1 represents a unique ho-
modimeric disintegrin comprising disulfide-bonded
polypeptides, each containing 15 cysteinyl residues
(Nikai et al. 2000). The current view is that the struc-
tural diversity of disintegrins has been achieved during
ophidian evolution through the selective loss of disul-
fide bonds (Calvete et al. 2003).

To understand the genomic basis of the acceler-
ated evolution of disintegrins, and the molecular
mechanism underlying their structural diversification,
we have started the genomic analysis of cDNAs
encoding disintegrins from a venom gland library of
Echis ocellatus.

Materials and Methods

c¢cDNA Library Synthesis and Sequencing

Total RNA was extracted (using TriReagent, Life Technologies,
UK) from pooled venom glands of 10 wild-caught specimens of
E. ocellatus (Kaltungo, Nigeria), of different ages and of both sexes,
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and maintained at the herpetarium of the Liverpool School of
Tropical Medicine, 3 days after venom extraction when toxin gene
transcription rates are at a peak (Paine et al. 1992). Messenger
RNA was purified using a single-step oligo(DT) cellulose purifi-
cation (Amersham, UK) according to the manufacturer’s proto-
cols. A Gateway CloneMiner cDNA library construction kit
(Invitrogen, UK) was used to construct a directional plasmid
cDNA library according to the manufacturer’s protocol. Fractions
corresponding to the first 480 ng of eluted cDNA were pooled and
used for recombination and transformation into the final library.
Plasmid DNA from 1000 randomly selected colonies was se-
quenced (Lark technologies, UK) using M 13 forward primers. To
identify potential toxins, Blastn or Blastx was performed on se-
quenced clones against databases of UniProt, translations from
EMBL, and all Serpentes nucleotide sequence or protein sequences
including ESTs.

¢DNA Cloning and Sequencing

A forward primer, 5-CCAAATCCAGC/TCTCCAAAATG-3,
and a reverse primer, 5-TTCCAG/TCTCCATTGTTGG/TTTA,
complementary to the highly conserved 5’- and 3’-noncoding re-
gions of cDNA encoding for elegantin-2a from Trimeresurus ele-
gans (GenBank accession number AB059572), elegantin-la from
T. elegans (GenBank accession number AB059571), and HR2a
from Trimeresurus flavoviridis (accession code AY037808) were
synthesized. The specific sense primer 5-GAAAAGGAAGACG
ACTGTGAATC-3" was synthesized based on the middle portion
of the clone obtained from our E. ocellatus EST data. To obtain the
full-length ¢cDNAs encoding these precursors, we designed an
antisense primer based on the poly(A) signal: 5-TTTTT
TTTTTTTTTTTTTTTTTA/C/G-3’. DNAs were amplified by
PCR using total RT products and cDNA as templates. AmpliTaq
Gold (Roche), a highly processive 5-3" DNA polymerase that
lacks 3’-5" exonuclease activity, was used. The PCR protocol in-
cluded an initial denaturation step at 95°C for 6 min followed by 35
cycles of denaturation (1 min at 94°C), annealing (1 min at 55°C),
and extension (1 min at 74°C) and a final extension for 7 min at
72°C. The amplified fragments were purified using the Wizard SV
Gel and PCR Clean-Up System (Promega), ligated into a TA
cloning vector (pCR-2.1-TOPO; Invitrogen, Groning, Nether-
lands), and used to transform chemically competent Escherichia
coli (TOP 10F; Invitrogen). Positive clones, selected by growing the
transformed cells in LB medium containing 10 pg/ml ampicillin,
were confirmed by PCR amplification using the above primers.

Isolation and Characterization of Venom Proteins

Pooled venom extracted from 150 wild-caught Echis ocellatus
(Kaltungo, Nigeria) of different ages and of both sexes (maintained
at the herpetarium of the Liverpool School of Tropical Medicine)
was lyophilized and stored at 4°C in a dark bottle. For reverse-
phase HPLC separation, 2 mg of the venom was dissolved in 100 pl
of 5% acetonitrile and 0.1% trifluoroacetic acid (TFA). Insoluble
material was removed by centrifugation in an Eppendorf centrifuge
(Hamburg, Germany) at 13,000g for 10 min at room temperature.
Soluble proteins were separated with an ETTAN LC HPLC system
(Amersham Biosciences) using a Lichrospher RP100 C18 column
(250 x 4 mm, 5-mm particle size; Merck, Darmstadt, Germany)
eluted at 1 ml/min with a linear gradient of 0.1% TFA in water
(solution A) and in acetonitrile (solution B), first isocratically (5%
B) for 5 min, followed by linear gradients of 5-45% B for 120 min
and 45-70% B for 20 min. Protein detection was at 215 nm and
peaks were collected manually. The isolated protein fractions were
analyzed by SDS-PAGE, N-terminal sequencing (using an Applied
Biosystems Procise 492 sequencer), and matrix-assisted laser-
desorption ionization time-of-flight mass spectrometry (MALDI-



TOF-MS) using a Voyager-DE Pro instrument (Applied Biosys-
tems) and sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid;
Sigma) saturated in 70% acetonitrile and 0.1% TFA as matrix, with
and without prior reduction with DTT (10 mM for 15 min at 65°C)
and pyridylethylation with 4-vinylpyridine (50 mM for 60 min at
room temperature). The mass calibration standard consisted of a
mixture of the following proteins, whose isotope-averaged molec-
ular mass in daltons is given in parentheses: bovine insulin (5734.5),
E. coli thioredoxin (11,674.5), and horse apomyoglobin (16,952.6).
Molecular masses were also determined by electrospray ionization
mass spectrometry with a triple quadrupole-ion trap hybrid
instrument (QTrap from Applied Biosystems) equipped with a
nanospray source (Protana, Denmark).

Phylogenetic Analysis

The program MEGA (Molecular Evolutionary Genetic Analysis;
http://www.megasoftware.net (Kumar et al. 2001)) was employed
for inferring phylogenies (evolutionary trees) from a multiple
alignment of disintegrin sequences.

Database Accession Codes

The cDNA sequences have been deposited with the EMBL
Nucleotide Sequence Data Bank (http://www.ebi.ac.uk/) and have
the following accession codes: AM 117387 (Dim-3 SP6), AM 117388
(Eo-10), AM117389 (Eo-12), AM117390 (Eo-10cl), AM117391
(Eol-1), and AM117392 (Eo10-c10).

Results and Discussion

Full-length disintegrin messengers were cloned from a
cDNA library constructed from Echis ocellatus ve-
nom gland polyadenylated RNA using a forward
primer for the highly conserved 5" and either a reverse
primer for the 3’ noncoding region of known disin-
tegrins or an antisense poly(dT) primer based on the
poly(A) signal. The deduced amino acid sequences of
the seven cDNAs are displayed in Figs. 1 and 2.

¢DNA Sequences of Dimeric Disintegrin Subunits

The deduced amino acid sequences of five E. ocellatus
cDNAs (Fig. 1) show extensive sequence similarity to
known sequences of subunits of dimeric disintegrins,
including the number and position of the 10 cysteine
residues (Calvete et al. 2003) (Fig. 3). Clones Dim-3
SP6 and Eo-10 (Figs. 1A and 1B, respectively) en-
code isoforms differing in their primary structures
only at residue 54 (Fig. 3). These RGD-containing
disintegrin chains are identical to EO4A (Calvete et
al. 2003) except for (i) position 48, which is aspara-
gine in EO4A and histidine in the E. ocellatus disin-
tegrin cDNA, and (ii)) the last four C-terminal
residues, which could not be unambiguously deter-
mined by protein chemical methods and are shown
here to correspond to GKYD. Except for a K/Q
substitution at position 14, clone Eo-12 (Fig. 1C)
corresponds to the previously reported MLD-con-
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taining A-subunit of dimeric disintegrin EOS5 in
E. ocellatus venom (Calvete et al. 2003). The deduced
sequences of clones Eo-10cl and Eol-1 represent
novel disintegrin chains. Eo-10cl (Fig. 1D) is another
isoform of Dim-3 SP6 and Eo-10 expresses a KGD
integrin-inhibitory tripeptide instead of RGD.

The WGD-containing polypeptide encoded by
cDNA Eol-1 has not been reported in Echis ocellatus
venom (Calvete et al. 2003) and may therefore cor-
respond to a non-venom-secreted or to a novel dis-
integrin messenger. To check these possibilities, we
reexamined the disintegrin content of the pooled
venoms used for c¢cDNA library synthesis and
sequencing: venom proteins were separated by re-
verse-phase HPLC (Fig. 4) and each chromato-
graphic fraction was analyzed by MALDI-TOF mass
spectrometry. Dimeric disintegrin candidates were
protein fractions of 13- to 15-kDa molecular mass,
which generated 7- to 8-kDa subunits following
reduction and pyridylethylation. The only Echis
ocellatus venom proteins fulfilling these criteria were
the previously reported EO4 and EOS5 heterodimers
(Calvete et al. 2003) (Fig. 4).

The molecular masses of these dimeric disintegrins
were determined by nanoelectrospray ionization mass
spectrometry. The mass spectrum of EO4 displayed a
major (14,488 £+ 2 Da) and two minor (14,583 + 2
Daand 14,684 + 2Da)ions, and that of Eo5 showed a
single ion of 14,520 £ 1 Da. MALDI-TOF mass
analysis of the reduced and pyridylethylated (PE)
proteins showed that the 14,488-Da EO4 species was
composed of subunits of molecular masses of 8418 and
8196 Da. The 8196-Da subunit corresponds to the
calculated molecular mass of PE-EO4B (=PE-EO5B),
and the 8418-Da polypeptide has the isotope-averaged
mass calculated for the cDNA-deduced PE-amino acid
sequences of clone Dim-3 SP6 (8417.7 Da; =PE-
EO4A). On the other hand, minor PE-EO4 ions at m/z
8293 and 8390 indicated that the 14,583-Da and the
14,684-Da EO4 species correspond to (EO4A)-S-S-
(EO4B + C-terminal proline) (Mcac: 14,583.2 Da) and
to (EO4A)-S-S-(Eo-10cl) (Mcae: 14,684.6 Da),
respectively. The latter protein, which we call EO4-
KGD to distinguish it from the previously character-
ized EO4-VGD species, represents a novel dimeric
disintegrin. Its integrin-binding motif (KGD) has been
reported to inhibit the platelet all,fB; integrin with a
high degree of selectivity (Scarborough et al. 2001).

The isotope-averaged masses of the PE-subunits of
the 14,520-Da dimeric disintegrin, 8452 and 8196 Da,
confirmed the identity of this protein as EOS5 (see
Table 2 in Ref. 14). This protein is constituted by an
8196-Da VGD-containing B-subunit (=EO04-VGD
B-subunit) and an MLD-containing A-subunit coded
for by clone Eo-12 (Fig. 1C).

It is worthwhile to note that E. ocellatus venom
glands appear to synthesize non-venom-expressed (or
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A
M I P VvV L L Vv T I ¢ L A VvV F P F Q G S S I I L 23
ATG ATC CCA GIT CTC TTG GTA ACT ATA TGC TTA GCA GTT TTT CCA TTT CAA GGG AGC TCT ATA ATC CTG 69
E S G N I N D Y E I V Y P K K V N V L P T G A 46
GAA TCT GGG AAT ATT AAT GAT TAT GAA ATA GTG TAT CCA AAA AAA GTC AAT GTG TTG CCC ACA GGA GCA 138
M N S A H P C C D P V T C Q@ P K Q 66 E H Cc I s 69
ATG AAT TCT GCA CAT CCA TGC TGT GAT CCT GTA ACG TGT CAA CCA AAA CAA GGG GAA CAT TGT ATA TCT 207
G P ¢C C R N €C K F L N S 66 T I C XK R A R G D N 92
GGA CCG TGT TGT CGT AAC TGC AAA TTT CTG AAT TCA GGA ACA ATA TGC AAG AGA GCA AGG GGT GAT AAC 276
L H D Y ¢ T 6 I S S D C P R N P Y K G K Y D P 115
CTG CAT GAT TAC TGC ACT GGC ATA TCT TCT GAC TGT CCC AGA AAT CCC TAC AAA GGC AAA TAC GAT CCG 345
M X W P A A A K G S V L M * 129
ATG AAA TGG CCT GCA GCA GCA AAA GGC AGT GTG TTG ATG TGA 387
B
M 1 P VvV L L VvV T I ¢ L A V F P F Q G S S I I L 23
ATG ATC CCA GTT CTC TTG GTA ACT ATA TGC TTA GCA GIT TTT CCA TTT CAA GGG AGC TCT ATA ATC CTG 69
E S G N I N D Y E I V Y P K K V N V L P T G A 46
GAA TCT GGG AAT ATT AAT GAT TAT GAA ATA GTG TAT CCA AAA AAA GTC AAT GTIG TTG CCC ACA GGA GCA 138
M N S A H P €C ¢ D P V T € Q P K Q G E H Cc I S 69
ATG AAT TCT GCA CAT CCA TGC TGT GAT CCT GTA ACG TGT CAA CCA AAA CAA GGG GAA CAT TGT ATA TCT 207
¢ P C ¢ R N €C K F L N S GG T I € K R A R G D N 92
GGA CCG TGT TGT CGT AAC TGC AAA TTT CTG AAT TCA GGA ACA ATA TGC AAG AGA GCA AGG GGT GAT AAC 276
L H D Y ¢c T 6 I P S D C P R N P Y K G K Y D P 115
CTG CAT GAT TAC TGC ACT GGC ATA CCT TCT GAC TGT CCC AGA AAT CCC TAC AAA GGC AAA TAC GAT CCG 345
M K W P A A A K G S V L M * 128
ATG AAAR TGG CCT GCA GCA GCA AAA GGC AGT GTG TTG ATG TGA 387
M 1 P VvV L L Vv T I ¢ L A VvV F P F ©Q G S S I I L 23
ATG ATC CCA GIT CTC TTG GTA ACT ATA TGC TTA GCA GTT TTT CCA TTT CAA GGA AGC TCT ATA ATC CTG 69
E S G N I N D Y E I V Y P K K V A V L P T G A 46
GAA TCT GGG AAT ATT AAT GAT TAT GAA ATA GTG TAT CCA AAA AAA GTT GCT GTG TTG CCC ACA GGA GCA 138
M N S A H P C C D P V T € Q@ P K Q@ G E H C I S 69
ATG AAT TCT GCA CAT CCA TGC TGT GAT CCT GTA ACA TGT CAA CCA AAA CAA GGG GAA CAT TGT ATA TCT 207
G P ¢C C R N €C K F L N S 6 T I C€C K K T M L D G 92
GGA CCG TGT TGT CGT AAC TGC AAA TTT CTG AAT TCA GGA ACA ATA TGC AAG AAA ACA ATG CTT GAT GGC 276
L N D Y ¢ T 6 V T S D CcC P R N P Y K G K E D D 115
TTG AAT GAT TAC TGC ACA GGT GTT ACT TCT GAC TGT CCC AGA AAT CCC TAC AAA GGC AAA GAA GAT GAC 345
*
TAA AAG TAA ATA AAG CCT GCA ACA GCA AAA GGC AGT GTG TTG ATG TGA ATA CAG CCT AAT AAT CAA CCT 414
CTG GCT TCT CTC AGA TTT GAT TTT GGA GAT CTT CCT TCC AGA AGG TTC ACC TTC CCT CTA GTC CAA AGT 483
GAT TCA TTT GCC TGC ATC CTA CTA GAA AAT CAC CCA TAG CTT CCA TAA GGC ATC CAA ATT CTG CAA TAT 552
TTC TTC ACT ATA TTT AGT TTG TTT ATA TGT TGC TGT AAT CAA ACC TTT TTC CCA CCA CAA AAA CCC AAG 621
GGC ATG TAG AAC ACC AAG AAA GTA TTG GCT GTC CAA AAA AAT AAA TGG TCA TTT TAC CAT TTG CCA ATT 690
GCA AAG CAA ATT TAA TGC AAC AAG TTC TGC CTT TTG AGT TGG TGA TTT CGA AGC CAA TGC TTC CTC CCC 759
TAA AGT TTC ATG TGT CTT TCC AAG GTG TAG CTG CGT TCA GTA ATA AAC TAA CTA TTC TCA TTC TGA AAA 828
AAA AAA AAA AAA AAA AAA 846
Fig. 1. DNA and deduced amino acid sequences of Echis ocellatus underlined, respectively. The predicted mature protein sequences

dimeric disintegrin subunits. The nucleotide sequences are num-
bered in the 5-3’ direction from the initial codon ATG to the stop
codon TGA or TAA (asterisks). The signal sequence and the short-
ened prepeptide regions are underlined and in italics and double

very low-abundance) transcripts (Eo-10, Eol-1)
(Fig. 1) encoding putative dimeric disintegrin sub-
units. The WGD integrin-binding motif of Eol-1 has
been reported in studies on other viper disintegrins to
enhance the inhibitory effect on the RGD-dependent
integrins oq,Ps3, ovPs, and asP; (Calvete et al. 2002).
The reason for the apparently larger transcriptomic
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are in boldface. The integrin-binding tripeptide sequences are
shaded. A, clone Dim-3 SP6; B, clone Eo-10; C, clone Eo-12; D,
clone Eo-10cl; and E, clone Eol-1.

than proteomic diversity remains unclear, although it
suggests an economy of protein production. Alter-
natively, these messengers may exhibit an individual
or a temporal expression pattern over the lifetime of
the snake. We hypothesize that the non-venom-se-
creted or very low-abundance (<0.05% of the total
venom proteins) disintegrins may play a hitherto
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D
M I P \ L L \Y T I C L A N F P F Q G S S I I L 23
ATG ATC CCA GTT CTC TTG GTA ACT ATA TGC TTA GCA GTT TTT CCA TTT CAA GGG AGC TCT ATA ATC CTG 69
E S G N I N D Y E I %4 Y P K K v N 4 L P T G A 46
GAA TCT GGG AAT ATT AAT GAT TAT GAA ATA GTG TAT CCA AAA AAA GTC AAT GTG TTG CCC ACA GGA GCA 138
M N S A H P Cc c D P \' T c Q P K Q G E H (o4 I S 69
ATG AAT TCT GCA CAT CCA TGC TGT GAT CCT GTA ACG TGT CAA CCA AAA CAA GGG GAA CAT TGT ATA TCT 207

G P Cc C R N Cc K F L N ) G T I (o4 K R A K G D N 92

GGA CCG TGT TGT CGT AAC TGC AAA TTT CTG AAT TCA GGA ACA ATA TGC AAG AGA GCA AAG GGT GAT AAC 276
L H D Y Cc T G I S S D C P R N P Y K G K Y DP 115
CTG CAT GAT TAC TGC ACT GGC ATA TCT TCT GAC TGT CCC AGA AAT CCC TAC AAA GGC AAA TAC GAT CCG 345

M K w P A A A K G S \Y% L M *

ATG AAA TGG CCT GCA GCA GCA AAA GGC AGT GTG TTG ATG TGA ATA CAG CCT ACT AAT CAA CCT CTG GCT 414
TCT CTC AGA TTT GAT TTT GGA GAT CCT TCT TCC AGA AGG TTC AGT TCC CCT CTA GTC CAA AGA GAT TCA 483
TCT GCT TTT ATT ATA CTA GTA AAT CAC CCT TAG CTT CCA GAT GGC AGC TAA ATT NTG CAA TAT TTN TTC 552
TCC ATA TTT AAT CTG TTT ACC TTT TGC TGT AGT TTT TCC AGA CAC AAA GCT CCA TGG GAA CGT ACA ACA 621
CCA AGA ATG TAT TGG CTG TTC AGA AAA ATA AAT GGC CAT TTT ACC ATT TGC CAA TTG CAA AGC AAA TTT 690
AAT GCA ACA AGT TCT GCC TTT TGA GTT GGT GAT TTC GAA GCC AAT GCT TCC TCC CCT AAA GTT TCA TGT 759
GTC TTT CCA AGG NGT AGC TGC TTC CAT CAA TAA ACA ACT ATT CTC ATT NTG NAA AAA AAA AAA AAA AAA 828
AAA AAA AAA A 838
E

M I Q \Y% L L \Y% I I C L A \Y% F P Y Q G S S I I L 23
ATG ATC CAA GTT CTC TTG GTA ATT ATA TGC TTA GCA GTT TTT CCA TAT CAA GGG AGC TCT ATA ATC CTG 69

E S G N 1% N D F E L \%4 Y P K K 1% T 1% L P T G A 46

GAA TCT GGG AAT GTT AAT GAT TTT GAA TTA GTG TAT CCA AAA AAA GTC ACT GTG TTG CCC ACA GGA GCA 138

M N ) A H P Cc Cc D P v M Cc K P K R G E H Cc I ) 69
ATG AAT TCT GCA CAT CCA TGC TGT GAT CCT GTA ATG TGT AAA CCA AAA CGA GGT GAA CAT TGT ATA TCT 207

G P Cc Cc R N (o4 K F L ) P G T I Cc K K A w G D D 92
GGA CCG TGT TGT CGT AAC TGC AAA TTT CTG AGC CCA GGA ACA ATA TGC AAG AAA GCA TGG GGT GAT GAC 276

M N D Y Cc T G I S S D c P R N P w K D * 112
ATG AAT GAT TAC TGC ACT GGC ATA TCT TCT GAC TGT CCC AGA AAT CCC TGG AAA GAC TAA 336

Fig. 1. Continued.

unrecognized physiological function or may simply Two Distinct Messengers Coding for the Short
represent orphan molecules which may eventually Disintegrin Ocellatusin
become functional for the adaptation of snakes to
changing ecological niches and prey habits. Alterna-  Figure 2 shows the DNA and deduced amino
tively, as pointed out in the accompanying article acid sequences of a long and a short full-length
(Juarez et al. 2006) on the Bitis arietans BA-5A dis- E. ocellatus ¢cDNA, both encoding for the short
integrin, it is also possible that the undetected Echis disintegrin ~ ocellatusin ~ (Smith et al. 2002)
ocellatus disintegrins may be translated but not se- (DCESGP...GEHDP, isotope-averaged M+H ™ .1,
creted into the venom. Clearly, further work is nee- 5594.3; M+H" | casured» 5594), the major secreted
ded to clarify this point. disintegrin in E. ocellatus venom (Fig. 4). The amino
Our results also show that short messengers coding acid sequences located N-terminal of mature ocell-
for dimeric disintegrin subunits may be more widely atusin within the long and the short precursors,
distributed than previously thought, perhaps repre- ELLQNSVNPCYDPVTCQPKEKE and NSAHP-
senting the canonical structure of dimeric disintegrin ~ CYDPVTCQPKEKE, respectively (Figs. 2 and 3B),
precursors. In support of this view, the two dimeric ~ exhibit large similarity between themselves and with
disintegrin messengers found in the transcriptome of  the N-terminal regions of the subunits of dimeric
Bitis gabonica, gabonin-1 and gabonin-2 (Francisch- disintegrins (Fig. 3A). This fact strongly argues for a
etti et al. 2004), and all the full-length disintegrin common ancestry of both ocellatusin messengers
c¢DNAs characterized from venom gland ¢cDNA li-  and the precursors of dimeric disintegrin chains.
braries of Macrovipera lebetina and Cerastes vipera ~ This hypothesis is supported by a phylogenetic
(Sanz et al. 2006), all belong to the short-coding re- analysis of the dimeric and the short disintegrins
gion class. Our working hypothesis is that removal of  from Echis species (Fig. 6A), which shows that the
the metalloprotease domain may represent a step in two ocellatusin precursors, EO10c-10 and EO-00006,

the evolutionary pathway yielding dimeric disinte-  cluster into an intermediate group between the ve-
grins from a PlI-metalloprotease-coding precursor =~ nom-secreted dimeric disintegrin subunits and the
(Fig. 5). short disintegrins. Phylogeny reconstruction of the
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|-===-- Signal sequence ----- > |-- Pro-domain -->
M I © Vv L L v T I ¢ L A VvV F P F Q9 G S§ S K T L 23
ATG ATC CAA GTT CTC TTG GTA ACT ATA TGC TTA GCA GIT TTT CCA TTT CAA GGG AGC TCT AAA ACC CTG 69
K § G N V N D Y E V V N P Q K I T G L P V G A 46
AAA TCT GGG AAT GTT AAT GAT TAT GAA GTA GTG AAT CCA CAA AAA ATC ACT GGG TTG CCT GTA GGA GCT 138
F K ©Q P E K K Y E D A V Q Y E F E V N G E P V 69
TTT AAG CAG CCA GAG AAA AAG TAT GAA GAC GCT GTG CAA TAT GAA TTT GAA GTG AAT GGA GAG CCA GTG 207
I L H L E K N K G L F S E D Y S E T H Y S P D 92
ATC CTT CAT CTG GAA AAA AAT AAA GGA CTT TTT TCA GAA GAT TAC AGT GAG ACT CAT TAT TCC CCT GAT 276
G s E I T T N P P V E D H C Y Y H G H V Q N D 115
GGC AGC GAA ATT ACA ACA AAC CCT CCT GTT GAG GAT CAC TGC TAT TAT CAT GGA CAC GTC CAG AAT GAT 345
A D S T A § I S T C N G L K G F F T L R G E T 138
GCT GAC TCA ACT GCA AGC ATC AGC ACA TGC AAT GGT TTG AAA GGA TTT TTT ACG CTT CGT GGG GAG ACG 414
Yy L I E P L K V P D S E S H A V Y K Y E D A K 161
TAC TTA ATT GAA CCC TTG AAG GTT CCC GAC AGT GAA TCC CAT GCA GTC TAC AAA TAT GAA GAT GCC AAA 483
K XK D E A P K M C¢C G V T L T N W E S D E P I K 184
AAA AAG GAT GAG GCC CCC AAA ATG TGT GGG GTA ACC CTG ACT AAT TGG GAA TCA GAT GAG CCC ATC AAA 552
| ====- Metalloproteinase ----- >
K A S H L VvV A T S E O Q H F H P R Y V O L V I 207
AAG GCT TCT CAT TTA GTT GCT ACT TCT GAA CAA CAG CAT TTT CAC CCA AGA TAC GTT CAG CTT GTC ATA 621
v A D H S M Vv T K N N N D L T A L T T W I H Q 230
GTT GCA GAC CAC TCA ATG GTC ACG AAA AAC AAC AAT GAT TTA ACT GCT TTA ACA ACA TGG ATA CAT CAA 690
I v N D M I Vv M Y R I L N I H I T L A N V X I 253
ATT GTC AAC GAT ATG ATT GTG ATG TAC AGA ATT CTG AAT ATT CAT ATA ACA CTG GCT AAC GTA NAA ATT 759
w s s ¢ D L I T VvV T S S A P T T L R S F G E W 276
TGG TCC AGT GGA GAT TTG ATT ACT GTG ACA TCA TCA GCA CCT ACT ACT TTG AGG TCA TTT GGA GAA TGG 828
R A R N L VvV N R I T H D N A Q L I T A V H L D 299
AGA GCG AGA AAT TTG GTG AAT CGC ATA ACG CAT GAT AAT GCT CAA TTA ATC ACA GCC GTT CAC CTT GAT 897
N L I 6 Y G Y L G T M C D P Q S S V A I T E D 322
AAC CTT ATA GGA TAC GGT TAC TTA GGT ACT ATG TGC GAT CCA CAA TCG TCT GTA GCA ATT ACT GAG GAT 966
H s T D H L W Vv A A T M A H E M G H N L G M N 345
CAT AGC ACA GAT CAT CTT TGG GTT GCA GCT ACA ATG GCC CAT GAG ATG GGT CAT AAT CTG GGT ATG AAT 1035
H D G N Q C N C G A A G C I M S A I I S Q Y R 368
CAT GAT GGA AAT CAG TGT AAT TGT GGT GCT GCC GGA TGC ATT ATG TCT GCG ATC ATA TCA CAA TAC CGT 1104
s Y ¢ F S D ¢ S M N E Y R N Y I T T H N P P C 391
TCC TAT CAG TTC AGT GAT TGT AGT ATG AAT GAA TAT CGC AAC TAT ATT ACT ACT CAT AAC CCA CCA TGC 1173
| -- Disintegrin -->
I L N Q A L R T D T V S T P V S E N E L L Q N 414
ATT CTC AAT CAA GCC CTG AGA ACA GAT ACT GTT TCA ACT CCA GTT TCT GAA AAT GAA CTT TTG CAG AAT 1242
s v ~ p cJ¥]lp P v T ¢ 9 P K E K E D C E S G P 437
TCT GTA AAT CCA TGC |[TAT|GAT CCT GTA ACA TGT CAA CCA AAA GAA AAG GAA GAC TGT GAA TCT GGA CCA 1311
(o] cC D N Cc K F L K E G T I Cc K M A R G D N M H 460
TGT TGT GAT AAC TGC AARA TTT CTG AAG GAA GGA ACA ATA TGC AAG ATG GCA AGG GGT GAT AAC ATG CAT 1380
D Y C N G K T C D C P R N P Y K G E H D P M E 483
GAT TAC TGC AAT GGC AAA ACT TGT GAC TGT CCC AGA AAT CCT TAC AAA GGC GAA CAT GAT CCG ATG GAA 1449
w P A P A K G S V L M * 495
TGG CCT GOA CCA GCA AAA GGC AGT GTG TTG ATG TGA 1485
Fig. 2. c¢DNA and deduced amino acid sequence of ocellatusin ened propeptide region of the short-coding ocellatusin precursor

long (clone Eo-00006; A) and short (clone Eo10c-10; B) precursors.
The nucleotide sequences are numbered in the 5-3” direction, from
the initial codon ATG to the stop codon TGA (asterisk). The N-
terminal regions of the signal sequence, the pro-domain, the me-
talloproteinase, and the disintegrin domains are labeled. The signal
sequences are underlined. The positions of the Cys-switch site
(KMCGYV) within the pro-domain, the Zn*>-binding motif
(HEMGHNLGMNH) of the metalloprotease domain, and the
RGD sequence of the disintegrin domain are shaded. The short-
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and its homologous region in the long precursor are in italics and
double underlined. The short-disintegrin ocellatusin is indicated in
boldface. The tyrosine residue of Eo-00006 and Eo-10cl, which in
dimeric disintegrin subunits corresponds to a conserved cysteine
involved in an intersubunit disulfide, is in boldface, underlined, and
boxed. The short disintegrin-specific cysteine residues at positions
468 and 102 of the long and the short precursors, respectively, are
double underlined.
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B
M I P v L L v T I C L A v F P F Q G S S I I L 23
ATG ATC CCA GTT CTC TTG GTA ACT ATA TGC TTA GCA GTT TTT CCA TTT CAA GGG AGC TCT ATA ATC CTG 69
E S G N I N D Y E I v Y P K K 4 A )4 L P T G A 46
GAA TCT GGG AAT ATT AAT GAT TAT GAA ATA GTG TAT CCA AAA AAA GTT GCT GTG TTG CCC ACA GGA GCA 138
|---- Disintegrin ---->
M N S A H P C g D P \ T C Q P K E K E D C E S 69
ATG AAT TCT GCA CAT CCA TGC |TAT|GAT CCT GTA ACA TGT CAA CCA AAA GAA AAG GAA GAC TGT GAA TCT 207
G P C C D N C K F L K E G T I C K M A R G D N 92
GGA CCA TGT TGT GAT AAC TGC AAA TTT CTG AAG GAA GGA ACA ATA TGC AAG ATG GCA AGG GGT GAT AAC 276
M H D Y C N G K T g D C P R N P Y K G E H D P 115
ATG CAT GAT TAC TGC AAT GGC AAA ACT TGT GAC TGT CCC AGA AAT CCT TAC AAA GGC GAA CAT GAT CCG 345
M E W P A P A K G S \ L M * 128
ATG GAA TGG CCT GCA CCA GCA AAA GGC AGT GTG TTG ATG TGA AAA CAG CCT ACT AAT CAA CCT CTG GCT 414
TCT CTC AGA TTT GAT TTT GGA GAT CCT TCT TCC TGA AGG TTC ACC TTC CCT CTA GTC CAA AGA GAT TCA 483
TTT GCC TGC ATC CTA CTA GTA AAT CAC CCT TAG CTT CCA GAT GGC ATT CAA ATT CTG CAA TAT TTC TTC 552
ACT ATA TTT AGT TTG TTT ACA TTC TGC TGT AAT CAA ACC TTT TTC CCA CCA CAA AAA TCC AAG GGC ATG 621
TAG AAC ACC AAG AAA GTA TTG GCT GTC CAA AAA AAT AAA TGG TCA TTT TAC CAT TTG CCA ATT GCA AAG 690
CAA ATT TAA TGC AAC AAG TTC TGC CTT TTG AGT TGG TGA TTT CGA AGC CAA TGC TTC CTC CCC TAA AGT 759
TTC ATG TGC CTT TCC AAA GTG TAG CTG CGT TCA ATA ATA AAC TAA CTA TTC TCA TTC TGA AAA AAA AAA 828
AAA AAA AAA AAA A 841
Fig. 2b. Continued.
A 50 60

Dim3-SE6 RNEKFLNSGTIEKRARGDNLHDYETGISSDEPRNPYKGKYD

Eo-10 RARGDNLHDYETGIPSDEPRNPYKGKYD

Eo-12 KTMLDGLNDYETGVT SDEPRNFYKGKEDD

Eo-10cl RAKGDNLHDYETGISSDEPRNPYKGKYD

Eol-1 RNEKFLSPGT I EKKAWGDDMNDYETGIS SDEPRNPWKD

EQ4A [14] RARGDNLNDYETGISSDEFRNPYKSEEED

EOSA  [14] KTMLDGLNNYETGVTSDEPRNRYKDKED

EOSB [14] KRAVGDDMDDYETGITSDEPRNEPYKD

EC3A (PBl630) KRAVGDDVDDYESGITPDEPRNRYK

EC3B (PB1631) RAMIDGLND GISTDEPRNRYK

EC6A (PB2465) KAMLDGLNDYETGISSDEPRNRYKGKEDD

ECEB (PB2466) PARGDWNDDYETGVSSDEPPNPWNGKPSDN

EMS11A ([14] KEAMLDGLNDYETGISSDEFRNRYKGKEDD

EMF10A (PB1742)
EMF10B(P81743)
Leld (P9B995)
Lebein A (P83253)
Lebein B (PB3254)

VLOA4 [14]
VLOSB  [14)
VLOSA [14]
VET7A [14]
VBTE  [14]
VAG (14]

Contor (Q91ABO)
Pisci 2A (QBOSF5)
Pisci 2B (Q805F4)

CC8A  (PB3043)
CC8B  (P83044)
*
B ro-00006 ELLONSVNE|
Eo-10cl NSAH

DPVT PRKEKEDEESGP
DEVT! QPKEKE SGP

Ocellatusin [20]

Fig. 3. A Multiple amino acid sequence alignment of the Echis
ocellatus cDNA-deduced disintegrin sequences with those of di-
meric disintegrin subunits. B Alignment of the cDNA-deduced
amino acid sequences of the long (Eo-00006) and short (Eo10c-10)
ocellatusin precursors with that of the protein isolated from the
venom of Echis ocellatus (Smith et al. 2002). Cysteine residues are
shaded in pale gray. The integrin-binding tripeptides are shown in

known disintegrins of Echis ocellatus using a maxi-
mum parsimony method (Fig. 6B) also supports the
emergence of ocellatusin from EO10c-10 and EO-
00006 transcripts.

BNE FLNEGTIEKRTMLDGLNDYH

FLKEGTI
FLKEGTI

: RAVGDDMDDYETGISS
RARGDDMNDYETGISSD

PRNPYK
PRNPYKD

CKFLRAGTVEKRAVGDDMDDYETGIS SDEPRNPYKD
SKYARGDDMNDYETGISSDEPRNPYKD
KEKRAGTVELDAKGDWMN GISSDEFRN

GISSDEPRNRIKK
ETGISSDEPRNPWHKS

*
GDNMHD GKTEDEPRNPYKGEHDPMEWPAPAKGSVLY
KMARGDNMHD GKT, PRNPYKGEHDPMEWPAPRKGSVLM
NMHDYENGKTEDEPRNPYKGEHDT

boldface. The tyrosine residue of E0-00006 and Eo-10cl, which in
dimeric disintegrin subunits corresponds to a conserved cysteine
involved in an intersubunit disulfide, is highlighted in boldface,
double underlined, and marked with an asterisk. The short disin-
tegrin-specific cysteine residue is labeled by a filled diamond.When
available, the Swiss-Prot/TrEMBL (http://us.expasy.org/sprot/)
databank accession codes are given in brackets.

Snake venom PIII disintegrins evolved from the
extracellular domains of cell membrane-anchored
ADAM (a disintegrin and metalloprotease) mole-
cules after mammals and reptiles diverged (Moura
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mAU SVMPs, LAO, _|%B
C-lectin-like
600 - r60.0
500 1 r50.0
DC-fragments
400 1 E r40.0
PLﬁZ Fig. 4. Reverse-phase HPLC separation
Ocellatusin | of Echis ocellatus venom proteome. Protein
3001 Ser-proteinases r30.0  fractions whose identities were
characterized by combination of N-terminal
sequencing and mass spectrometry are
200 20.0  labeled. Peaks containing the short
EO4 EO5 disintegrin ocellatusin and the dimeric
disintegrins EO4 and EOS are highlighted
100 1 L"\A 10.0 in boldface. DC-fragments, disintegrin/
cysteine-rich domains of PIIT
metalloproteases; PLA,, phospholipase A2;
01 0.0 SVMPs, snake venom metalloproteases;
0 50 100 150 min LAO, L-amino acid oxidase.

da Silva et al. 1996). Phylogenetic analysis, in con-
junction with biochemical and genetic data, sup-
ports the model depicted in Fig. 6C, by which the
structural diversification of the disintegrin family
occurred through the successive loss of disulfide
bonds (Calvete et al. 2003).

The most noticeable difference between ocellatusin
and the dimeric disintegrin precursors is the presence at
position 54 of the ocellatusin short-coding precursor
(position 420 of the long precursor) of a tyrosine resi-
due, which in all dimeric disintegrin subunits harbors a
conserved cysteine residue (Figs. 2 and 3) involved in
dimer formation (Calvete et al. 2000b; Bilgrami et al.
2004, 2005). In crystallographic studies, this Cys7
residue of each subunit of two E. carinatus sochureki
dimeric disintegrins forms the two interchain cystine
linkages (Cys7A-Cys12B and Cys12A-Cys7B) with
cysteine-12 from the other subunit of the dimers
(Bilgrami et al. 2004, 2005) (Fig. 5). Theoretically, the
single amino acid substitution Cys7 — Tyr, generated
through a single nucleotide mutation, TGT — TAT
or TGC — TAC, is the simplest molecular solution
to hinder dimerization. Though experimental vali-
dation is needed, we hypothesize that the Cy-
s7 — Xaa mutation may also represent a key step
along the evolutionary pathway of short disintegrins
from dimeric disintegrin precursors. Substitution, by
cysteine, of the residue located two positions N-ter-
minal of the last cysteine residue of the disintegrin
domain (residues 468 and 102 of the long and the
short precursors, respectively) (Fig.2) and sub-
sequent proteolytic processing of the N- and the C-
terminal regions are further molecular events needed
for generating mature short disintegrins (Fig. 5). In
this sense, it is noteworthy that in all cDNAs coding
for short dimeric disintegrin messengers, residue 102
is either a serine invariably coded for by a TCT co-
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Dimeric disintegrins
EO4, EO5

Pll Zn?*-Metalloprotease precursor

Short-coding messenger
[:C_D—\ N
10 Cys-disintegrin 10 Cys-disintegrin

% a

Ocellatusin

Fig. 5. [Illustration depicting the proposed common ancestry of
the messenger precursors coding for the short disintegrin ocella-
tusin and dimeric disintegrins EO4 and EOS. The proposed evo-
lutionary pathway of EO4 and EOS includes the removal of the
metalloproteinase domain from a PII metalloproteinase precursor
gene. A key event in the emergence of ocellatusin appears to be the
substitution of the second N-terminal cysteine residue (Cys7 in the
dimeric disintegrin subunit precursor) by tyrosine, thereby
impairing dimerization through homologous CysA7-CysB12 and
CysA12-CysB7 linkages, along with the appearance of a novel
cysteine residue at position 102 (short-coding precursor number-
ing) between the 9th and the 10th cysteine of the precursor (C),
enabling the short disintegrin-specific disulfide bond depicted by
the dashed line, and the proteolytic processing of the N- and the C-
terminal regions (scissors). The two conserved disulfide bonds in
the structures of dimeric disintegrin subunits and the short disin-
tegrins are represented by thick lines.

don, including acostatin o from Agkistrodon contor-
trix contortrix (Okuda et al. 2002), clones Dim-3 SP6,
Eo-10, Eo-12, Eo-10cl, and Eol-1 from Echis ocell-
atus (Fig. 1), clones CV3 and CVI11 from Cerastes
vipera, and ML2/8/15 and ML3 from Macrovipera
lebetina (Sanz et al. 2006), or a threonine (ACT co-
don) in gabonin-1 and gabonin-2 from Bitis gabonica
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A c PIll
Ocellatusin Disintegrin-like Cysteine-rich Fig. 6. A Cladogram for the multiple
L| E.ﬂ?{f;gﬂ:maﬁn sequence analysis of the dimeric disintegrin
Dim3-SP6 subunits and the short disintegrins from
Eglg B Echis snake species. The ocellatusin
Eo-12 BA-SA precursors, EO10c-10 and EO-00006, are
ES?:gli?atatin [ | denoted by filled circles. The tree represents
EC3A LE%:P—_IM_\—_EI the minimum evolutionary distance
Eggfs estimated through neighbor joining using
EOS5A ﬂ maximum likelihood distances. The length
2216:51 | ] Long of the horizontal scale bar represents 20%
Eo-10c1 L%ﬂ:&p divergence. For primary references of the
Eo10c-10 analyzed disintegrins, consult Calvete et al.
Eo- . . - :
Bl ﬂ (2003). Maximum parsimony analysis
= [ | Medium- produced a similar topology (B). C Scheme
B EQS5A, Il EI iHJt | | ] I sized of the domain organization, disulfide bond
Eo-12 patterns, and proposed evolutionary
EO4A B_ isi ; ;
e pathway from the PIII disintegrin/cysteine-
E&Tﬁ;spa rich proteins to short disintegrins.
EOSB | Di " Structural features (the cysteine-rich
— gg%g_thxsm /—/I Ll domain of PIII disintegrin-like molecules,
L Eo-00006 and class-specific disulfides) lost along the
EO:|1 ?01 EO10c-10 disintegrin diversification pathway are
ol- EO-00006 highlighted with thick lines. The proposed
mechanism for the emergence of the short
Short disintegrin ocellatusin from the long (EO-

==

(Francischetti et al. 2004). Substitution of serine for
cysteine can be accomplished by a single C - G
mutation, whereas changing threonine for cysteine
needs a minimum of two mutations (i.e., ACT —
TCT — TGT). This may in part explain the
observation that short disintegrins are commonly
found in the venoms of species from genera like
Echis, which also express dimeric disintegrins con-
taining the sequence “SXDC” but have not been re-
ported in the venom gland transcriptome of Bitis
gabonica (dimeric disintegrins with “TPDC” se-
quence).

Concluding Remarks

The specific goal of this article was to investigate the
genomic basis of the accelerated evolution of disin-
tegrins and the molecular mechanism underlying their
structural diversification. To this end, we sought to
analyze cDNAs encoding disintegrins from a venom
gland library of Echis ocellatus. The combined tran-
scriptomic and proteomic analysis of E. ocellatus
disintegrins revealed a non-venom-secreted disinte-
grin, suggesting that the accepted view of an accel-
erated evolution within the disintegrin family might
not be mirrored in the venom proteome. A “hidden
reservoir”’ of non-venom-secreted toxins could rep-
resent a pool of orphan molecules which may even-
tually become of relevance, i.e., for the adaptation of
snakes in response to a changing ecological niche and
prey habits. The identification of two distinct mes-
sengers coding for the short disintegrin ocellatusin
sheds light on key events of the evolutionary pathway

00006) and the short (EO10c-10) precursors
is shown schematically in Fig. 5.

C-t

Fig. 7. Superposition of Ca traces of echistatin (red) and schistatin
(magenta and cyan). N-t, N-terminus; C-t, C-terminus. Intrachain
disulfide bonds are shown in one subunit of schistatin as dashed
green lines, and the two interchain cystine linkages of the homodi-
mer are depicted in the space-filling model in green. Disulfide bonds
of echistatin are shown as dashed orange lines, and the RGD motif
of the short disintegrin is labeled. The arrow indicates the position
of the N-terminal proteolytic cleavage (E*>-D® of the short-coding
precursor shown in Fig. 2B) depicted as a scissor in Fig. 5.

leading to short-coding messengers for dimeric dis-
integrin subunits from a PII-metalloproteinase pre-
cursor and to the short disintegrin ocellatusin from a
short-coding dimeric disintegrin precursor by a min-
imum of two nucleotide mutations (Cys — Tyr and
Ser — Cys). It is notable that the native fold of short
disintegrins adopts a disulfide bond pattern slightly
different from that of the dimeric disintegrin chains
(Calvete et al. 2003; Moreno-Murciano et al. 2003;
Monleoén et al. 2005) (Fig. 5), providing additional
possibilities for the evolution of the structure and
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function of this family of integrin antagonists. This
point is illustrated in Fig. 7, in which the three-
dimensional structures of schistatin (homodimer;
PDB code 1IRMR) (Bilgrami et al. 2004) and echi-
statin (short disintegrin; PDB code 1R0O3) (Monle6n
et al. 2005), both from E. carinatus sochureki, have
been superimposed. The root mean square deviation
(r.m.s.d.) for the topologically equivalent Co atoms is
4-5 A, and the loop that contains the RGD motif and
the C-terminal tail, which exhibit concerted dynam-
ics, are oriented differently in the two structures.
However, the overall scaffolding of schistatin has
been reported to display an r.m.s.d. of 1.6 A for the
Ca atoms with medium-sized trimestatin (Bilgrami et
al. 2004) reflecting, at the structural level, the pro-
posed divergent evolution of disintegrins by disulfide
bond engineering (Calvete et al. 2003).
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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 (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 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.
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minimization of both the gene organization and the
protein structure underlies the evolution of the snake
venom disintegrin family.

Key words:  Macrovipera lebetina transmediterranea
— Echis ocellatus — Genomic DNA — Intron se-
quence — Intronless gene — Disintegrin evolution

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
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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; Monleon 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_GI1, 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 MIl_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

bp g — — - bp
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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 £ 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 DHS5a 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
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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, M1_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 the 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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GTAAGACTTGTTTATTTTTAACACCAGGAAAAATTTTACCCTGCTCCATACTAGCCATGTAGAAATGTAATATTTCTTGGCTGT TTACTATGATCAAAACATTTCAACCCTATTTCCTAT 120
GIAAGACTTGTTTATTTTTAACACCAGGAGAGATTTTACCCTGCTCCATACTAGCCATGTAGAAATGTAATATTTCTCGGCTGT TTACTATGATCAAAACATTTCAACACTATTTCCTAT 120
GTAAGACTTGTTTATTTTTAACACCAGGAGAGATTTTACCCTGCTCCATATTAGCCATGTAGAAATGTAATATTTCTTGGCTGTTTACTATGATCARAACATTTCAACCCTATTTCCTAT 120
GTAAGACTTGTTTATTTTTAACACCAGGAGAGATTTTACCCTGCTCCATACTAGCCTTATAGAAATGTAATATCTCTTGGCTGATTACTATGATCARAACATTTCAACCCTATTTC-TAT 119
——————————— TTATTTTTAACACCAGGAGAGATTTTACCCTGCTCCATACTAGCCATATAGAAATGTAATATCTCTTGGCTGT TTACTATGATCARAACATTTCAACCCTATT-CCTAA 108
* hhkhkhh & hkkhhhhhhhhhdkd Ahkk dhhkhh hkkdhh * ok
CCCTTTCTTCTAGTTCATCTGACTCTTATGAACATACCCATAGGGAAGATAATTTAACAAAA-TTTCAGCCTTGTCTCAGCCCCAAATGCACACTTTTGGCATGTTAAATCATGTCTGTG 239
CC-TTTCTTCCAGTTTATTTGAACCTTATGAACATACGCATAGGGAAGATAAT TTTAARAAA-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 hhkhk * ek *k * ddk kkkk ok hkkkh ko dkkkk ok ok hhhhkk 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-GAGCAGAGTGGCCCAARACATTTTGTTATTTCCGTATTTCCATCACAAGCCTAGATTCACAGCAAGAGAAGGAAGCCACATGTTTTTCAGCAC-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 Mt 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
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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 M1_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 20006) (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 Ml_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).
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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...4G,
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, M1l_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 PIII 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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Los venenos de las serpientes actuales se originaron en gldndulas
salivares modificadas (gldndula de Duvernoy) compuestas de tibulos muy
ramificados alojados en una masa de tejido conectivo en la mandibula superior.
La composicién y accién bioldgica de estos venenos han sido refinadas a lo largo
de varias decenas de millones de afios de evolucion. La existencia de familias
multigénicas de toxinas estd ampliamente documentada en numerosos estudios
bioquimicos de venenos de diversas serpientes. Se acepta generalmente que
ello es el resultado de duplicaciones génicas y posterior evolucién acelerada. El
concepto de evolucién acelerada fue acufiado por Motonori Ohno y colegas
(Ohno et al. 2002) analizando los genes de isoenzimas de PLA,s de diversas
especies de serpientes del género Trimeresurus que habitan en diferentes islas
del archipielago japonés. Si definimos Ky como el nimero de sustituciones de
nucleétidos por sitio en regiones intrénicas, y Ks y Ka como los nimeros de
sustituciones de nucledtidos por sitio sindnimo y ho sindnimo en regiones
codificantes (exones), respectivamente, la evolucién acelerada en el seno de la
familia multigénica de las PLA;s se caracteriza por: a) Ky ~ 1/4 Ks, y b) Ka/Ks
~/> 1. La condicién (a) indica que, al contrario de lo que se observa en genes
ordinarios, los intrones de los genes que codifican PLA2, de venenos de
Trimeresurus varian menos que los exones. También el cociente Ki/Ks es
mucho menor en genes ordinarios (~0.2) que en los genes para PLA,s (>0.75). La
elevada tasa de mutaciones que conllevan sustituciones de aminodcidos en
regiones codificantes indica que el gen duplicado, al no estar sometido a una
presion de seleccién que preserve la funcidn ancestral (garantizada por una
copia del gen), puede adaptarse a una nueva funcién (adaptacién Darwiniana
positiva). El fendmeno de evolucion acelerada ha sido también descrito para
genes de diversas toxinas, tanto de serpientes (serinproteasas (Deshimaru et
al. 1996); toxinas 3F ("three-finger") (Fry et al. 2003; Ohno et al. 1998);
SVMPs (Kordis et al. 2002); inhibidores de proteasas tipo Kunitz y BPTI
(Kordis et al. 2002; Zupunski et al. 2003) como de moluscos del género Conus

(conotoxinas) (Olivera et al. 1999) y de escorpiones del género Tityus (Becerril
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et al. 1997). En el caso de la familia de las disintegrinas, sélo recientemente se
han podido analizar secuencias génicas de disintegrinas del género Crotalus
(Soto et al. 2006a; Soto et al. 2006b). Los valores de Ka/Ks obtenidos para las
regiones exodnicas de todos los pares de genes homdlogos analizados fueron en
la mayoria de los casos entre 0.9 y 1.2, con valores maximos para los pares
Atfroxatina vs Mojastina (3.5) y Atroxatina vs Atrolisina E (2.4). Analizando las
secuencias de nucleétidos de las disintegrinas cortas y diméricas de Echis
ocellatus'y Macrovipera lebetina transmediterranea descritas en el articulo 4

obtuvimos los valores mostrados en la Tabla 1.

Pares de genes Ks K, K./Ks

Eo_C3 vs Eo_D3 0,15 0,26 1,69

Eo_C3vsEo_RTS 0,18 0,48 259
Eo_C3 vs MI_6G1 0,20 0,21 1,05
Eo_C3 vs MI_G2 0,17 0,23 1,32
Eo_C3 vs MI_G3 0,18 0,44 2,59
Eo_D3 vs Eo_RTS 0,29 0,44 1,50
Eo_D3 vs ML_G1 0,14 0,15 1,03

Eo_D3 vs M_G2 0,18 0,07 0,38
Eo_D3 vs M_G3 0,29 044 1,50
Eo_RTSvs MI_G1 0,23 0,44 1,90
Eo_RTSvs MI_G2 0,17 0,43 2,48
MI_G1 vs MI_G2 0,06 0,10 1,61
MI_G1 vs MI_G3 0,23 0,44 1,90
MI_G2 vs MI_G3 017 0,43 2,48

Tabla 1. Andlisis de la relacién Ka/Ks para pares de genes de disintegrinas de Echis ocellatus'y
Macrovipera lebetina transmediterranea. Los pardmetros de variacidn génica fueron calculados
con el programa Mega 3.1.
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Todos los pares de genes comparados tienen una relacién K./Ks mayor
que 1, excepto Eo_D3 vs MI_G2, dos disintegrinas cuya similitud de secuencia
nucleotidica es del 90.1%. Nuestros resultados corroboran y amplian la
hipétesis de que, al igual que se ha descrito para otras toxinas, la
diversificacion estructural (y funcional) en el seno de la familia de las

disintegrinas ha surgido mediante evolucion acelerada.

La evolucién adaptativa de toxinas de familias multigénicas amplia las
posibilidades de supervivencia de un organismo sometido a nichos ecoldgicos
cambiantes en cuanto a clima o tipo de presa predominante. Sin embargo, los
mecanismos moleculares bdsicos del reclutamiento, transformacién de
proteinas ordinarias en toxinas y de la evolucién acelerada de toxinas de

familias multigénicas son esencialmente desconocidos.

Ademds de la trascendencia en el campo de la Evolucién Molecular, el
conocimiento de los mecanismos de diversificacion estructural y funcional de
proteinas tiene un indudable interés biotecnoldgico. El establecimiento de
correlaciones estructura-funcién es bdsico para el disefio racional de drogas
de utilidad clinica, como también para el desarrollo de compuestos con
actividad anti-toxina para casos de envenenamiento. Asi, en el caso de venenos
de serpientes, ademds de los anteriormente citados antiagregantes de
plaquetas Tirofiban (Aggrastat®) y Eptifibatide (Integrilin®) basados en la
secuencia RGD, Alfimeprase® (Nuvelo-R&D), una SVMP fibrinolitica
recombinante derivada de fibrolasa del veneno de Agkistrodon contortrix
contortrix (Jones et al. 2001), ha completado la fase IT de ensayo clinico, y
Captopril Cinfa® (Bristol-Myers), el primer inhibidor de la enzima convertidora
de la angiotensina I que produce una relajacién de los vasos sanguineos y
reduce la presién arterial, se basé en la estructura de los péptidos
potenciadores de la bradiquinina. El aprovechamiento de los secretos ocultos
en los venenos de serpientes pasa por una caracterizacién exhaustiva de sus

componentes.
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4.1 VENOMICA: CARACTERIZACION PROTEOMICA
DE VENENOS DE SERPIENTES

Cuando decidimos iniciar la caracterizacion de la composicién proteica
de venenos de serpientes no existia en la literatura ningln estudio similar.
Habia numerosos trabajos que describian la caracterizacion bioquimica y
funcional de toxinas aisladas de diferentes venenos de serpientes de las
familias Viperidae y Elapidae, pero un dspecto tan bdsico como la concentracién
relativa de estas toxinas en el veneno permanecia por lo general
indeterminada. La composicién proteica (proteoma) y la abundancia relativa de
las diferentes familias de foxinas en un veneno particular es relevante tanto
para entender los efectos bioldgicos de dicho veneno, como para -por ejemplo-
delimitar el minimo nimero de epitopos cuyo bloqueo seria teoricamente
suficiente para neutralizar la toxicidad del veneno. Los antivenenos actuales se
basan en la inmunizacién de caballos, camellos o llamas con dosis subletales de
veneno completo. El antisuero resultante contiene anticuerpos frente a
epitopos inmunodominantes que no tienen por qué representar epitopos
neutralizantes. Tomemos como ejemplo una familia multigénica de SVMP PIII.
El sistema inmunitario del animal generard un gran nimero de anticuerpos
frente a una proteina multidominio de mds de 500 aminodcidos, muchos de los
cuales probablemente carecerdn de actividad neutralizante. En teoria, sin
embargo, bastaria con producir unos pocos anticuerpos frente a epitopos
funcionales estructuralmente conservados en todas las isoenzimas de la familia
para neutralizar la actividad catalitica de todas las metaloproteasas de la
familia. En este sentido, el grupo que dirige el Dr. Rob Harrison en la Escuela
de Medicina Tropical de la Universidad de Liverpool (con quién hemos
colaborado en la realizacion del trabajo presentado en los Articulos 2, 3 y 4)
estd evaluando un prometedor método de inmunoproteccién frente a venenos

de las serpientes africanas de mayor importancia médica, Echis ocellatus
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(Nigeria), Cerastes cerastes (Egipto), y Bitis arietans (Ghana), basado en
transfectar, utilizando una pistola de genes ("GeneGun"), células epidérmicas
con un gen sintético formado por una serie lineal de epitopos neutralizantes de
las toxinas mayoritarias dispuestos sobre particulas de oro de ~ 1.6 um de
didmetro (Harrison 2004). Actualmente la seleccién de los epitopos se realiza
mediante técnicas bioinformdticas utilizando como base de datos el conjunto
de secuencias obtenidas por aproximacién transcriptomica (Wagstaff et al.
2006). Utilizando un gen sintético construido con 6 epitopos conservados de
los tres dominios de las SVMPs de Echis ocellatus se consiguié bloquear en un
75% el drea hemorrdgica inducida por el veneno completo de la misma especie.
Anticuerpos frente a los epitopos 1-4 del gen sintético presentaron
reactividad cruzada con metaloproteasas de Cerastes cerastes cerastes'y,
consecuentemente, los animales tfransfectados con el gen sintético
presentaron dreas de hemorragia un 43% menores que los controles en
respuesta a la inoculacién de veneno completo de Cerastes cerastes cerastes.
La idea, sin embargo, es seleccionar, mediante combinacién de datos de
protedmica y transcriptémica, aquellos epitopos candidatos que estén

presentes en las toxinas del veneno.

Para la puesta a punto de una estrategia para la caracterizacién
protedmica de venenos de serpientes utilizamos el veneno del crétalo
Sistrurus miliarius barbouri por estar disponible en el laboratorio y no existir
en el banco de proteinas UniProtKB/Swiss-Prot (http://us.expasy.org/sprot)
mds que la secuencia completa de una proteina, la disintegrina barbourina
[P22827]. Ademds, comprobamos mediante separacion de proteinas por
electroforesis bidimensional (2D-SDS-PAGE) y cromatografia de fase inversa
que poseia una complejidad relativamente baja. Andlisis posteriores de los
proteémas de otros venenos de Viperidae (Bazaa et al. 2005; Judrez et al.
2006a; Sanz et al. 2006a; Sanz et al. 2006b) mostraron que la eleccién de
otro veneno no hubiera alterado las conclusiones generales del trabajo. El

veneno analizado era una mezcla de los venenos de animales adultos de
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diversas edades y de ambos sexos, no habiéndose hecho pues ningln intento de
establecer posibles diferencias intraespecificas debidas a factores
individuales (edad, sexo) o medioambientales (ecosistema, dieta), como las que

se han descrito en Bothrops jararaca (Menezes et al. 2006).

Mediante electroforesis bidimensional, las proteinas del veneno de
S.m. barbouri se separaron en tres conjuntos mayoritarios de manchas. Dos
grupos mostraban puntos isoeléctricos dcidos y masas moleculares
comprendidas entre 46-14 kDa, mientras que el otro grupo mostraba un punto
isoeléctrico bdsico y una masa aparente de 12 kDa. El resto de las proteinas
migraban a lo largo del gradiente de pH (3-10) y presentaban masas
moleculares que rondaban los 30-35 kDa o por debajo de 10 kDa. Para
caracterizar estas proteinas, el veneno se fracciond por cromatografia de fase
inversa (RP-HPLC) obteniendose 15 fracciones mayoritarias. Cada una de estas
fracciones fue analizada por SDS-PAGE, secuenciacién N-terminal,
determinacion de masa molecular y huella peptidica por espectrometria de
masas MALDI-TOF y contenido en cisteinas libres y enlaces disulfuro. Con la
excepcidn del pico 15 (y las fracciones 1-3 que no contenian material proteico),
las demds fracciones contenian proteinas con secuencias N-terminales
definidas, que permitieron asignarlas a familias de proteinas conocidas. La
comparacion de las huellas tripticas de las proteinas separadas por 2D-SDS-
PAGE y RP-HPLC permitié correlacionar bandas electroforéticas con picos
cromatogrdficos y mostré ademds la existencia de mdltiples isoformas de
serinproteasas y de Zn*-metaloproteasas de clase PI que eluyen, sin embargo,
en solo 4 fracciones cromatogrdficas. La presencia de isoformas en fracciones
cromatogrdficas aparentemente homogéneas fue posteriormente corroborada
en un andlisis mds exhaustivo mediante separacién electroforética de los
componentes de cada fraccién cromatogrdfica seguido de digestion triptica de
las bandas y secuenciacién de los iones peptidicos por espectrometria de
masas en tdndem (MS/MS) (Sanz et al. 2006b).
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La determinacién del nimero de cisteinas libres y de enlaces disulfuro
se realiza de manera muy sencilla y con gran precision mediante
espectrometria de masas MALDI-TOF y aporta una caracteristica casi
especifica de cada familia de proteinas presentes en los venenos de serpientes
(Fig.14).

[ Masa Molecular ( kDa) ‘ Familia proteica I l N° Cisteinas
4-5 -Disintegrin corta 8
6-7 -Inhibitor tipo Kunitz 6

-Disintegrina media 12
13-15 -PLA, 14
-Disintegrina dimérica (2x10)
-Cistatina 4
23-33 -CRISP 16
-PI-SVMP 9
-Fragmento DC 26
-Serinproteasa 12
-o.p C-lectin (2x7)
-sv-VEGF (2x9)
46-58 -sv-VEGF (2x16)
-PIII-SVMP 37
-LAO 6

Figura 14. Ejemplo de caracterizacién tedrica de familias de proteinas presentes en venenos de

serpientes Viperidae en base a la masa molecular y el nimero de cisteinas de la molécula.

Asi, si bien una proteina de masa molecular 13-15 kDa pudiera
corresponder a una PLA;, una disintegrina dimérica, o una cistatina, la
determinacion de su contenido en cisteinas no deja lugar a dudas sobre su
identidad. De manera similar, la fraccién 15 de RP-HPLC (48.5 kDa) contenia un
total de 35 cisteinas, de las que 1 estaba reducida y las restantes 34
formaban 17 enlaces disulfuro. Estas caracteristicas son propias de una
metalloproteasa de clase PIIT formada por un dominio de metaloproteasa (~23
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kDa, 1 cisteina libre y 4 enlaces disulfuro), un dominio tipo disintegrina (~12
kDa, 8 enlaces disulfuro) y un dominio rico en cisteinas de ~13 kDa tramado
por 6 enlaces disulfuro. La asignacion de la fraccion 15 como una PIII-SVMP se
corroboré mediante andlisis de huella peptidica y secuenciacién de iones
tripticos por MS/MS. En particular, se caracterizaron iones correspondientes
a regiones de los tres dominios: metaloproteasa (m/z 2208.04,
YLYMHVALVGLEIWSNGDK), disintegrina (m/z 526.7%", GNYYGYCR) y rico en
cisteinas (m/z 776.1%, VCSNGHCVDVATAY). Las secuencias de estos
fragmentos ftripticos estdan conservadas en la metaloproteasa PIII de
Bothrops jararaca denominada jararhagina [P30431] y fueron identificadas de
forma automdtica utilizando el programa MASCOT
(http://www.matrixscience.com) y el banco de datos MSDB, de acceso publico
y compilado a partir de fuentes primarias como PIR, Trembl, GenBank,
SwissProt y NRL3D (http://csc-fserve.hh.med.ic.ac.uk/msdb.html). Por lo
general, sin embargo, las proteinas de una misma familia presentan suficiente
variacién de secuencia intra- e interespecifica para que sus huellas peptidicas
no sean reconocibles por los motores de blsqueda que se basan en identidad de
masa. La figura 15 ilustra este punto. El espectro de fragmentacion del ién
doblemente cargado (M+2H)** a m/z 538.4 no pudo ser asignado de forma
automdtica utilizando MASCOT, pero fue interpretado manualmente como
(I/L)YDYSVCR. Una bisqueda de similitud de secuencias de vertebrados
utilizando BLAST (http://www.ncbi.nlm.nih.gov/BLAST) identificé varias
serinproteasas de venenos de serpientes. La mayor similitfud fue con la
serinproteasa-1 de Bitis gabonica, cuya secuencia "°LFDYSVCRY” difiere de la

homdloga de S.m. barbourien un solo residuo.
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)D 1[38570060 ) gb [ARR24534. 1 serine protease 1 [Bitis gabonica]
Length=260

Score = 27.4 bits {57), Expect = 14, Method: Composition-based stats.
Identities = 7/8 (87%), Positives = 8/8 (100%), Gaps = 0/8 (0%)

Query 1 LYDYSVCR 8
L+DYSVCR
Sbjet 170 LFDYSVCR 177

)DULI1‘351938|E£|P41?9?|‘-’SP2 AGKRH Ancrod precursor (Venombin A) (Protein C actiwator) [ACC-C)
0| 403078 | b |AAR49195,1 ancrod
Length=258

Score = 24.8 bits (51), Expect = 73, Method: Composition-based stats.
Identities = 6/8 (75%), Positives = 8/8 (100%), Gaps = 0/8 (0%)

Query 1 LYDYSVCR &
LY+T4VCR
Sbjct 170 LYRYTVCR 177

>Dg1 6562944 | emh |CABE2591.1| serine proteinase, homolog [Macrovipera lebetina]
q1|13959655|3p |QSPT40|VEPZ VIPLE Venom serine proteinase-like protein 2 precursor
Length=260

Score = 24.4 bits (50), Expect = 96, Method: Composition-based stats.
Identities = 6/8 (75%), Positives = 8/8 (l00%), Gaps = 0/8 (0%)

Query 1 LYDYSVCR &
HDYSVCR
Sbjet 170 HFDYSVCR 177

Figura 15. Espectro de fragmentacién del ién m/z 538.4% y asignacién manual de la secuencia
peptidica (I/L)YDYSVCR. Panel inferior, resultado de la bilsqueda de similitud de secuencia
utilizando BLAST.
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Denominamos '"vendmica" a la estrategia basada en técnicas de
protedmica descrita en el Articulo 1, el cual representa la primera instancia en
que este acronimo aparece en la literatura compilada en el banco de datos
PubMed (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB=pubmed) (Fig.16).

www.pubmed.gov
= Niskenn Frevh G
™ | for YENOMICS Clear | 34ve Senrch
Limits Preimw Ancde: History Chipboard Detais
Dhd you mean genomics (16617 items)
Display | Summary ¥ Show 20 ¥ | Sort by ¥ |Sendto ¥
AR:3 | Raview &

Iterns 1 - 3 of 3

'Venomics' or : The venomous systems genome project
B Tomeon 2006 Mar47(3):255-9. Epub 2006 Feb 3. Ho shetract svailshle
FMID: 16460774 [PubMed - ndexed for MEDLINE]

aby I, Sanz L, Cabvats J7

= Snske venomics: comparative analysis of the venom proteomes of the Turdisian snakes Cerastes cerastes, Cerastes vipera and Macrovipers lebeting
—| Proteomics. 2005 Nov, (16)4223.35
FMID: 16206329 [PubMed - indexed for MEDLINE]

Snake venomics: characienzation of protein fumiliss in Sistrurus barboun venom by cysteine mapping, N-terminal sequencing, and tandem mass spectrometry analysis
Proteomics. 2004 Feb 4(2)327.38
PMID: 14760702 [PublMed - indexed for MEDLINE]

Figura 16. Resultado de la bisqueda en PubMed de articulos que incluyan la palabra "venomics".

Sélo 3 articulos contienen este acrénimo.

El banco de datos Swiss-Prot/TrEMBL contiene varios cientos de
secuencias (completas o parciales) de proteinas de venenos de serpientes que
representan a todas las familias mayoritarias de toxinas descritas hasta la
fecha. Nuestra experiencia protedmica, inicialmente con el veneno de S.m.
barbouri y durante los dltimos afios con los venenos de otras especies de
Viperidae de los géneros Sistrurus, Crotalus, Agkistrodon, Cerastes,
Macrovipera, Echis y Bitis, es que a) los venenos de estas serpientes estdn
compuestos por un pequefio nimero (10-12) de proteinas de diferentes familias
cuya distribucion y abundancia relativa varian entre especies, y b) que existe
suficiente informacion estructural en los bancos de datos para garantizar la

asignacion de prdcticamente todas las proteinas de un veneno dado mediante el
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tratamiento automatizado o manual de datos obtenidos por espectrometria de

masas.

La amplia variacién en la composicién porcentual de los venenos de las
tres especies tratadas en esta Tesis, S.m. barbouri (Judrez et al. 2004; Sanz
et al. 2006b), Echis ocellatus (Judrez et al. 2006b; Wagstaff y Harrison

2006) y Bitis arietans (Judrez et al. 2006a), se muestra en la Tabla 2.

Veneno

Familia de proteina Smb Ba Eo
Disintegrina 7.7 17.8 6.8
Cistatina - 1.7 -
BPP <0.1 - <0.1
Inhibidor Kunitz 0.1 4.1 -
Fragmento DC 1.3 - 1.7
SVNGF/svVEGF <0.1 - -
PLA, 32.4 4.3 12.6
CRISP 2.9 - 1.5
Serinproteasa 17.1 19.5 2.0
C-lectina <0.1 13.2 7.0
L-amino acido oxidasa 2.1 - 1.4
Zn**-metalloproteasa 36.1 38.5 67.1

BPP, bradykinin-potenciating peptide; sYNGF/svVEGF,

snake venom nerve growth factor/vascular endothelial

growth factor; CRISP, cysteine-rich secretory protein.

Tabla 2. Porcentajes de proteinas de las familias mds abundantes en los venenos de serpientes

estudiados. (Smb: Sistrurus m. barbouri: Ba: Bitis arietans, Eo: Echis ocellatus)
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Los venenos de estas tres especies no solo varian en la clase y
abundancia relativa de sus toxinas sino en el tipo de disintegrinas presentes.
S.m. barbouri y Bitis arietans contienen Unicamente disintegrinas medias
(isoformas de barbourina) (Scarborough et al. 1991) o largas (isoformas de
bitistatina) (Shebuski et al. 1989), respectivamente, mientras que Echis
ocellatus secreta la disintegrina corta ocelatusina (Smith et al. 2002) y
disintegrinas diméricas (EO4, EO5) (Calvete et al. 2003). Decidimos, pues,
analizar librerias de cDNA de las gldndulas del veneno de Bitis arietansy Echis
ocellatus, construidas en el laboratorio de Rob Harrison con participacién de P.
Judrez, con el objetivo de comparar proteoma y transcriptoma e investigar la
posible presencia de intermediarios evolutivos de las familias de disintegrinas

no expresados en los venenos.

4.2. TRANSCRIPTOMICA: CARACTERIZACION DE
cDNAs DE DISINTEGRINAS

4.2.1. BITIS ARIETANS: BA-5A, UN
INTERMEDIARIO PIII-PII

Utilizando cebadores complementarios de regiones 5°y 3'no
codificantes muy conservadas en secuencias de cDNA de otras disintegrinas
amplificamos y secuenciamos un transcrito, denominado BA-5A, que codifica un
precursor de disintegrina no expresada en el veneno de Bitis arietans. La
secuencia deducida de la pauta abierta de lectura contiene un péptido sefial, un
pro-péptido, un dominio metaloproteasa y un dominio tipo disintegrina. Esta
estructura modular es tipica de las SVMPs de tipo PII (Fig.5). Sin embargo, un
andlisis mds detallado del dominio tipo disintegrina de BA-BA muestra que éste
posee caracteristicas sélo encontradas hasta la fecha en los dominios tipo
disintegrina de las SVMPs PIII, tales como presentar un motivo ECD en lugar
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de RGD (o similar), y poseer 16 cisteinas. Ademds, un andlisis filogenético
(Fig.3 del Articulo 2) muestra que BA-BA segrega claramente en el grupo de
los dominios tipo disintegrina de metaloproteasas de clase PITI. El hecho de
carecer de dominio rico en cisteinas indica que BA-5A debe representar una
nueva clase de metaloproteasas modulares PII con dominio tipo disintegrina
PIII. Nuestra hipotesis es que BA-BA es un intermediario en la ruta evolutiva
de una metaloproteasa PIIT a una PII como la que codifica a la disintegrina
larga bitistatina (Fig. 17).

Zn#*-Metalloprotease il .
.. N . ., Disintegrin-like  ECD Cysteine-rich

Disintegrin-like Cysteine-rich

) 16 Cys | |

12 Cys B
@ ECD

IO T=F7J O ﬂ
16 Cys Rseco.c

BA-5A

1
[ RGD]
....... IO O]

@ ﬂ Medium-

@ sized
' Bitistatin il
\ 14CyS ne. precursor
H Dimeric
AV

BA-5A Long

Short

@ Bitistatin

Figura 17. Esquema de la hipotética participaciéh de BA-5A como intermediario en la ruta

evolutiva de la disintegrina larga bitistatina partiendo de un precursor SVMP de clase PIII. Panel
derecho, esta hipdtesis implica que la pérdida del dominio rico en cisteinas antecedié a la pérdida
del enlace disulfuro CysXIII-CysXVI caracteristico de los dominios tipo disintegrina PIII y a la

aparicidn del motivo RGD de inhibicién de integrinas.
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La hipétesis de que BA-5A sea un intermediario en la ruta evolutiva de
una disintegrina larga, posiblemente bitistatina, implica que la delecion del
dominio rico en cisteinas ocurrié con anterioridad a la pérdida del enlace
disulfuro entre las cisteinas XIII y XVI, absolutamente conservado en todos
los dominios tipo disintegrina PIII. Ademds, puesto que la cisteina XIII es el
residuo central del motivo ECD de BA-BA (también presente en muchos otros
dominios tipo disintegrina PIII), la pérdida del enlace CysXIII-CysXVI por
fuerza debié anteceder a la aparicion del motivo RGD de inhibicién de
integrinas. Nuestra hipétesis es que la desaparicién de este enlace disulfuro
liberé una restriccién estructural que posibilito la aparicion de los motivos de
inhibicion de integrinas en el dpice de un bucle mdvil. Precisamente, se ha
descrito que los bucles mdviles participan en el reconocimiento rdpido entre
proteinas, especialmente receptores e inhibidores (Burgen et al. 1975;
Williams 1989).

4.2.2. ECHIS OCELLATUS

4.2.2.1. DISINTEGRINAS DIMERICAS

En el caso de Echis ocellatus (Eo) amplificamos 5 precursores de
disintegrinas diméricas (Fig. 18) que muestran una gran similitud de secuencia
con disintegrinas diméricas descritas previamente en el veneno de esta
serpiente (Calvete et al. 2003), incluyendo el nimero y la posicién de los

residuos de cisteinas.
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1 10 20 30 40 50 60 70 80 90 100 107
| 1 1 1
HIPYLLYTICLAVFPFOGSSITLESGNINDYEIYYPKKYNYLPTGANNSAHPCCOPYTCQPKQGEHCISGPCCRNCKFLNSGTICKRARGDNLHDYCTGISSDCPRN
HIPYLLYTICLAVFPFOGSSITLESGNINDYEIYYPKKYNYLPTGANNSAHPCCDPYTCQPKQGEHCISGPCCRNCKFLNSGTICKRHRGDNLHDYCTGIPSDCPRN
HIPYLLYTICLAVFPFOGSSIILESGNINDYEIVYPKKYNYLPTGAHNSAHPCCOPYTCQPKAGEHCISGPCCRNCKFLNSGTICKRAKGDNLHDYCTGISCODCPRN
HIPYLLYTICLAVFPFOGSSITLESGNINDYEIYVYPKKYAYVLPTGANNSAHPCCOPYTCOPKQGEHCISGPCCRNCKFLNSGTICKKIMLDGLNDYCTGYTSDCPRN
HIQYLLYIICLAVFPYAGSSIILESGNYHDFELYYPKKYTYLPTGANNSAHPCCOVYHCKPKRGEHCISGPCCRNCKFLSPGTICKKAHGDYANDYCTGISSDCPRN

Péptido Sefial Pro-Feptido Diominio Disintegrina

Figura 18. Alineamiento de las secuencias de aminodcidos codificados por los mensajeros de
disintegrinas diméricas amplificados de la libreria de cDNA de E£chis ocellatus. Los motivos de
unidn a integrinas (RGD, MLD ,WGD y KGD) estdn encuadrados.

Todos estos clones pertenecen a la clase de "mensajeros cortos”,
descritos por primera vez por Okuda y colaboradores en Agkistrodon
contortrix contortrix, denominados asi porque carecen de dominio
metaloproteasa. Desde entonces, este tipo de precursores de subunidades de
disintegrinas diméricas se han descrito en B/tis gabonica (Francischetti et al.
2004), Macrovipera lebetina transmediterraneay Cerastes vipera (Sanz et al.
2006a), y va afianzdndose la hipdtesis de que este tipo de mRNA cortos
constituyen la estructura candnica de los mensajeros de disintegrinas
diméricas. Es posible que la pérdida del voluminoso dominio de metaloproteasa
haya desempefiado un papel clave en la emergencia del mecanismo de
dimerizacién de disintegrinas (Fig. 19).

Entre los amplicones de Echis ocellatus, los que presentan secuencias
KGD y WGED representan nuevos mensajeros para disintegrinas diméricas o
productos que no han podido ser detectados en el veneno. La mayor diversidad
a nivel de transcriptoma que de proteoma puede indicar la existencia de un
mecanismo de regulacion de la expresién de estas disintegrinas, o un patrén de
expresion temporal a lo largo de la vida de la serpiente, o simplemente un nivel

de expresidn inferior al detectable con las técnicas proteémicas empleadas.
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Pro-péptido  Metaloproteasa Disintegrina

Asociacién

e s

Procesamiento |

==

Heterodimero Homodimero

Figura 19. La existencia de precursores a y p de subunidades de disintegrinas diméricas
sugiere un mecanismo de regulacién de la dimerizacién por el cual los homodimeros resultarian
de la asociacién de dos precursores de subunidades tipo o, estando la asociacién de dos
subunidades tipo p impedida debido a impedimentos estéricos ocasionados por el gran tamafrio
del N-terminal de dichos precursores. Por otro lado los heterodimeros estarian formados por
asociaciones de subunidades tipo o/a o bien a/p. Hasta la fecha todas las disintegrinas
diméricas investigadas cumplen estas reglas empiricas.

4.2.22. DOS PRECURSORES DE LA
DISINTEGRINA CORTA OCELLATUSIN

Ademds de los cDNAs de disintegrinas diméricas, amplificamos dos
mensajeros (Eo-00006 y Eo10c-10) cuyas pautas abiertas de lectura codifican
ambas para la misma disintegrina corta, ocelatusina (Smith et al. 2002). La
diferencia entre ambos precursores reside en la presencia de un dominio
metaloproteasa en el clon Eo-00006 (precursor largo) ausente en Eo10c-10

(precursor corto) (Fig.20). El precursor largo presenta pues la estructura
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tipica de una SVMP de clase PII mientras que el precursor corto debe
clasificarse en el grupo de "mensajeros cortos" descritos en el apartado

anterior.

1 10 20 30 40 50 60 70 80 930 100

I |
Long=Prec HIQYLLYTICLAYFPFOGSSKTLKSGNYNDYEYYNPOKITGLPYGAFKQPEKKYEDAYQYEFEYNGEPYILHLEKNKGLFSEDYSETHYSPDGSELTTHP
Short-Prec HIPYLL¥TICLAYFPFOGSSIILESGHINDYEIVYPKKYAYLPTGAN

Ocellatusin
101 110 120 130 140 150 160 170 180 190 200
| |
Long=Prec PYEDHCYYHGHY@NDADSTASISTCNGLKGFF TLRGETYLIEPLKYPDSESHAVYKYEDAKKKDERPKHCGYTLTHHESDEPIKKASHLYATSEQQHFHP
Short-Prec
Ocellatusin
201 210 220 230 240 250 260 270 280 290 300
| |
Long=Prec RYYOLYIYADHSHYTKHHNDLTALTTHIHQIVHDHIVHYRILHIHITLANYXIHSSGDLITYTSSAPTTLRSFGEMRARHLYHRITHDHAQLITAYHLDH
Short-Prec
Ocellatusin
301 310 320 330 340 350 360 370 380 390 400
I I
Long=Prec LIGYGYLGTHCDPQSSYAITEDHSTDHLHYARTHAHEHGHNLGHHHDGNOCHCGAAGCIHSATISQYRSYQF SDCSHNEYRNYITTHNPPCILNQALRTD
Short-Prec
Ocellatusin
401 410 420 430 440 450 460 ‘7 470 480 490 494
| 1
Long=Prec TYSTPYSENELLONSYNPEYIPYTCOPKEKEDCESGPCCONCKFLKEGTICKHARGDNHHDYCHGKTCDCPRNPYKGEHDPHEHPAPAKGSYLH
Short-Prec ------———---—-| HSAHP! PYTCOPKEKEDCESGPCCDNCKFLKEGTICKHARGDHHHDYCHGKTCDCPRHPYKGEHDPHEHPAPAKGSYLH
Dcellatusin DCESGPCCONCKFLKEGTICKHARGDNHHDYCHGKTCOCPRNPYKGEHD === === m e

Figura 20. Alineamiento de las secuencias de la disintegrina corta ocelatusina (Smith et al. 2002)
y de sus precursores largo (clon Eo-00006) y corto (Eol0c-10) (Judrez et al. 2006b). El cono
amarillo sefiala la cisteina especifica de las disintegrinas cortas y en la caja se muestra la mutacién
CoV.

Un andlisis filogenético de los dominios disintegrina de los precursores
de ocelatusina muestra que ambos se agrupan en la misma subfamilia que las
subunidades de disintegrinas diméricas (Fig.6 del Articulo 3) sugiriendo que la
disintegrina corta ocelatusina se origind a partir de un gen de disintegrina
dimérica. A este respecto cabe destacar que Unicamente se precisan 2
mutaciones para convertir una subunidad de disintegrina dimérica en una
disintegrina corta (Fig. 19). Una mutacion TGT>TAT o TGC> TAC produce un
cambio Cys>Tyr en la posicién 420 del precursor largo (54 del precursor
corto) y una segunda mutacién TCT>TGT muta el codon de una serina

conservada generando una cisteina en posicion 468/102 (precursor
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largo/precursor corto). Las consecuencias estructurales de estos dos cambios
aminoacidicos son la clave para comprender la transicién disintegrina
dimérica>disintegrina corta. En efecto, la mutacién Cys>Tyr impide la
formacion de los dos enlaces disulfuro (Cys7A-Cys12B y Cys7B-Cys12A) que
enlazan covalentemente las dos subunidades del dimero (Fig.21) (Bilgrami et al.
2004; Bilgrami et al. 2005). Por otra parte, la mutacion Ser->Cys genera el
residuo de cisteina caracteristico de las disintegrinas cortas (CysVII)
necesario para formar un enlace disulfuro con la CysIII que de ofra manera
quedaria desapareada tras el procesamiento proteolitico de la regién N-

terminal del precursor de la disintegrina corta (Figs. 5y 7 del Articulo 3).

Figura 21. Estructura cristalina de la disintegrina homodimérica schistatina (Bilgrami et al.
2004). Los dos puentes disulfuro intercatenarios (Cys7A-Cys12B y Cys7B-Cys12A) se resaltan en

amarillo.

Estos datos apoyan la hipétesis del origen evolutivo de ocelatusina (y
posiblemente de otras disintegrinas cortas) a partir de la transformacion de
un precursor del grupo de las subunidades de disintegrinas diméricas, al

tiempo que ponen en evidencia la gran economia molecular de esta transicion.
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4.3. GENOMICA: ESTRUCTURA DE LOS GENES DE
DISINTEGRINAS DIMERICAS Y CORTAS

La evolucidn bioldgica actia primariamente a nivel de los genes. Buscar
respuestas a preguntas sobre la diversificacién estructural y funcional de la
familia de las disintegrinas requiere, pues, un conocimiento detallado de la
estructura de sus genes. No disponemos de la secuencia del genoma de ninguna
serpiente, por lo que preguntas como el nimero de genes de disintegrinas, su
compartimentalizacién, regulacién de su expresién, estructura de promotores,
etc. no han sido abordadas. Desde un punto de vista de la evolucién de las
toxinas en general, y de las disintegrinas en particular, seria extremadamente
interesante investigar la presencia de pseudogenes. Un pseudogen es un
segmento de ADN similar a un gen funcional, pero que contiene cambios de
nucledtido que impiden su transcripcion o traduccién. Se cree que los
pseudogenes se originan en la duplicacion génica o en la transcripcién inversa
de ARN.

Al comienzo de esta Tesis sélo habia depositada en la base de datos
GenBank (http://www.ncbi.nlm.nih.gov) la secuencia de nucleétidos del gen de
las isoformas 2 y 3 de la disintegrina media Halystatina (D28871) de &Gloydius
halys, y recientemente el grupo de John C. Perez (Natural Toxins Research
Center, Kingsville, Texas, USA) ha publicado secuencias genémicas parciales
que codifican para una regién de 41 aminodcidos de diversas disintegrinas
homdlogas de subespecies de Agkistrodon contortrix (Soto et al. 2006).
Nuestros datos muestran que los genes de las fres subunidades de
disintegrinas diméricas de Echis ocellatus (Eo) (2) y Macrovipera lebetina
transmediterranea (MIt) (1) poseen idéntica estructura global, un intrén
central de alrededor de 1000 nucleétidos (nt) flanqueado por dos exones
cortos de 93-102 nt (Figuras 2 y 3 del Articulo 4). Por otra parte, es de
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resefiar, que todas las secuencias genémicas amplificadas de Eo y MI+ que
codifican para disintegrinas cortas carecen de intrones (Figs. 2C, 3B y 3C del
Articulo 4).

Las secuencias de los intrones guardan 88-90% de identidad entre siy
con el intron 2 de de la disintegrina media Halystatina. Ademds, tanto el
tamafio, el lugar de insercidn, y las secuencias consenso para la eliminacién del
intron  (5"-GTAAG (donante)/3"-A& (aceptor)) estdn absolutamente
conservados en las tres secuencias de Eo y MIt, asi como en las secuencias
parciales de disintegrinas diméricas de Agkistrodon contortrix, en la secuencia
del gen de la disintegrina media halystatina y en la estructura génica de los
dominios tipo disintegrina de metaloproteasas de la familia ADAM, las cuales
compartieron un antecesor comun con las SVMPs de clase PIII. Aunque la
estructura génica de una SVMP PIII no ha sido descrita hasta la fecha, una
comparacion de los lugares de insercién de intrones en dominios de disintegrina
(Fig. 22) muestra que ha habido una pérdida selectiva de intrones a lo largo de
la ruta evolutiva de las disintegrinas en paralelo a una minimizacién de la

estructura proteica (Fig. 23).
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Intron 1

‘

hu ADAM-11 DPPECGNGFVEAGEECDCGS
hu ADAM-19 GGRRCGNGYLEDGEECDCGEE
hu_ADAM-22 DPPECGNGFIETGEECDCGTH
ck ADAM-22 GGRKCGNGYLEEGEECDCGE
mm_ADAM-19 GGRRCGNGYLEDGEECDCGEH

zf ADAM-12 GGQKCGNGYIEEGEECDCGEHF

ECSRAGGNCCKK - - CTLTHDAMCSDGLCCRROKYEPRGVSCREAVNECDIAETCTGDS
CNNF - - - CCNASNCTLRPGAECAHGSCCHQUKLLAPGTLCREQARQCDLPEFCTGKS
CVLEGAECCKK - - CTLTQDSQCSDGLCCKKQE FQPMGTVCREAVNDCDIRETCSGNS
CNNF - - - CCNANNCSLKLGAECAHGSCCHECKLMSPGTLCREKSGLCDLPEYCTGQS
ECKNP - - - CCNASNCTLKEGAECAHGSCCHQORLVAPGTQCREQVRQCDLPEFCTGKS

ECLNP - - - CCNATTCTLKGDAVCAHGQCCENCQLKPAGTPCRESSNSCDLPEFCTG!

Intron 2 Intron 3

¥ ‘

PPNLHKLDGYYCDHEQ
PTNFYQMDGTPCEGGQ
PNIHEMDGYSCDGVQ
PSNSYQIDGASCEGGK

PTNYYQMDGTPCEGGQ

PANVYLHDGHACHNMD

Halys-2 EAGEDCDCGAPANP- - - - - - CCDAATCKLRPGAQCAEGLCCDQCRF IKAGTVCR - RARGDWNDNTCTGQSADCPRNGL
Halys-3 EAGEDCDCGAPANP- - - - - - CCDAATCKLRPGAQCAEGLCCDQCRFMKEGTICR -MARGDDMDDYCNGISAGCPRNPFHA

M1 G1 MNSANP------ CCDPITCKPRRGEHCVSGPCC FLRAGTVCK - RAVGDDMDDYCTGISSDCPRNPYDKD

Ml G2 MNSANP--- - - - CCDPITCKPRKGEHCVSGPCCRNCKFLNPGTICK - RTMLDGLNDYCTGITSDEPRNEPYDKD
Eo_D3 MNSAHP- - - - -~ CCDPVTCQPKQGEHCISGPCCRNOKFLNSGTICK - KTMLDGLNDYCTGVTSDCPRNPYKGKEDD
Contortrix M ey CCDAATCKLTAGSQCAEGLCCDQCRFMKAGTICR -RARGD. . .

Ml G3 CTTGPCCRQCKLKPAGTTCW- - RTS - VSSHYCTGRSCECPSYPGNG
Eo_ca 11gnsvnpeydpvteqpkekeDCESGPCCDNCKFLKEGTICK - MARGDNMHDY CNGKTCDCPRNPYKGEHDP
Eo_RTS CTTGPCCRQCKLKPAGTTCW- - RTS-VSSHYCTGRSCECPSYPGNG

Figura 22. Comparacién de los lugares de insercion de intrones en dominios tfipo disintegrina de metaloproteasas celulares de la
familia ADAM (hu, humano; ck, pollo; mm, ratén; zf, pez cebra), en las isoformas 2 y 3 de la disintegrina media Halystatina, en la
estructura parcial de subunidades de disintegrinas diméricas de Agkistrodon contfortrix (Soto et al. 2006a) y en las subunidades
de disintegrinas diméricas de Echis ocellatus (Eo_D3)y Macrovipera lebetina transmediterranea (MI_G1y MI_62). Nétese que
los genes de disintegrinas cortas (MI_G3, Eo_C3 y Eo_RTS) carecen de intrones.
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Figura 23. (A) Esquema de la ruta evolutiva de la diversificacién estructural de la familia de las
disintegrinas actualizado con los datos descritos en esta Tesis, incluyendo el intermediario BA-5A.
El panel B muestra la organizacién génica del dominio tipo disintegrina de una metalopreoteasa de
la familia ADAM y de las subunidades de disintegrinas diméricas y cortas de Echis ocellatus y
Macrovipera lebetina transmediterranea (Articulo 4). Resulta aparente el paralelismo entre la
minimizacién de las estructuras proteica y génica a lo largo de la evolucién de la familia de las
disintegrinas.

El estudio de la organizacién génica de los genes que codifican para
disintegrinas nos ha aportado informacion extra a la que habiamos obtenido del
estudio de los mensajeros que las codifican. Ahora podemos afirmar que el
mecanismo molecular de la diversificacion estructural y funcional de esta
familia de proteinas engloba no sélo una sucesién de deleciones y mutaciones
puntuales, sino fambién una pérdida de secuencias intrdnicas. No obstante, un
entendimiento mds profundo de la ruta evolutiva propuesta, asi como la
generalizacién de que la pérdida de intrones forma parte del mecanismo
evolutivo de las disintegrinas, requiere un estudio exhaustivo de las
estructuras de los genes de miembros de todos los grupos de disintegrinas en

diversas especies de serpientes.
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Abstract

Disintegrins represent a family of polypeptides present in the venoms of various vipers that selectively block the function of
integrin receptors. Here, we review our current view and hypothesis on the emergence and the structural and functional
diversification of disintegrins by accelerated evolution and the selective loss of disulfide bonds of duplicated genes. Research on
disintegrins is relevant for understanding the biology of viper venom toxins, but also provides information on new structural
determinants involved in integrin recognition that may be useful in basic and clinical research. The role of the composition,

conformation, and dynamics of the integrin inhibitory loop acting in concert with the C-terminal tail in determining the

selective inhibition of integrin receptors is discussed.
© 2005 Elsevier Ltd. All rights reserved.

Keywords : Snake venom proteins; Disintegrins; Integrin antagonists; Structure-function correlations; Evolution of protein structure; Disulfide

bond engineering

1. Introduction: snake venom toxins

Snake venoms contain complex mixtures of hundreds of
pharmacologically active molecules, including organic
and mineral components (histamine and other allergens,
polyamines, alkaloids...), small peptides and proteins
(Markland, 1998; Fry, 1999; Ménez, 2002). The biological
effects of venoms are complex because different com-
ponents have distinct actions and may, in addition, act in
concert with other venom molecules. Toxic venom proteins
play a number of adaptive roles: immobilizing, paralyzing,
killing, liquefying prey and deterring competitors.

* Corresponding author. Tel.: +34 96 339 1778; fax: +34 96 369
0800.
E-mail address: jcalvete@ibv.csic.es (J.J. Calvete).

0041-0101/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.toxicon.2005.02.024

109

The synergistic action of venom proteins may enhance
their activities or contribute to the spreading of toxins.
According to their major toxic effect in an envenomed
animal, snake venoms may be conveniently classified as
neurotoxic and haemorrhagic. Among the first group are the
Elapidae snakes (mambas, cobras, and particularly the
Australian snakes, which are well known to be the most
toxic in the world). Venoms of Viperidae and Crotalidae
snakes (vipers and rattlesnakes) contain a number of
different proteins that interfere with the coagulation
cascade, the normal haemostatic system and tissue repair.
Consequently, envenomation by these snakes generally
results in persistent bleeding. The proteins in haemorrhagic
venoms can be grouped into a few major protein families,
including enzymes (serine proteinases, Zn> " -dependent PI-
PIV metalloproteinases of the reprolysin family, and group
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II phospholipase A, isoenzymes) and proteins with no
enzymatic activity (C-type lectins, CRISP, and disintegrins)
(Ménez, 2002; Juarez et al., 2004).

Snake venom hemorrhagic metalloproteinases (SVMP)
are clustered with mammalian matrix-degrading metallo-
proteinases and proteins of the ADAM familiy in
a monophyletic evolutionary tree (Moura da Silva et al.,
1996). The monophyletic distribution of the mammalian and
snake venom proteins indicate that SVMPs have evolved
relatively late during evolution from a common ancestor
gene both by speciation (after mammals and reptiles
diverged) and by gene duplication, followed by divergence
of the copies through positive Darwinian selection. SVMPs
have been classified according to their domain structure into
four classes (Hite et al., 1994; Jia et al., 1996). All four
groups share homologous signal, pro-domains, and protein-
ase domains. The PI metalloproteinases (20-30 kDa) are
single-domain proteins with relatively weak hemorrhagic
activity. The class PII metalloproteinases (30—-60 kDa)
(Bjarnason and Fox, 1994) contain a disintegrin domain at
the carboxyl terminus of a metalloproteinase domain
structurally similar to that in the class PI. Hemorrhagins
of the PIII class are large toxins (60—100 kDa) with the most
potent activity, and comprise multidomain enzymes built up
by an N-terminal metalloproteinase domain and C-terminal
disintegrin-like and cysteine-rich domains (Jia et al., 1996;

SMALL

Echistatin (P17347)
Obtustatin (P83469)
CONSENSUS

DIMERIC

EC3A (P81e30)
EC3B (P81le3l) -
EMF10A (P81742) -
EMF10B (P81743) -

McLane et al., 1998). The PIV class of SVMPs has a similar
domain structure as the PIII class, but with additional
disulfide-linked C-type lectin-like domain(s). Disintegrins
and disintegrin-like domains are released in the venoms by
proteolytic processing of PII and PIII metalloproteinases,
respectively, (Kini and Evans, 1992), and represent potent
inhibitors of integrin—ligand interactions.

2. Disintegrins: evolutionary structure diversification
by disulfide bond engineering

Disintegrins, a family of small (40-100 aminoacids),
cysteine-rich polypeptides, were first described as potent
inhibitors of the platelet fibrinogen receptor, integrin oy, 3
(Huang et al., 1987). The isolation and characterization
of disintegrins that do not inhibit platelet aggregation (i.e.
non-RGD-containing dimeric disintegrins) was achieved
with the development in the late 1990s of cell adhesion
inhibition assays using cell lines expressing defined integrins
(Marcinkiewicz et al., 1999a,b). Currently, the disintegrin
family can be conveniently divided into five different groups
according to the length and the number of disulfide bonds of
the polypeptides (Calvete et al., 2003) (Fig. 1). 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
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Fig. 1. Multiple sequence analysis of selected polypeptides of the different disintegrin subfamilies. Representative members of each of the five
subfamilies of disintegrins displaying different integrin-binding motifs were choosen. For a more complete sequence alignment, please consult
Calvete et al., 2003. The one-letter-code for amino acid nomenclature is used. Cysteine residues are shadowed in pale gray. Amino acid position
where conserved cysteines are missing are highlighted in green. The extra cysteine residue of bilitoxin is colored red. The integrin-binding
tripeptide arginine-glycine-aspartic acid (RGD) is depicted in yellow; non-RGD integrin-binding tripeptide motifs are shown in blue. Amino
acid characteristics which define the signature of each disintegrin subfamily are shown in the ‘Consensus’ line using the following code: a,
aromatic (F, Y, W); h, hydrophobic (L, I, V, M, A); t, turn-like or polar (G, P, N, Q, H, S, T); —, negatively charged (E, D); +, positively
charged (K, R); *, charged (E, D, K, R); p, conservative (N, D, Q, E); 2, one of two residues in any sequence. When available, databank
accession codes are given. The sequences of bilitoxin-1 and gramelysin-1 are from Nikai et al., 2000; Wu et al., 2001, respectively.
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about 70 amino acids and six disulfide bonds. The third
group includes long disintegrins with an ~ 84-residue
polypeptide cross-linked by seven disulfide bonds. The
fourth subfamily of disintegrins groups the disintegrin-like
domains derived from PIII-SVMPs. PIII disintegrins are
modular proteins containing an N-terminal disintegrin-like
domain of about 100 amino acids includingl6 cysteine
residues involved in the formation of eight disulfide bonds,
and a C-terminal 110-120-residue cysteine-rich domain
crosslinked by six disulfides (Calvete et al., 2000a). Unlike
the PII (short, medium and long) and PIII disintegrins, which
are single-chain molecules, the fifth group is composed of
homo- and heterodimers. Dimeric disintegrins contain
subunits of about 67 residues with 10 cysteines involved in
the formation of four intra-chain disulfide bonds and two
interchain cystine linkages (Calvete et al., 2000b; Bilgrami
et al., 2004). Bilitoxin-1 represents another homodimeric
disintegrin comprising disulfide-bonded polypeptides, each
containing 15 cysteinyl residues (Nikai et al., 2000).

Fig. 2 displays a dendrogram for the multiple sequence
analysis of the consensus sequences of disintegrin domains
listed in Fig. 1. The most prominent characteristic of this
tree is that the members of the different subfamilies are
almost perfectly clustered separately with their homologues,
suggesting an evolutionary relationship between the differ-
ent disintegrin subfamilies. Disintegrins are small in size
and possess a high density of disulfide bonds. A close
examination of the conserved cysteine residues in each
disintegrin subfamily strongly indicates that the structural
diversity of disintegrins has been achieved during evolution
through the selective loss of disulfide bonds (Calvete et al.,
2003) (Fig. 3). PIII snake venom metalloproteinases are the
closest homologues of cellular ADAMSs. Comparison of full-
length ¢cDNA sequences of ADAMs and PIII SVMPs
showed that the gene coding for the latter molecules possess
3'untranslated regions, which include STOP codons after
the cysteine-rich domain (Fig. 4). Thus, PIII SVMPs are
not simply derived by posttranslational proteolysis of
ADAM molecules, but have rather evolved from a common

Small cons
4‘— Dimeric cons
Medium cons
Disi/Cys cons
ADAM cons
o1

Fig. 2. Dendrogram for the multiple consensus sequence analysis of
disintegrin domains. The dendogram includes also the disintegrin-
like domains of ADAMs from which snake venom disintegrins
evolved after mammals and reptiles diverged. The tree represents
the minimum evolutionary distance estimated through neighbour
joining using maximum likelihood distances. Maximum parsimony
produced a similar topology. The length of the horizontal scale bar
represents 10% divergence.
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Fig. 3. Scheme of the domain organization, disulfide bonds and
proposed evolutionary relationship between the different disintegrin
subfamilies. A precursor ADAM molecule is shown at the top.
Cysteines are numbered from 1-16. Disulfide bonds, which are
removed in the hypothetical evolutionary pathway from Disin-
tegrin/Cysteine-rich proteins to short disintegrins are displayed in
thick lines, and possible evolutionary pathways in the evolution of
the different disintegrin subfamilies are indicated by arrows. The
disulfide bond Cys1-Cys4 absent in Graminelysin, a member of the
Disintegrin/Cysteine-rich subfamily, is shown in dotted line. A
hypothetical pathway from a gramelysin-type disintegrin to a
medium-sized disintegrin is indicated by a dotted arrow. The
cysteine residues engaged in the short disintegrin-specific disulfide
bond are labeled. 3a indicates the position of an extra cysteine in
bilitoxin-1. The position of the integrin binding motif is shown as a
white cone.

ancestor after having lost the genetic information coding for
protein regions downstream of the cysteine-rich domain
(EGF-like, transmembrane and cytoplasmic domains).
Further deletions of gene regions coding for the C-terminal
portion of the disintegrin-like domain (including cysteine-
16 and the cysteine-rich domain) and for cysteine-13, which
is disulfide-bonded to Cys-16, gave rise to long disintegrins
(Fig. 4). Mutations in the codon of Cys-1 along with
a deletion of nine nucleotides coding for the tripeptide
CQ(D/N) from a long disintegrin ancestor resulted in
removal of the disulfide bond between cysteines-1 and -4
and the emergence of medium-sized disintegrins. The
C1-C4 and C13-C16 disulfide bonds impose structural
constraints and create loop structures that may contain
functional epitopes. This is particularly evident in the case
of the PIII modular disintegrins, where the putative integrin
recognition loop is disulfide-bonded to the C-terminal
region. Removal of this constraint may have act as a driving
force in the subsequent evolution of the integrin-binding
loop of the PII disintegrins.
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Catrocollastatin-C ATTTCACCTCCAGTTTGTGGAAATGAACTTTTGGAGGTGGGAGAAGAATGTGACTGTGGC
1 s p PV C GNEL L E V G E E C D C G
Salmosin-3 GTTTCACCTCCAGTTTGTGGCAATTACTATCCGGAGGTGGGAGAAGATTGTGACTGTGGC
v s P P V C G N Y Y P E V G E D C D C G
Trigramin GTTTCAACTCCAGTTTCTGGAAATGAACTTTTGGAGGCGGGAGAAGATTGTGACTGTGGC
v s T P V S G N E L L E A G E D C D C G
Acostatin f GTTTCAACTCCAGTTTCTGGAAATGAACTTTTGGAGACGGGAGAAGAAAGTGACTTTGAC

vV s TPV S GNETLTLTETGETESDF D

Catrocollastatin-C ACTCCTGAAAATTGTCAAAATGAGTGCTGCGATGCTGCAACATGTAAACTGAAATCAGGG
Salmosin-3 CCTCCTGCAAATTGTCAGAATCCATGCTGTGATGCTGCAACGTGTGGGCTGACAACAGGG
Trigramin TCTCCTGCAAAT -~~~ ——— CCGTGCTGCGATGCTGCAACCTGTAAACTGATACCCGGG
Acostatin f GCTCCTGCAAAT -~~~ CCGTGCTGCGATGCTGCAACATGTAAACTGACAACAGGG
A P A C Q@ N
Catrocollastatin-C TCACAGTGTGGACATGGAGACTGTTGTGAGCAATGCAAATTTAGCAAATCAGGAACAGAA
Salmosin-3 TCACAATGTGCAGAAGGACTGTGTTGTGACCAATGCAGACTTAAGAAAGCAGGAACAATA
Trigramin GCGCAGTGTGGAGAAGGACTGTGTTGTGACCAGTGCAGCTTTATAGAAGAAGGAACAGTA
Acostatin B TCACAGTGTGCAGATGGACTGTGTTGTGACCAGTGCAAATTTATGAAAGAAGGAACAGTA
Catrocollastatin-C TGCCGGGCATCAATGAGTGAATGTGACCCAGCTGAACACTGCACTGGCCAATCTTCTGAG
Salmosin-3 TGCCGGAAAGCAAGGGGTGAT---AATCCAGATGATCGCTGCACTGGCCAATCTGGAGTC
Trigramin TGCCGGATAGCAAGGGGTGAT - - ~-GACCTGGATGATTACTGCAATGGCAGATCTGCTGGC
Acostatin f TGCCGGAGAGCAAGGGGTGAT GACCTGGATGATTACTGCAATGGCATATCTGCTGGC
(o4

Catrocollastatin-C TGTCCTGCAGATGTCTTCCATAAGAATGGACAACCATGCCTAGATAACTACGGTTACT
Salmosin-3 TGTCCCAGAAATACC*

Trigramin TGTCCCAGAAATCCCTTCCATGCC* ———— = ——mm e e e oo
Acostatin P TGTCCCAGAAATCCCTTCCATGCC, ~— —— == —mm oo oo o

N G Q P C L DNY G Y.

Acostatin o ATGATCCAAGTTCTCTTGGTGACTCTATGCTTAGCAGTTTTTCCTTATCAAGGGAGCTCT
M I Q vL L vTLCULAV F P Y Q G S S
Jerdostatin ATGATCCAGGTTCTCTTGGTAACTATATGCTTAGCAGTTTTCCCATATCAAGTCAGCTCT

M I Q vL L vT I CL AV F P Y Q V S5 S

Acostatin o ATAATTCTGGAATCTGGGAACGTGAATGATTATGAAGTAGTGTATCCACGAAAAGTCACT
I I L. £ESsS GNVNDY E V VY P R K V T
Jerdostatin AAAACCCTGAAATCTGGGAGTGTTAATGAGTATGAAGTAGTAAATCCAGGAACAGTCACT

K T L K s G S VN E Y E V V N P G T V T

Acostatin a GCATTGCCCAAAGGAGCAATTCAGCCAAAGAATCCGTGCTGCGATGCTGCAACCTGTAAA
AL P K G A I 0 P K N P C C D A A T C K
Jerdostatin GGATTGCCCAAAGGAGCAGTTAAGCAGCCTGAGAAAAAGCATGAACCCATGAAAGGGAAC

G L P K G AV K QP E K KHE P MK G N

Acostatin « CTGACACCAGGTTCACAGT GTGCAGAAGGACTGTGTTGTGACCAGTGCAAATTTATA
L T P G S Q ¢ A E G L C C D Q C K F I
Jerdostatin ACATTGCAGAAACTTCCCCTTTGTACAACTGGACCATGTTGTCGTCAGTGCAAATTGAAG

T L Q K L P L C T T G P C C R Q C K L K

Acostatin « AAAGCAGGAAAAATATGCCGGAGAGCACGGGGTGATAACCCGGATTATCGCTGCACTGGC
K A G K I ¢ R R A R G DN P D Y R C T G
Jerdostatin CCGGCAGGAACAACATGCTGGA---—-—~— GAACCAGTGTATCAAGTCATTACTGCACTGGC
P A G T T C W R T S VvV S S H Y C T G
Acostatin o CAATCTGGTGACTGTCCCAGAAAACACTTCTATGCC*
Q S ¢ D C P R K H F Y A
Jerdostatin AGATCTTGTGAATGTCCCAGTTATCCCGGGAATGGC*

R s ¢ E C P S Y P G N G

Fig. 4. Comparison of cDNA and deduced amino acid sequences. Alignment of the nucleotide sequences of cDNAs coding for representative
members of the disintegrin subfamilies, catrocollastatin-C (AAC59672), (disintegrin-like/cysteine-rich), salmosin-3 (AR287876) (long),
trigramin (X51530) (medium-sized), and acostatin o (AB078903) and B (AB078904) chains (dimeric), and jerdostatin (AY262730) (short).
Mutations and deletions affecting the cysteine residue content in the molecules are in bold. N-terminal sequences of the mature proteins are
double underlined.
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Mutations involving the codons of the first two cysteine
residues of medium-size disintegrins (Cys-2 and Cys-3)
yielded polypeptides with 10 cysteines (Fig. 4).
The disulfide bond pattern of these disintegrin chains
follows the same scheme as that of medium-sized
disintegrins (Fig. 3), except that the two cysteines (Cys-6
and Cys-7), which in medium-sized disintegrins are
disulfide-bonded to Cys-3 and Cys-2, respectively, are
engaged in two interchain disulfide bonds from another
10-cysteine-containing disintegrin in either a parallel
(Cys6A—Cys6B and Cys7A—Cys7B in EMF-10; Calvete et
al., 2000b) or an antiparallel arrangement (Cys6A—Cys7B
and Cys7A—Cys6B in Schistatin; Bilgrami et al., 2004)
giving rise to homo- and heterodimers. The fact that the
amino acid sequences of the subunits of the dimeric
disintegrins piscivostatin and contortrostatin cluster with
the medium-sized disintegrins (Fig. 4 in Calvete et al., 2003)
further suggests that these dimeric disintegrins may have
evolved from a medium-size disintegrin ancestor.

Noteworthy, the cDNAs coding for the subunits of the
dimeric disintegrins acostatin (Agkistrodon contortrix con-
tortrix) and piscivostatin (Agkistrodon piscivorus pisci-
vorus) have quite different lengths (Okuda et al., 2002). The
[-subunit precursors of acostatin and piscivostatin are both
synthesized from canonical protein-coding regions of about
2000 bp encoding pre-peptide, metalloproteinase, and dis-
integrin domains. However, the precursors of the a-subunits
of both dimeric disintegrins have short (~900 bp) coding
regions and the deduced amino acid sequences consist of
a signal peptide, a 30-residue pre-peptide domain (almost
identical to the N-terminal portion of the B-chain pre-
peptide) and the disintegrin domain (Fig. 4). Hence, the
a-chain precursor genes may have evolved from a
duplicated canonical disintegrin precursor gene by deletion
of a continuous ~ 1100 bp OREF that in the B-subunit genes
encodes the C-terminal part of the pre-peptide, the
metalloproteinase domain, and the disintegrin domain
N-terminal region, which in the long and medium-sized
disintegrins contains the cysteine residues 1-4 (Figs. 3
and 4; see also Fig. 6 in Okuda et al., 2002). Homo- and
heterodimeric disintegrins have been reported in a number
of Viperidae snakes and restricted combinations of both
dimeric arrangements (which in many cases share a subunit)
often co-exist in the same venom (Marcinkiewicz et al.,
1999a, 2000; Calvete et al., 2002, 2003). The occurrence of
precursors of the o and the 3 subunits of dimeric disintegrins
differing in their domain structure immediately suggests
a mechanism for regulation of dimerization (Fig. 5).
Homodimers may result from disulfide bonding of two
a-type subunit precursors, whereas the association of two
B-type subunit precursors might be sterically hindered by
the large N-terminal multidomain structure. On the other
hand, heterodimers may be generated by a-type/a-type and
a-type/B-type subunit associations.

The cDNA sequence AY262730 (http://www.ebi.ac.uk)
of the non-RGD-containing short disintegrin jerdostatin
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Fig. 5. Proposed mechanism for the generation of dimeric
disintegrins. The precursors of the o and the B subunits of dimeric
disintegrins are synthesized from genes differing in their domain
structure. The B-subunit precursors contain signal peptide (SP), pre-
peptide, metalloprotease, and disintegrin domains. The precursors
of the a-subunits consist of a SP, a 30-residue pre-peptide domain
and the disintegrin domain. Homodimers may result from disulfide
bonding of two a-type subunit precursors, whereas the association
of two B-type subunit precursors might be sterically hindered by the
large N-terminal multidomain structure. On the other hand,
heterodimers may be generated by a-type/a-type and o-type/B-
type subunit associations.

(Trimeresusus jerdonii) shows a short coding region, which
is highly homologous to that of the a-type subunit precursor
of dimeric disintegrins. This strongly suggests that short
disintegrins and the o-type subunit precursor of dimeric
disintegrins may have a common ancestry (Fig. 3).
Comparison of the cDNA sequences of acostatin-o. and
jerdostatin (Fig. 4) indicates that the emergence of the short
disintegrins occurred by mutations in the codons of the three
N-terminal cysteines of an a-type disintegrin subunit
precursor and the appearance of another cysteine residue
between Cys-15 and Cys-16 (15a in Fig. 3), involved in the
formation of a short-disintegrin-specific disulfide bond with
the otherwise unpaired Cys-8 (Fig. 3).

Though the vast majority of disintegrins might follow the
canonical scheme outlined above, the evolutionary scenario
of the disintegrin family might be more complex. Thus,
graminelysin departs from this pathway. It contains the
Cys13-Cys16 disulfide bond specific of disintegrin/cys-
teine-rich domains but clusters with the medium-sized
disintegrins, and like them has Ser in place of Cys-1 and
lacks the CQ(D/N) region. Hence, graminelysin might
represent an intermediate step in an alternative route in the
evolution of medium-sized disintegrins from Disintegrin-
lke/Cysteine-rich proteins. Bilitoxin-1, a long disintegrin
from Agkistrodon bilineatus venom (Nikai et al., 2000),
possesses an extra cysteine residue between cysteines 3 and
4 (labeled as 3a in Fig. 3) engaged in the formation of a
disulfide-bonded homodimer. In addition, the disintegrins
albolabrin (from Trimeresusrus albolabris; Calvete et al.,
1991), saxatilin (isolated from the venom of the Korean
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snake Glydius saxatilis by Hong et al., 2002), and salmosin
from Agkistrodon halys venom (Shin et al., 2003) have the
conserved cysteine residue pattern of the medium-sized
disintegrin group but exhibit a distinct disulfide bond
arrangement (C1-C3, C2-C4, C5-C8, C6-Cl11, C7-C9,
C10-C12). Studies with recombinant protein species
produced by site-directed mutagenesis of saxatilin evi-
denced that the disulfide bonds involving the N-terminal
cysteine residues 1-4 do not appear to be critical for
the molecular structure and biological function (inhibition
of platelet aggregation) of saxatilin, whereas deletion of any
of the disulfide bonds between C5-C8, C6-Cl1, and
C10-C12 abolished the biological activity of the disintegrin.
These results strongly support our evolutionary scheme
outlined in Fig. 3 based on structure diversification through
the sequential loss of N-terminal disulfide linkages.

Whether the non-canonical disulfide bond pattern of
albolabrin/saxatilin/salmosin is restricted to a few disin-
tegrin molecules or is more widely distributed in monomeric
and dimeric disintegrins remains an open question.

3. The integrin-binding loop: functional diversification

The PIII modular disintegrins are the closest homologues
of ADAMs, and represent therefore the most ancient group
of the disintegrin family. The disintegrin-like domains of
PIII SVMPs molecules lack the RGD cell-binding motif
present in the integrin-binding loops of many PII disin-
tegrins (see below), which is replaced by XXCD sequences.
The recombinant disintegrin-like/cysteine-rich domains of
Crotalus atrox hemorrhagin atrolysin A, as well as synthetic
peptides containing the sequence RSECD, inhibit collagen-
induced platelet aggregation (i.e. inhibition of integrin o,f3;)
(Jia et al.,1997; Markland, 1998). For these peptides to have
significant inhibitory activity, the cysteine residue must be
constrained by participation in a disulfide bond. Addition-
ally, the two acidic amino acids flanking the cysteine residue
have been found to be important for biological activity
(Jia et al.,1997). Similarly, jararhagin-C and catrocollasta-
tin-C, two MSECD-containing disintegrin-like and
cysteine-rich domain fragments naturally derived, respect-
ively, from PIII hemorrhagic toxins from Bothrops jararaca
and Crotalus atrox, inhibit collagen- and ADP-induced
(catrocollastatin-C) by blocking platelet interaction with
collagen (Zhou et al., 1995; Shimokawa et al., 1997).
Jararhagin, and the highly-related MSECD-containing PIII
metalloproteinase alternagin from Bothrops alternatus,
specifically interfere with the binding of fibrillar type-I
collagen to o, B;-expressing cells (Souza et al., 2000; Moura
da Silva et al., 2001; Zigrino et al., 2002). However, the
involvement of the disintegrin-like domain in integrin
recognition is controversial. For example, Ivaska et al.
(1999) have reported that synthetic peptides displaying the
RSECD sequence of the disintegrin-like domain of
jararhagin failed to inhibit recombinant o2 I-domain
binding to collagen, whereas a basic peptide (RKKH)
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from the metalloproteinase domain proved to be functional.
Thus, peptides from the o2 I-domain containing the RKKH
sequence bound in a Mg?*-dependent manner near the
MIDAS site where a collagen(I)-derived peptide is known to
bind. In addition, a jararhagin-derived RKKH-peptide
induced structural changes in, and competitively inhibit
the binding of collagen I to, the o1 I-domain of the human
a1 integrin (Nymalm et al., 2004).

The function of the cysteine-rich domain is also
essentially unknown, although there is evidence that the
cysteine-rich domains of atrolysin A and jararhagin contain
sequences that antagonize the function of the a,f; integrin
on platelets, MG-63 and a,-transfected K562 cells (Jia et al.,
2000; Kamiguti et al., 2003).

The fact that peptides derived from all three domains of
PIII metalloproteinases can inhibit the collagen-binding
integrin o, indicate that SVMPs might contain several
integrin recognition sequences. These sites may serve to
target full-length haemorrhagic toxins to a particular site of
action leading to the degradation of platelet B; integrin
receptors (Kamiguti et al., 1995) and extracellular matrix
components, which result in local and systemic hemorrhage
in viperid and crotalid envenoming (Fox and Long, 1998).
However, it is not clear how the metalloproteinase,
disintegrin-like and cysteine-rich domains of SVMPs are
spatially arranged, and how the molecular architecture of
these multidomain proteins affects the protein binding
capabilities of individual domains. We hypothesize that
the concerted loss of the C13—-C16 integrin loop-constrain-
ing linkage and the cysteine-rich domain paved the way for
the emergence of single-domain PII disintegrins with more
versatile integrin recognition loops.

PII disintegrins block the function of integrin receptors
with a high degree of selectivity. Hence, disintegrins have
found numerous applications in studies on a variety of
biological processes in which integrins play pivotal roles
(Niewiarowski et al., 2002). Selective blockade of integrins
is a desirable goal for the therapy of a number of
pathological conditions, including acute coronary ischaemia
and thrombosis (op,P3), tumor metastasis, osteoporosis,
restenosis, rtheumatoid arthritis (a,3), bacterial infection,
vascular diseases (o5f;), inflammation, autoimmune dis-
eases (4P, o7PBq, aoP1), and tumor angiogenesis (ot;f;,
.y B3). The relevant integrin receptors involved in the above
listed pathologies are among the targets of many disin-
tegrins (Fig. 6).

The integrin inhibitory activity of PII disintegrins
depends on the appropriate pairing of cysteines, which
determine the conformation of the inhibitory loop. In most
single-chain PII disintegrins the active sequence is the
tripeptide RGD (McLane et al., 1998), the exceptions being
barbourin (Scarborough et al., 1991) and ussuristatin 2
(Oshikawa and Terada, 1999), two medium-sized disin-
tegrins possessing an active KGD sequence, and atrolysin E
(Hite et al., 1992), which has an MVD motif in its inhibitory
loop. RGD-containing disintegrins show different binding
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Fig. 6. Diagram of the integrin family and the different disintegrin
tripeptide motifs that block specific integrin-ligand interactions.
Integrin heterodimers antagonized by snake venom disintegrins are
encircled. Integrins are a major class of cell surface transmembrane
type I receptors that mediate a wide variety of cell-cell and cell-
extracellular matrix interactions (Hynes, 2002). The integrin o and
the B subunits combine in a restricted manner to form different
dimers, each of which exhibits a distinct ligand-binding profile.
a1B; is a receptor for collagen IV; a,B; binds collagen I; oyf3;
interacts with fibronectin and VCAM-1; a,4f; bind the same ligands
as ouP and in addition is a receptor for MACAM; a.sB; represents
the major fibronectin receptor; integrin oxf3; is a laminin receptor;
agP; and aof; bind tenascin; o, B and a,B; are major vitronectin
receptors; and oyy,P3 is the platelet fibrinogen receptor involved in
platelet aggregation. For a detailed description of the integrin family
and the ligands of the different heterodimers, consult The Integrin
Page at http://integrins.hypermart.net/.

affinity and selectivity towards integrins which recognise
the RGD sequence in their ligands (i.e. oypPBs, oyBs3
and asB;) (Marcinkiewicz et al., 1997; Wierzbicka-
Patinowski et al., 1999). KGD-containing barbourin inhibits
the oypPBs integrin with a high degree of selectivity
(Scarborough et al., 1991). The integrin specificity profile
of atrolysin E is unknown, although due to its inhibition of
ADP-and collagen-stimulated platelet aggregation, oyy,Ps3
may be one of its target receptor(s) (Shimokawa et al., 1998).

Dimeric disintegrins exhibit the largest sequence diver-
sity in their integrin binding motifs. EC3, a heterodimeric
disintegrin from Echis carinatus (= E. sochureki) venom is
a selective and potent antagonist of the binding of a4, and
o4P7 integrins to immobilized VCAM-1 and MAdCAM-1,
respectively. It is also a weak inhibitor of asf; and ayy,Ps3
integrins and does not inhibit o, 5 integrin (Marcinkiewicz
et al., 1999a). The inhibitory activity of EC3 towards the oy
integrins is associated with the MLD sequence of its
B-subunit. The EC3 A-subunit contains a VGD motif, and
the ability of EC3 to inhibit asfB; resides in both subunits.
EMF-10, another heterodimeric disintegrin isolated from
the venom of Eristocophis macmahoni, is an extremely
potent and selective inhibitor of integrin osf; binding to
fibronectin and partially inhibiting the adhesion of cells
expressing integrins oyy,Ps3, o B3 and a4f; to their appro-
priate ligands (Marcinkiewicz et al., 1999b). Selective
recognition of asf; by EMF-10 is associated with the
MGD(W) sequence, a motif located in the active loop of the
B-subunit, and expression of asf; inhibitory activity may
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also depend on the RGD(N) motif in the A-subunit. The
presence of a WGD motif in CC8, a heterodimeric
disintegrin isolated from the venom of the North African
sand viper, Cerastes cerastes cerastes, has been reported to
increase its inhibitory effect on oyp,B3, o,B3 and asP
integrins (Calvete et al., 2002). Fig. 6 displays a diagram of
the integrin family and the different tripeptide motifs found
in disintegrins that block specific integrin-ligand
interactions.

Dimeric disintegrins are widely distributed in Echis and
Vipera venoms, and probably also in the venoms of many
other species of Crotalidae and Viperidae, which are, in
addition, rich sources of monomeric disintegrins. It is worth
mentioning that non-RGD disintegrins are present in
venoms which also contain RGD-disintegrins (Calvete
et al., 2003) (Table 1). The large sequence and structural
diversity exhibited by the different subfamilies of disin-
tegrins strongly suggests that disintegrins, like toxins from
other venoms (Duda and Palumbi, 1999; Kordis et al., 2002;
Ohno et al., 2002), have evolved rapidly by adaptative
evolution driven by positive Darwinian selection. The
accelerated evolution of toxins may be linked to adaptation
to the environment, including feeding habits (Okuda et al.,
2001). The co-existence in the same snake species of
disintegrins with conserved RGD-motif and disintegrins
with variable non-RGD sequences support the hypothesis
that, following gene duplication, one copy of the gene (i.e.
that coding for an RGD disintegrin) divergently evolved
under pressure dictated by the ancestral function (blocking

Table 1
Co-existence in snake venoms of RGD- and non-RGD-containing
PII disintegrins

Snake species RGD disintegrin Non-RGD disinte-

grin
Echis sochureki Echistatin, EC6B, EC3A [VGD],
carinatus schistatin EC3B (=EC6B)
[MLD]
Echis multisqua- Multisquamatin EMSI11 [MLD]
matus
Echis ocellatus Ocellatusin, EO4A EO4B (=EO5B)
[VGD], EO5A
[MLD]
Eristocophis Eristostatin EMF10B [MGD]
macmahoni EMF10A
Cerastes cerastes CC8A CC8B [WGD]
cerastes
Vipera lebetina VLO4 VLOS5A [VGD],
obtusa VLO5B [MLD],
obtustatin [KTS]
Vipera lebetina Lebein Lebetase [VGD]

Agkistrodon pisci-
vorus piscivorus
Crotalus atrox

Piscivostatin 2B

Crotatroxin

Piscivostatin 2A
[KGD]
Atrolysin E [MVD]

The non-RGD motifs are specified in between square brackets, and
their integrin inhibitory specificity is schematized in Fig. 6.
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of platelet aggregation). The duplicated gene(s) (non-RGD
disintegrin), unencumbered by a functional constraint,
is(are) free to search for new physiological roles such as
inhibition of non-RGD-dependent integrin receptors.

4. The integrin inhibitory loop: structure-function
correlations

NMR studies of short (echistatin, 2ECH, 1RO3;
obtustatin, 1MPZ) and medium-sized (kistrin, 1KST;
flavoridin, 1FVL; albolabrin, Smith et al., 1996; salmosin,
11Q2, 1L3X; rhodostomin, 1JYP) disintegrins, and the
recent crystal structure of the medium-sized disintegrin
trimestatin (1J2L, Fujii et al., 2003) (PDB coordinates
available at http://www.rcsb.org/pdb) revealed that a mobile
9-11-residue loop protruding 1417 A from the protein core
harbours the active tripeptide (Fig. 7). As judged from the
consensus sequences of the different disintegrin subfamilies
(Fig. 1), the integrin-binding loop represents a mutational
‘hot spot” and the only conserved characteristic (except in
obtustatin) is the presence of an acidic residue (Asp in short,
dimeric, medium-sized, and long disintegrins; Glu or Asp in
disintegrin/cysteine-rich domains) at the C-terminal site of
the integrin-binding motif. The crystal structure of the
extracellular segment of integrin a5 in complex with an

Fig. 7. NMR structures of short disintegrins. Panels A and B display
the solution structures of echistatin (PDB code 1RO3) and
obtustatin (PDB code 1MPZ), respectively in the ‘sausage’
representation where the thickness of the backbone is proportional
to the RMSD value of the backbone atoms coordinates. Disulfide
bonds and active tri-peptide are colored in yellow and red,
respectively. C-terminal tail residues 43—45 are colored in dark
blue. The amplitude of lateral movement of the integrin-binding
loop (which is similar in both disintegrins) is indicated. Panels C
and D show the surface electrostatic potential of echistatin and
obtustatin, respectively. The molecules are in the same orientation
as in Panels A and B. The positively and negatively charged areas
are colored blue and red, respectively. The integrin recognition
motifs (RGD and KTS) and the C-terminal regions of both
disintegrins, which form a conformational epitope engaged in
extensive interactions with the target integrin receptor, are circled.
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RGD ligand (Xiong et al., 2002) showed that the peptide
fits into a crevice between the oy propeller and the B
A-domain. The Arg side-chain is held in place by
interactions with oy carboxylates 218 and 150, the Gly
residue makes several hydrophobic interactions with ay,
and the Asp ligand interacts primarily with BA residues.
Thus, the conserved aspartate residue might be responsible
for the binding of disintegrins to integrin receptors which
share a B subunit, while the two other residues of the
integrin-binding motif (RG, MG, WG, ML, VG) may dictate
the primary integrin specificity.

Obtustatin, a potent and selective inhibitor of the o3,
integrin in vitro and of angiogenesis in vivo, isolated from
the venom of Vipera lebetina obtusa (Marcinkiewicz et al.,
2003) is the shortest polypeptide of the disintegrin family
and posesses an integrin recognition loop which is two
residues shorter than that of other disintegrins and which
harbors in a lateral position the o, ; integrin inhibitory KTS
motif (Moreno-Murciano et al., 2003a) (Fig. 7). The NMR
solution structure of obtustatin (Moreno-Murciano et al.,
2003b) showed that the integrin recognition loop exhibits a
global, lateral hinge motion within a range of 35° and with
maximum displacement of about 5 A (Fig. 7). In compari-
son, the orientational flexibility of the integrin binding loop
of echistatin has been reported to occur within a range of
60-70° (Chen et al., 1994). In line with the concept that fast
recognition and fitting processes are typically brought about
by mobile segments in protein structures (Burgen et al.,
1975; Williams, 1989), the loop movement of obtustatin
occur in the 100-300 ps timescale and is articulated at
residues W20, H27 and Y28 located at the base of the loop.
Noteworthy, the side-chain of threonine-22, the middle
residue of the KTS motif, which based on synthetic peptides
appears to be the most critical residue for expression of the
inhibitory activity of obtustatin on the binding of integrin
a4 B to collagen IV (Moreno-Murciano et al., 2003a), is not
solvent-exposed but oriented towards the loop center and
hydrogen-bonded to residues T25 and S26 (Monleén et al.,
2003). This network of interactions restrains the mobility of
threonine-22 and suggests that the role of this residue may
be linked with a structuring mechanism of the integrin-
binding loop for proper recognition of the a,f; integrin,
rather than with a direct role in receptor binding. More
structural studies on disintegrins displaying non-Gly
residues in the central position of their integrin inhibitory
motifs are needed to check the hypothesis that the functional
importance of this residue lies in maintaining the active
conformation of the integrin-binding loop.

A number of studies support a functional role for the
amino acids flanking the integrin-recognition tripeptide in
determining the receptor-binding characteristics (Lu et al.,
1996; McLane et al., 1996). Disintegrins with RGD(W/F)
and RGD(N/D) sequences are quite selective in inhibiting
native ligand binding to integrins oyppPs and o, B3,
respectively. Molecular modelling and NMR structure
determination of cyclic RGD peptides (Pfaft et al., 1994)
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showed the importance of the amino acid immediately
C-terminal of the RGD sequence in determining
the conformation of the RGD loop. The width and shape
of the integrin-binding loop represents an important
structural feature that determines integrin binding selectiv-
ity, and the distance between the CP atoms of Arg and Asp
distinctly affects the fitting of disintegrins in the binding
pocket of integrins oyp,Bs and o,B3, which share the B
subunit: the optimum distance is in the range of 7.5-8.5 A
for oy, B3 and at or below 6.7 A for o, B3 (and asB;) (Pfaff et
al., 1994). Other loop residues located more distantly of the
active tripeptide, both downstream (Wierzbicka-Patynowski
et al., 1999) and positioned N-terminal to the primary
integrin recognition motif, also play pivotal roles in
modulating the integrin specificity of disintegrins of both
monomeric RGD-bearing (Rahman et al., 1998) and dimeric
(Bazan- Socha et al., 2004) MLD-containing disintegrins.

5. Functional epitopes in the C-terminal tail

The NMR solution structures of a number of disintegrins
show that their C-terminal portions are in close spatial
proximity to the active loop (Fig. 7). In the case of obtustatin,
the integrin-binding loop and the C-terminal tail interact
through a NOE between K21 Hg and Y39 Hy and displays
concerted motions due to a hinge effect articulated at residues
W20, H27, Y28, C36, and L38 (Monleén et al., 2003).
Similarly, Senn and Klaus (1993) have reported that the C-
terminal residues of flavoridin (C64-Trp67) are connected to
the RGD-loop. The amino acid residues in the C-terminal
region are not highly conserved among disintegrins, further
suggesting that this region could act as a secondary
determinant of integrin-binding specificity/potency. In this
sense, it has been shown that the C-terminal tail of echistatin
is involved in modulating the binding affinity of the

disintegrin towards integrin oy, 3 triggering the expression
of conformational changes (LIBS, ligand-induced binding
sites) in the receptor that lead to a further increase of the
binding affinity and the inhibitory potency of the disintegrin
(Marcinkiewicz et al., 1997). Thus, an echistatin C-terminal
peptide inhibited echistatin—integrin oy,f; binding, acti-
vated the integrin to bind immobilized ligands, induced the
expression of activation-dependent conformational epitopes,
and increased fibrinogen binding to peptide-treated platelets
(Wright et al., 1993). In addition, both deletion of the
sequence 4OPRNP* (Gould et al., 1990) and replacement of
echistatin’s C-terminal sequence (**HKGPAT™*) with that of
eristostatin (WNG) decreased the inhibitory potential the
mutated echistatin on ADP-induced platelet aggregation
(Marcinkiewicz et al., 1997). As a whole, these data indicate
that the C-terminal tail may act in synergy with the integrin-
binding loop to endow disintegrins with high affinity and
selectiveness for integrin receptors. Fujii et al. (2003) have
generated a docking model of the disintegrin trimestatin
fitted in the RGD-binding site of the structure of the
extracellular domains of integrin o, 3 in complex with the
cyclic pentapeptide Arg-Gly-Asp-[D-Phe]-[N-methyl-Val]
(Xiong et al., 2002). In agreement with biochemical and
molecular biology reports, the model revealed that within the
RGD-loop, Phe52 adjacent to the “’RGD’' sequence form
hydrophobic contacts with oy, Tyr178 and with B3 Tyrl66
and Pro53 has contacts with Asp179 and Arg214 of the B3
subunit. Furthermore, the side chains of the C-terminal tail
residues Arg66, Trp67, Asn68, and the main chain of Asp69,
interact with amino acids mainly of the oy, propeller
domain (Thrl116, Lys119, Glul21, Asp148) but also with
residues Tyr166 and Asp179 of the B3 A-domain (see Fig. 3 in
Fujii et al., 2003).

Recently, we have revised the structure and dynamics
of echistatin using homonuclear NMR methods

Hyhrid domain

Fig. 8. Echistatin-integrin oyy,fB5 interaction. A. Model of the extracellular region of o3 showing its multidomain molecular architecture
(Xiong et al., 2001). Representation of echistatin docked onto a model of the globular head of integrin oy, B3 based on the crystal structure of of
dyB3 (PDB code 1L5G) (Feuston et al., 2003). The coordinates of the oyy,B3 model were kindly provided by Dr Feuston. The amino acids of the
RGD motif are shown in the space-filling model in magenta, yellow and red, respectively. Disulfide bonds are depicted in green, and the
C-terminal tail is drawn as a thick line. The C-terminal residue of echistatin (Thr49) is labeled.
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(Monledn, Esteve, Kovacs, Calvete, Celda, submitted).
In the 100-300 ps time-scale, the integrin binding loop of
echistatin (PDB accession code 1RO3) displays an overall
movement with maximal amplitude of 30°, which is
articulated at residues Gly17, Thrl8, and Asp29 located at
the base of the loop. Superimposed to this loop motion, the
backbone atoms of the active tripeptide amino acids show
local enhanced flexibility due to a hinge effect at flanking
residues Ala23 and Asp27. The full-length C-terminal
polypeptide is visible and folds as a PB-hairpin running
parallel to the RGD loop and exposing at the tip residues
Pro43, His44, and Lys45. A network of long-range NOEs
indicates the existence of concerted motions between the
C-terminal tail and the RGD loop. An integrin-disintegrin
complex developed using a model for the extracellular
domains of oypB; (Feuston et al., 2003) (Fig. 8) and the
refined solution structure of echistatin (1RO3) (Fig. 7)
clearly shows that, in agreement with previous biochemical
and mutational data, the RGD loop and the C-terminal
region of echistatin form a conformational epitope engaged
in extensive interactions with the target integrin receptor,
and provide the molecular basis for understanding the
functional synergy between these two functional epitopes.

6. Concluding remarks

Disintegrins are small, cysteine-rich integrin inhibitors,
which evolved rapidly by adaptative evolution from a cell
membrane ADAM ancestor in the venom gland of vipers
and rattlesnakes after the separation of reptiles and birds.
The structural and functional complexity of disintegrins
contrasts with their small molecular size. Though a
tripeptide at the tip of a mobile loop represents the primary
integrin inhibitory determinant, the potency and receptor
selectivity of disintegrins is finely tuned by residues flanking
the active sequence. We hypothesize that the central residue
of the primary integrin-binding motif is important for
maintaining the conformation of the active loop. The C-
terminal region of disintegrins displays concerted motions
with the integrin recognition loop, and harbors additional
conformational epitopes engaged in extensive interactions
with the receptor. The composition (surface potential),
architecture, and dynamics of the integrin-interacting
disintegrin patch, formed by the active loop and C-terminal
tail epitopes, may determine the selective inhibition of
integrin receptors.
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Jerdostatin represents a novel RTS-containing short disintegrin
cloned by reverse transcriptase-PCR from the venom gland mRNA
of the Chinese Jerdons pit viper Trimeresurus jerdonii. The jerdo-
statins precursor cDNA contained a 333-bp open reading frame
encoding a signal peptide, a pre-peptide, and a 43-amino acid dis-
integrin domain, whose amino acid sequence displayed 80% iden-
tity with that of the KTS-disintegrins obtustatin and viperistatin.
The jerdostatin cDNA structure represents the first complete open
reading frame of a short disintegrin and points to the emergence of
jerdostatin from a short-coding gene. The different residues
between jerdostatin and obtustatin/viperistatin are segregated
within the integrin-recognition loop and the C-terminal tail. Native
jerdostatin (r-jerdostatin-R21) and a R21K mutant (r-jerdostatin-
K21) were produced in Escherichia coli. In each case, two conform-
ers were isolated. One-dimensional '"H NMR showed that conform-
ers 1 and 2 of r-jerdostatin-R21 represent, respectively, well folded
and unfolded proteins. The two conformers of the wild-type and the
R21K mutant inhibited the adhesion of a;-K562 cells to collagen IV
with IC;, values of 180 and 703 nm, respectively. The IC;, values of
conformers 2 of r-jerdostatin-R21 and r-jerdostatin-K21 were,
respectively, 5.95 and 12.5 pum. Neither r-jerdostatin-R21 nor r-jer-
dostatin-K21 showed inhibitory activity toward other integrins,
including oy, B3 B3 @3By, 5By, asBy; agBy, and ayB, up to a
concentration of 24 um. Although the RTS motif appears to be more
potent than KTS inhibiting the «, 8, integrin, r-jerdostatin-R21 is
less active than the KTS-disintegrins, strongly suggesting that sub-
stitutions outside the integrin-binding motif and/or C-terminal
proteolytic processing are responsible for the decreased inhibitory
activity.

The integrin family of cell adhesion proteins promotes the attach-
ment and migration of cells on the surrounding extracellular matrix (1,
2). Through signals transduced upon integrin ligation by extracellular
matrix proteins, several integrins play key roles in promoting angiogen-
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esis and tumor metastasis (3). However, although antagonists of several
integrins (e.g. asB;, o, B3, and «, 35, the primary targets of endostatin, an
endogenous negative regulator of angiogenesis (4)) are now under eval-
uation in clinical trials to determine their potential as therapeutics for
cancer and other diseases (5, 6), the precise regulation and exact action
of integrins is still unclear (7, 8). Thus, the integrins o, 8, and «,f; are
highly up-regulated by vascular endothelial growth factor in cultured
endothelial cells, resulting in an enhanced «; 3;- and «,3;-dependent
cell spreading on collagen and it has been reported that these integrins
provide critical support for vascular endothelial growth factor signaling,
endothelial cell migration, and tumor angiogenesis (9). The «,8; and
a,f3; integrins are highly expressed on the microvascular endothelial
cells, and blocking of their adhesive properties by monoclonal antibod-
ies (9, 10) or by the snake venom disintegrin obtustatin (11) significantly
reduced the vascular endothelial growth factor-driven neovasculariza-
tion ratio and tumor growth in animal models. Moreover, null-mice
lacking integrin «; 8, develop normally, but exhibit reduced vascularity
of the skin (9) and have reduced number and size of intratumoral cap-
illaries (12). Ongoing studies with o, knock-out mice also suggest a
critical role in angiogenesis for the «,8; integrins (13, 14). Thus, inhib-
itors of the a; 3; and «, 3 integrins alone or in combination with antag-
onists of other integrins involved in angiogenesis may prove beneficial
in the control of tumor neovascularization.

a, B, and a, 3, belong to the I-domain bearing subfamily of integrins,
and specifically interact with collagen (15). However, despite sharing
large structural homology, these two integrins have distinct collagen
binding preferences: 3, integrin is a very selective receptor of base-
ment membrane type IV collagen, whereas a,f3; is highly specific for
fibrillar collagen types I-III (16, 17). Substitution of the cytoplasmic
domains of the o and «, subunits in transfected human mammary
epithelial cells revealed that the two integrins participate in different
signal transduction pathways (18). Noteworthy, the «; 8; and «,f3; inte-
grins are the targets of snake venom toxins belonging to different pro-
tein families. C-type lectin-like proteins include selective and potent (i.e.
EMS16 from Echis multisquamatus; 1ICs, = 6 nM) inhibitors of , 3, (19,
20), whereas the only to date known snake venom proteins that specif-
ically antagonize the function of the o, 3; integrin are the disintegrins
obtustatin (IC;, = 2 nm) from the venom of Vipera lebetina obtusa
(11, 21), viperistatin (IC5, = 0.08 nMm) from Vipera palestinae (22) and
lebestatin (ICs, = 0.4 nMm) from Macrovipera lebetina.’

The crystal structure of EMS16 in complex with the integrin «, I-do-

3 M. El Ayeb, personal communication.
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main has provided insight into the structural basis of the integrin inhib-
itory specificity of this C-type lectin protein (23). On the other hand, the
primary a3, binding motif of obtustatin and viperistatin is a KTS tri-
peptide located in a lateral position of the mobile disintegrins active loop
(24), which displays concerted motions with the C-terminal region (25).
Now, we report the molecular cloning, primary structure, recombinant
expression, and integrin inhibitory characteristics of two conformers of
jerdostatin, an RTS-containing disintegrin from the Chinese Jerdon pit
viper Trimeresurus jerdonii, and of a R21K mutant. In cell adhesion
assays, the recombinant (r-) jerdostatin®* conformers of both the wild-
type (r-jerdostatin-R21) and the R21K mutant (r-jerdostatin-K21)
selectively blocked, albeit with different potency, the adhesion of K562
cells expressing the integrin a4 3; to collagen IV.

EXPERIMENTAL PROCEDURES

Materials—Human vitronectin was purchased from Chemicon
(Temecula, CA). Purified, human collagen IV was provided by Dr. A.
Fertala (Thomas Jefferson University, Philadelphia, PA). Highly purified
human fibrinogen was a gift from Dr. A. Budzynski (Temple University,
Philadelphia, PA). Recombinant human VCAM-1/Ig was a generous gift
of Dr. Roy R. Lobb (Biogen). Human fibronectin and laminin were pur-
chased from Sigma. ExTaq® DNA polymerase, dNTP, and DNA marker
were from TaKaRa Biotechnology Co., Ltd. (Dalian). PolyATtract® Sys-
tem 1000 kit and the Reverse Transcription System kit were from Pro-
mega Biotech.

Cell Lines—K562 cells transfected with o, a,, and oy integrins were
provided by Dr. M. Hemler (Dana Farber Cancer Institute, Boston,
MA).JY cells expressing a, 85 were a gift from Dr. Burakoff (Dana Far-
ber Cancer Institute, Boston, MA). a9- and mock-transfected SW480
cells were generated as described (26). K562 and Jurkat cell lines, which
express osf3; and «,B; integrins, respectively, were purchased from
ATCC (Manassas, VA).

PCR Amplification of Jerdostatin cDNA—The T. jerdonii venom
glands were collected from Yiliang, Yunnan, China. Isolation of mRNA
and reverse transcription was conducted using the PolyATtract System
1000 kit and Reverse Transcription System kit, respectively, according
to the manufacturer’s protocols. DNA was amplified by PCR using total
reverse transcriptase-PCR products as template. The forward primer,
5'-CCAAATCCAG(C/T)CTCCAAAATG-3’, and the reverse primer,
5'-TTCCA(G/T)CTCCATTGTTG(G/T)TTA-3', were designed ac-
cording to the highly conserved 5'- and 3’-noncoding regions of
the cDNAs encoding for elegantin-2a from Trimeresurus elegans
(GenBank® accession number AB059572), elegantin-1a from T. elegans
(GenBank accession number AB059571), and HR2a from Trimeresurus
Sflavoviridis (27). The PCR amplification protocol included 35 cycles of
94.°C for 30 s, 50 °C for 30 s, and 72 °C for 2 min. The recovered PCR
products were cloned into PMD18-T vector (TaKaRa), and then trans-
formed into Escherichia coli strain J]M109. The white transformants
were screened by PCR and the positive clones were subjected to
sequencing on an Applied Biosystems model 377 DNA sequencing
system.

Generation of r-Jerdostatin R21K Mutant—Site-directed mutagene-
sis was performed essentially as described in the QuikChange® site-
directed mutagenesis kit of Stratagene (La Jolla, CA). To this end, plas-
mid pET-32a containing the wild-type jerdostatin sequence flanked by
Ncol and Xhol restriction sites was used as the template in the PCR
(denaturation at 94 °C for 2 min, followed by 12 cycles of denaturation

“The abbreviations used are: r-jerdostatin; recombinant jerdostatin; HPLC, high per-
formance liquid chromatography; MALDI-TOF, matrix-assisted laser-desorption ioni-
zation time-of-flight; MS, mass spectrometry.
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(30 sat 94 °C), annealing (60 s at 55 °C), and extension (12 min at 68 °C),
and a final extension for 10 min at 68 °C) using the forward primer
5-GGAACAACATGCTGGAAAACCAGTGTATCAAGTCATTAC-
TGC-3" and the reverse primer 5'-ACTTGATACACTGGTTTTC-
CAGCATGTTGTTCCTGCCGGC-3" in which the Arg codon AGA
has been substituted AAA (Lys) (in boldface). The mutant DNA was
sequenced to confirm the absence of undesired mutations.

Synthetic Peptides—Individual peptides and a library of peptides
representing the entire integrin-recognition loop of obtustatin but
differing in the residue at a single position (**CX,KTSLTSHYC?"
CWX,TSLTSHYG; etc., where X, is an equimolar mixture of all amino
acids except cysteine) were prepared by manual simultaneous multiple
peptide synthesis using standard N-(9-fluorenyl)methoxycarbonyl
(Fmoc) chemistry as described (28). The mixtures at positions “X” were
incorporated by coupling a mixture of 19 L-amino acids (cysteine was
omitted), with the relative ratio suitability adjusted to yield close to
equimolar incorporation. The quality of the synthesized peptide mix-
tures was validated by mass spectrometry. Individual peptides were
purified by preparative reverse phase-HPLC. Peptide identity was con-
firmed by matrix-assisted laser-desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry. The following molar absorption
coefficients (e) at 280 nm were used for quantification of peptide
mixtures (29): € for the control peptide CWKTSLTSHYC = 5600
(Trp) + 1500 (Tyr) = 7100 M~ ' cm™ % € for the peptide library
CX,KTSLTSHYC = 1500 + (1/19 X 5600) + (1/19 X 1500) = 1873.7
M~ cm™Y; for peptide libraries with X at positions 2—8, € = 5600 +
1500 + (1/19 X 5600) + (1/19 X 1500) = 7473.7 M~ * cm™%; and e for
the peptide library CWKTSLTSHX,C = 5600 + (1/19 X 5600) +
(1/19 X 1500) = 5973.7 M ' cm ™ ..

Purification of KTS-disintegrins—Obtustatin and viperistatin were
purified from the venoms of V. lebetina obtusa and V. palestinae,
respectively, using the previously described two-step reversed-phase
HPLC (11, 21, 22). The purity of the disintegrins was assessed by SDS-
PAGE. The monoisotopic masses of the purified disintegrins were
determined either by electrospray ionization mass spectrometry with a
triple quadrupole-ion trap hybrid instrument (QTrap from Applied
Biosystems) equipped with a nanospray source (Protana, Denmark) or
by MALDI-TOF mass spectrometry (MS) using an Applied Biosystems
DE-Pro spectrometer, operated in delayed extraction and reflector
modes, and a-hydroxycinnamic acid saturated in 0.1% trifluoroacetic
acid in 70% acetonitrile as the matrix. A tryptic peptide mixture of
Cratylia floribunda seed lectin (SwissProt accession code P81517) pre-
pared and previously characterized in our laboratory was used as a mass
calibration standard (mass range 450 —3300 Da). For determination of
isotope-averaged molecular masses, the instrument was operated in the
linear mode using 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic
acid) saturated in 70% acetonitrile and 0.1% trifluoroacetic acid as the
matrix. The mass calibration standard consisted of a mixture of the
following proteins, whose isotope-averaged molecular mass in daltons
are given in parentheses: bovine insulin (5,734.6), E. coli thioredoxin
(11,674.5), and horse apomyoglobin (16,952.6).

Protein concentration was determined with the bicinchoninic acid
(BCA) protein quantification kit (Pierce) with bovine serum albumin as
a standard, or by amino acid analysis (after hydrolysis in 6 N HCl for 24 h
at 110°C in air-evacuated and sealed ampoules) using a Biochrom
(Amersham Biosciences) amino acid analyzer.

Cloning and Production of Recombinant r-Jerdostatin-Thioredoxin-
His Fusion Proteins—The jerdostatin cDNA coding for wild-type and
R21K fragments were amplified by PCR using primers synthesized by
Sigma-Genosys (Haverhill, UK). The forward primer was 5'-CGTGC-
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CATGGATTGTACAACTGGACCATG-3’, which contained a Ncol
restriction site (underlined) and the sequence coding for the first six
residues of the protein. The reverse primer was 5'-GCCTCGAGTAT-
TAGCCATTCCCGGGATAAC-3', which includes a restriction site for
Xhol (underlined), a stop codon (in italics and bold), and the last six
C-terminal residues of jerdostatin. The PCR protocol included denatur-
ation at 94 °C for 2 min, followed by 40 cycles of denaturation (10 s at
94 °C), annealing (15 s at 55 °C), and extension (20 s at 72 °C), and a final
extension for 7 min at 72 °C. The amplified fragments were purified
using the Perfect Pre Gel Clean Up kit (Eppendorf, Hamburg, Germany)
and cloned in a pGEM-T vector (Promega, Madison, W1). E. coli DH5a
cells (Novagen, Madison, WI) were transformed 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 100 ug/ml ampicilin, were con-
firmed by PCR amplification using the above primers, and the PCR-
amplified fragments were sequenced (using an Applied Biosystems
model 377 DNA sequencer) to check the correctness of the sequences of
the wild-type and the R21K jerdostatins open reading frame.

To construct an expression vector of jerdostatin-thioredoxin-Hisg
wild-type and mutated fusion proteins the pGEM-T-jerdostatin plas-
mid and a pET32a vector (Novagen) were digested with Ncol and Xhol
for 12 h at 37 °C and the 132-bp jerdostatin fragments and the pET32a
vector were purified after agarose gel electrophoresis with the Eppen-
dorf Perfect Pre Gel Clean Up kit. The jerdostatin fragments and the
open pET32a vector were ligated with T4 DNA ligase (Invitrogen) over-
night at 13 °C. These constructs were used to transform electrocompe-
tent E. coli DH5« cells. The plasmidic DNAs from positive clones were
used to transform (by electroporation) E. coli Origami® B cells (Nova-
gen). Another pool of cells were transformed with mock pET32a plas-
mid and used as negative control for the recombinant expression of
jerdostatin-thioredoxin fusion protein.

Recombinant Expression of Jerdostatin-Thioredoxin-His, Fusion
Proteins—Positive E. coli Origami B clones, shown by PCR to contain
the jerdostatin-thioredoxin fusion constructs, wild-type or R21K
mutant, were grown overnight at 37 °C in LB medium containing 100
wng/ml of ampicillin, 33 wg/ml of kanamycin, and 12 pg/ml of tetracy-
clin, followed by a 1:10 (v/v) dilution in the same medium. For the
induction of the expression of the recombinant fusion proteins, isopro-
pyl B-D-thiogalactosidase was added to a final concentration of 1 mwm,
and the cell suspensions were incubation for another 7 h at 37 °C.
Thereafter, the cells were pelleted by centrifugation, resuspended in the
same volume of 20 mMm sodium phosphate, 150 mm NaCl, pH 7.4,
washed three times with the same buffer, and resuspended in 100 ml/li-
ter of initial cell culture of 20 mm sodium phosphate, 250 mm NaCl, 10
mM imidazole, pH 7.4. The cells were lyzed by sonication (15 cycles of
15 s sonication followed by 1 min resting) in an ice bath. The lysates
were centrifuged at 10,000 X g for 30 min at4 °C, and the soluble and the
insoluble fractions were analyzed by SDS-15% polyacrylamide gel
electrophoresis.

Purification of Recombinant Jerdostatin Molecules—The jerdostatin-
thioredoxin-His, fusion proteins, wild-type and R21K mutant, were
purified from the soluble fraction of positive E. coli Origami clone, the
lysate was purified by affinity chromatography using an AKTA Basic
chromatograph equipped with a 5-ml HisTrap HP column (Amersham
Biosciences) equilibrated in 20 mm sodium phosphate, 250 mm NaCl, 10
mM imidazole, pH 7.4, buffer. After absorbance at 280 nm of the flow-
through fraction reached baseline, the bound material was eluted at a
flow rate of 1.5 ml/min with a linear gradient of 10-500 mm imidazole
for 60 min. The purified protein fractions (checked by SDS-PAGE) were

pooled, dialyzed against 50 mm Tris/HCI, pH 7.4, and digested with 0.25
units of enterokinase (Invitrogen) per mg of recombinant protein. The
reaction mixture was freed from enterokinase by chromatography on a
0.5-ml column of agarose-trypsin inhibitor (Sigma) equilibrated and
eluted with 50 mm Tris-HCl, pH 7.4. Jerdostatin was separated from
thioredoxin-His, by chromatography of the agarose-trypsin-inhibitor
non-bound fraction on a HisTrap column (as above), and the non-
bound and retarded fractions, both containing jerdostatin, were further
purified by reverse-phase HPLC followed by size-exclusion chromatog-
raphy using an AKTA Basic chromatograph equipped with a Superdex
Peptide column (Amersham Biosciences) eluted with phosphate-buft-
ered saline buffer at a flow rate of 0.3 ml/min. The purity of the isolated
proteins was assessed by SDS-PAGE, reverse-phase HPLC, N-terminal
sequence analysis (using an Applied Biosystems Procise instrument),
and MALDI-TOF mass spectrometry as described above for the KTS-
disintegrins, and nanoelectrospray ionization mass spectrometry using
a QTrap instrument (Applied Biosystems) equipped with a nanoelectro-
spray source (Proxeon, Denmark). Protein concentration of purified
recombinant jerdostatin was determined spectrophotometrically using an
€at280 nm of 10,677 M~ " cm ™! calculated by amino acid analysis as above.

In-gel Tryptic Digestion and Mass Fingerprinting—The recombinant
expression of the jerdostatin-thioredoxin-His, fusion proteins and the
purification of r-jerdostatin molecules were monitored by SDS-PAGE
and mass fingerprinting. To this end, SDS-PAGE separated polypep-
tides were subjected to automated digestion with sequencing grade
bovine pancreatic trypsin (Roche) at a final concentration of 20 ng/ul of
50 mM ammonium bicarbonate, pH 8.3, using a ProGest digestor
(Genomic Solutions) following the manufacturer’s instructions. Diges-
tions were done with prior reduction with dithiothreitol (10 mm for 15
min at 65 °C) and carbamidomethylation with iodoacetamide (50 mm
for 60 min at room temperature). The tryptic peptide mixtures were
freed from reagents using a C18 Zip-Tip pipette tip (Millipore) activated
with 70% acetonitrile and equilibrated in 0.1% trifluoroacetic acid. Fol-
lowing protein adsorption and washing with 0.1% trifluoroacetic acid,
the proteins were eluted with 3 ul of 70% acetonitrile and 0.1% triflu-
oroacetic acid. For mass fingerprinting analysis, 0.85 ul of the digests
were spotted onto a MALDI-TOF sample holder, mixed with an equal
volume of a saturated solution of a-cyano-4-hydroxycinnamic acid
(Sigma) in 50% acetonitrile containing 0.1% trifluoroacetic acid, dried,
and analyzed with an Applied Biosystems Voyager-DE Pro MALDI-
TOF mass spectrometer, operated in delayed extraction and reflector
modes, as above. The peptide mass fingerprint obtained from each elec-
trophoretic band was compared with the expected proteolytic digest of
the fusion protein using the program PAWS.®

Collision-induced Dissociation by Tandem Mass Spectrometry—For
peptide sequencing, the protein digest mixture was subjected to elec-
trospray ionization tandem mass spectrometric (MS/MS) analysis using
a QTrap mass spectrometer (Applied Biosystems) equipped with a
nanoelectrospray source (Protana, Denmark). Doubly charged ions
selected after Enhanced Resolution MS analysis were fragmented using
the Enhanced Product Ion with the Q, trapping option at 250 atomic
mass units/s across the entire mass range. For MS/MS experiments, Q,
was operated at unit resolution, the Q; to Q, collision energy was set to
35 eV, the Q entry barrier was 8 V, the linear ion trap Q fill time was
250 ms, and the scan rate in Q was 1000 atomic mass units/s. Collision-
induced dissociation spectra were interpreted manually or using the
on-line form of the MASCOT program.®

> Proteometrics, available at prowl.rockefeller.edu.
¢ www.matrixscience.com.
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18

ATG ATC CAG GTT CTC TTG GTA ACT ATA TGC TTA GCA GTT TTC CCA TAT CAA GTC 54
8 s K T L K g [ 8 v N E Y E v v N P 36
AGC TCT AAA ACC CTG AAA TCT GGG AGT GTT AAT GAG TAT GAA GTA GTA AAT CCA 108
G o g v T G L P K G A v K Q P E e K H 54
GGA ACA GTC ACT GGA TTG CCC AAA GGA GCA GTT AAG CAG CCT GAG ARA AAG CAT 162
E P M K 6 N T L @ K L P L € T T G P 72
GAR CCC ATG AAA GGG AAC ACA TTG CAG ARA CTT CCC CTT TGT ACA ACT GGA CCA 216

FIGURE 1. A, the complete nucleotide and

deduced amino acid sequences of jerdostatin. The c ¢ R Q@ C K L K P A 66 T T C W R_T 8 20

nucleotide sequence is numbered in the 5'to 3’ TGT TGT CGT CAG TGC AAA TTG AAG CCG GCA GGA ACA ACA TGC TGG AGA ACC AGT 270

direction, from the initial codon ATG to the stop

codon TAA. The signal sequence is underlined, and v 8§ & H Y ¢ T 6 R &5 € E € P 8 Y P G 108

the pro-peptide and the short disintegrin domain

are indicated in italics and boldface, respectively GTA TCA AGT CAT TAC TGC ACT GGC AGA TCT TGT GARA TGT CCC AGT TAT CCC GGG 324

The RTS integrin binding motif is double under- N oG 110

lined. B, comparison of the cDNA-deduced amino

acid sequences of jerdostatin and acostatin-a pre- AAT GGC TAA 333

cursors. The disintegrin domains are in boldface.

The regions of acostatin-a containing the three

cysteine residues absent in jerdostatin, and the jer- B

dostatin containing the short disintegrin-specific g

cysteine residue are boxed. C, cartoon depicting Jerdostatin: MIQVLLVTICLAVFPYQVSSKTLKSGSVNEYEVVNPGTVTGLPKGAVEKQ

the proposed common ancestry of the messenger
precursors coding for the short disintegrin jer-
dostatin and dimeric disintegrins. The proposed
evolutionary pathway includes the removal of the
metalloproteinase domain from a Pll-metallopro-
teinase precursor gene. Key events in the emer-
gence of jerdostatin appear to be the substitutions
of the first three cysteine residues (Cys®, Cys’, and
Cys'?in the dimeric disintegrin subunit precursor)
by His, Glu, and Asn, respectively, impairing
thereby dimerization through either homologous
Cys"-Cys®'? and Cys*'?-Cys®” linkages, as
reported for Schistatin (44), or Cys’-Cys’ and
Cys'?>-Cys'?, as determined for EMF-10 (40); the
appearance of a novel cysteine residue at position
101 (short-coding precursor numbering) between
the 9™ and 10" cysteine of the dimeric disintegrin
subunit precursor (C) enabling the short disinte-
grin-specific disulfide bond is depicted by a broken
line, and the proteolytic processing of the N- and

Acostatin o
Jerdostatin:  PEK
Acostatin a:  PEN
Jerdostatin:

Acostatin o

MIQVLLVTLCLAVFPYQGSSIILESGNVNDYEVVYPRKVTALPKGAIQ-

KHEPMEGNT | LOKLPLCTTGPCCRQCKLKPAGTTCW--RTSVSSH

PCCDAATCK

LTPGSQCAEGLCCDQCKFIKAGKICRRARGDNPDY

YCTGRS

RCTGQS

Dimeric disi

ECPSYPGNG

DCPRKHFYA

C-terminal regions (scissors). The proposed disul-
fide bond pattern for jerdostatin is as determined
for obtustatin (24). The two conserved disulfide
bonds in the structures of dimeric disintegrin sub-
units and the short disintegrins are represented by
thick lines.

Short-coding messenger
1
cc.C..
10 Cys-disintegrin
< 4 <

{1
-.

10 Cys-disintegrin

jerdostatin

Quantitation of Free Cysteine Residues and Disulfide Bonds—For
quantitation of free cysteine residues and disulfide bonds (30), the purified
proteins dissolved in 10 ul of 50 mm HEPES, pH 9.0, 5 M guanidine hydro-
chloride containing 1 mM EDTA) were heat denatured at 85 °C for 15 min,
allowed to cool at room temperature, and incubated with either 10 mm
iodoacetamide for 1 h at room temperature, or with 10 mm 1,4-dithioeryth-
ritol (Sigma) for 15 min at 80 °C, followed by addition of iodoacetamide at
25 mM final concentration and incubation for 1 h at room temperature.
Carbamidomethylated proteins were freed from reagents using a C18 Zip-

Tip pipette tip (Millipore) after activation with 70% acetonitrile and equil-
ibration in 0.1% trifluoroacetic acid. Following protein adsorption and
washing with 0.1% trifluoroacetic acid, the PE-proteins were eluted onto
the MALDI-TOF plate with 1 ul of 70% acetonitrile and 0.1% trifluoroace-
tic acid and subjected to mass spectrometric analysis as above.

The number of free cysteine residues (Ng;;) was determined using
Equation 1,

NSH = (M1A - MNAT)/57'05 (Eq”
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where M|, is the mass of the denatured but nonreduced protein incu-
bated in the presence of iodoacetamide; My, 1 is the mass of the native,
HPLC-isolated protein; and 57.05 is the mass increment because of the
carbamidomethylation of one thiol group.

The number of total cysteine residues (N,,) can be calculated from
Equation 2,

NCys = (Mcy — Myar)/57.05 (Eq.2)

where M, is the mass (in Da) of the reduced and carbamidomethyl-
ated protein.
Finally, the number of disulfide bonds Ng ¢ can be calculated from

Equation 3.
Nss = (Ncys — Ngu)/2

Cell Adhesion Studies—Adhesion studies of cultured cells labeled
with 5-chloromethyl fluorescein diacetate were performed essentially as

(Eq.3)

described (31, 32). For inhibition studies, increasing concentrations of
disintegrins were incubated for 30 min at 37 °C with 1 X 10> 5-chloro-
methyl fluorescein diacetate-labeled cells in the wells of a 96-well
enzyme-linked immunosorbent assay plate, previously covered with
collagen IV (2 ug/mlin 100 ul of Hank’s balanced salt solution contain-
ing 3 mm Mg”"). After washing with the same buffer, the adhered cells
were lysed with Triton X-100 and the plate was read using a FLx800
fluorescence plate reader. The percentage inhibition was calculated by
comparison with the fluorescence values obtained from control samples
without integrin inhibitors.

NMR Spectroscopy—For one-dimensional "H NMR analyses, each of
the two HPLC fractions of wild-type r-jerdostatin was dissolved in 5%
D,0, 95% H,O and placed in 5-mm Shigemi H,O/D,O susceptibility
matched NMR tubes. Final concentrations of the samples were deter-
mined by UV-visible spectroscopy and were 2.4 and 1.4 mm for con-
formers HPLC-1 and HPLC-2, respectively. NMR spectra were
recorded on a Bruker Avance NMR spectrometer operating at a 'H
frequency of 500.13 MHz and equipped with conventional BBI dual
"H-Broadband probe. The spectra were processed on a SGI O, work
station running the XWIN-NMR version 3.1 software. Processing
included stages of apodization with a Gaussian function and zero filling
to double number of points. Solvent signal suppression was achieved
either by using the double WATERGATE pulse sequence (33, 34) or by
low-power irradiation at the water resonance frequency. A recycling
relaxation delay of 1.5 segments between transients was employed in all
experiments. Spectra recorded for both samples included one-dimen-
sional double WATERGATE "H and one-dimensional 'H NOE.

RESULTS AND DISCUSSION

The Structure of the Jerdostatin Open Reading Frame Provides Clues
for Its Evolutionary Emergence—Jerdostatin represents a novel non-
RGD short disintegrin encoded by a cDNA amplified from the venom
gland mRNA of T. jerdonii by reverse transcriptase-PCR using primers
complementary of the highly conserved 5'-and 3’-noncoding regions of
other Trimeresurus disintegrins genes. The cDNA of jerdostatin com-
prised 369 bp (GenBank accession code AY262730) coding for an open
reading frame of 333 bp including a signal sequence (1-20), a pre-pep-
tide (21-68), and an obtustatin-like short disintegrin domain (residues
69-110) (Fig. 1A).

Although the vast majority of disintegrins, including all known
monomeric PIII, long, and medium-sized disintegrins, are derived by
proteolysis of a large mosaic metalloproteinase precursor (35), the
a-subunit of the dimeric disintegrin acostatin from Agkistrodon contor-
trix contortrix venom has been reported to be coded for by a short-
coding mRNA (36) similar to the jerdostatins messenger (Fig. 1B). Note-
worthy, the jerdostatin pre-peptide sequence encompasses a region that
is a homolog of the N-terminal sequence of acostatin-a harboring the
first 3 cysteine residues of the mature molecule. Current biochemical
and genetic data support the view that the different groups of the disin-
tegrin family evolved from a common ancestor and that structural
diversification occurred through disulfide bond engineering (35). In line
with this view, the jerdostatin cDNA structure reported here, which
represents the first complete open reading frame of a short disintegrin,
points to a mechanism for the emergence of jerdostatin from a short-
coding gene similar to that of acostatin-a. Fig. 1C depicts a scheme of
the proposed evolutionary pathway, which involves substitutions of the
first three N-terminal cysteine residues, the appearance of the short
disintegrin-specific cysteine at the C-terminal region (underlined), and
proteolytic processing of the precursor molecule at the N- and C-ter-
minal regions. It is worth noting that the known native -fold of short
disintegrins adopt a slightly different disulfide bond pattern than that of
the dimeric disintegrin chains (Fig. 1C), providing further possibilities
for the evolution of the structure and function of this family of integrin
antagonists.

Recombinant Expression of Two HPLC Conformers of Jerdostatin—
The deduced primary structure of jerdostatin exhibits 80 —85% amino
acid sequence identity with the KTS-disintegrins lebestatin from M. le-
betina, obtustatin from V. lebetina obtusa venom (11, 21), and viperista-
tin isolated from the venom of V. palestinae (22) (Fig. 2). Noteworthy,
the 7-9 different residues between jerdostatin and the KTS-disintegrins
are segregated within the C-terminal half of the molecule, including the

ICspe (nM)
3 -1 5 10 15 20 25 30 35 40
r-jerdostatin-R21  amdCTTGPCCRQCKLKPAGTTCWRTSVSSHYCTGRSCECPSYPGNG 180
r-jerdostatin-K21 amdCTTGPCCROCKLKPAGTTCWKTSVSSHYCTGRSCECPSYPGNG 703
Obtustatin CTTGPCCRQCKLKPAGTTCWKTSLTSHYCTGKSCDCPLYPG 2
Lebestatin CTTGPCCRQCKLKPAGTTCWKTSRTSHYCTGKSCDCPSYPG 0.4
Viperistatin CTTGPCCRQCKLKPAGTTCWKTSRTSHYCTGKSCDCPVYQG 0.08

FIGURE 2. Comparison of the amino acid sequences and «, 3,-collagen IV inhibitory activities of r-jerdostatin-R21, r-jerdostatin-K21, obtustatin (V. lebetina obtusa (21)),

lebestatin (M. lebetina), and viperistatin (V. palestinae (22)). Cysteine residues are

underlined and the active motifs are in italics. Amino acid residues that are different from

viperistatin are double underlined. Residues —3 and —1 correspond to the expression vector pET32a. Data not shown for lebstatin (L. Sanz et al., manuscript in preparation).
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integrin-recognition loop and the C-terminal tail, two structural ele-
ments that form a continuous functional epitope in the three-dimen-
sional structure of obtustatin (24, 25). In particular, jerdostatin contains
a novel RTS motif instead of the KTS tripeptide found in lebestatin,
obtustatin, and viperistatin. The KTS motif has been shown to endow
disintegrins with selective inhibitory activity of the in vitro adhesion of
integrin «;3; to immobilized collagen IV (21) and of angiogenesis in
vivo (11). To investigate the biological activity of jerdostatin, the wild-
type disintegrin was expressed in E. coli Origami B cells as a jerdostatin-
thioredoxin-His, fusion protein. The Origami B cells are derived from a
lacZY mutant of E. coli BL21 and provide mutations in both the thiore-
doxin reductase (trxB) and glutathione reductase (gor) genes, greatly
enhancing disulfide bond formation in the bacterial cytoplasm (37).
Induction of the expression of the recombinant fusion protein construct
was independent of the addition of the (0.1 mm) Lac operon inducer
isopropyl B-b-thiogalactosidase, and the recombinant fusion protein
was produced in approximately equal amounts in the soluble and insol-
uble cell lysate fractions (Fig. 3, lanes ¢ and d). The expression of the
fusion protein in these two subcellular fractions was assessed by
MALDI-TOF mass fingerprinting of in-gel tryptic digests followed by
collision-induced dissociation of selected monoisotopic ions. In partic-
ular, the simultaneous presence of ions from thioredoxin (903.3 (27),
MIAPILDEIADEYQGK, and 634.3 (27), LNIDQNPGTAPK) and jer-
dostatin (595.4 (2*) LKPAGTTCWR, and 627.9 (2*), TSVSSHYCTGR)
demonstrated that the protein band corresponded to the expected
recombinant fusion protein product.

Affinity chromatography on a HisTrap column of the enterokinase
degradation mixture of the jerdostatin-thioredoxin-His, fusion protein
yielded major (80%) non-bound and minor (20%) retarded fractions.
Both protein fractions eluted at the same position from the Superdex
Peptide size-exclusion column used to complete the purification proto-
col, exhibited distinct reverse-phase HPLC elution profile, and had the
same amino acid sequence (AMDCTTGPCCRQCKLKP ... ) (Fig. 2),
MALDI-TOF native isotope-averaged molecular mass (4898.6 Da) (Fig.
3B), and tryptic peptide mass fingerprinting expected for reduced and
carbamidomethylated r-jerdostatin. Sequence analysis of the tryptic
peptides was done by collision-induced fragmentation tandem mass
spectrometry and confirmed the MALDI-TOF mass fingerprint assign-
ments. The final purification yields of the two jerdostatin isoforms, des-
ignated according to their elution order from the reverse-phase HPLC
column as conformers-1 and -2 of wild-type r-jerdostatin (r-jerdosta-
tin-R21), were about 2 and 0.5 mg, respectively, per liter of Origami B
cell culture. The monoisotopic molecular masses of r-jerdostatin-R21
conformers 1 and 2, measured by nanoelectrospray ionization mass
spectrometry, were both 4894.6 = 0.3 Da (Fig. 3B, inset), which matched
accurately the calculated value for the ¢cDNA-derived amino acid
sequence of the disintegrin (Fig. 2) with fully oxidized cysteine residues
(calculated mass 4894.8 Da). Furthermore, mass spectrometric analysis
of the reduced and carbamidomethylated conformers 1 and 2 yielded
the same isotope-averaged molecular mass of 5363.2 Da. Incubation of
r-jerdostatin-R21 isoforms 1 and 2 with iodoacetamide under denatur-
ing but nonreducing conditions did not change their molecular masses.
Hence, the mass difference of 464.6 Da between the native and reduced
and carbamidomethylated proteins clearly indicated that each r-jer-
dostatin isoform contained eight cysteine residues engaged in the for-
mation of 4 disulfide bonds. Taken together, these data, along with the
different behaviors of r-jerdostatin-R21 conformers 1 and 2 on reverse-
phase HPLC suggested that the two isoforms may represent structural
conformers of r-jerdostatin. The stronger binding of conformer 2 to the
C18 matrix indicates that r-jerdostatin conformer 2 exposes more
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FIGURE 3. A, SDS-15% polyacrylamide gel electrophoretic analysis of the expression and
purification of wild-type (R21) r-jerdostatin. Lane g, cell lysates of E. coli Origami B cells
transformed with the mock pET32a plasmid. Lanes b and ¢, 100 ug of total proteins of the
insoluble and soluble fractions, respectively, of cell lysates of Origami B cells expressing
the jerdostatin-thioredoxin fusion protein construct. Lane d, HisTrap affinity purified jer-
dostatin-thioredoxin fusion protein. Lane e, protein mixture generated by digestion with
enterokinase of the jerdostatin-thioredoxin fusion protein. Lanes f and g, r-jerdostatin-1
and r-jerdostatin-2 proteins purified by reverse-phase chromatography of the flow-
through and the retarded fractions, respectively, of HisTrap affinity chromatography of
the protein mixture of lane e. Lane S, molecular mass markers (Mark12®, Invitrogen), from
top to bottom: bovine serum albumin (66.3 kDa), glutamic dehydrogenase (55.4 kDa),
lactate dehydrogenase (36.5 kDa), carbonic anhydrase (31.0 kDa), soybean trypsin inhib-
itor (21.5 kDa), lysozyme (14.4 kDa), aprotinin (6 kDa), and insulin B-chain (3.5 kDa). B,
MALDI-TOF (linear mode) mass spectrum of purified HPLC conformer 1 of r-jerdostatin-
R21.The inset shows the triply charged isotope cluster of r-jerdostatin-R21 determined
by nanoelectrospray mass spectrometry. The same results were obtained with the HPLC
conformer 2 of r-jerdostatin-R21. C, isotope-averaged molecular mass of purified HPLC
conformer 1 of r-jerdostatin-K21 determined by MALDI-TOF mass spectrometry. The
same result was obtained with the HPLC conformer 2 of r-jerdostatin-K21.

hydrophobic surface than conformer 1. We sought to investigate the
possibility that alternative disulfide bond connectivities could account
for the different chromatographic behaviors of the two r-jerdostatin-
R21 conformers. Determination of their disulfide bond pattern(s) was
not possible, however, because both proteins were resistant to enzy-
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matic proteolysis and chemical degradation with oxalic acid. Degrada-
tion with oxalic acid has been previously used to assign disulfide bonds
in echistatin (38) (short, RGD-containing disintegrin), bitistatin (39)
(long RGD-disintegrin), and EMF10 (40) (dimeric disintegrin), but did
not work with obtustatin, indicating that the KTS/RTS-disintegrins
are unique among disintegrins regarding their unusual stable
conformation.

Conformers 1 and 2 Represent, Respectively, Native and Unfolded
r-Jerdostatin-R21 Molecular Species—The folding status of conformers
1 and 2 of r-jerdostatin-R21 was assessed by one-dimensional "H NMR
(41, 42). NMR spectra of the two samples showed a good signal-to-noise
ratio, and water signal line width in the spectra of both samples, even
without water suppression, was very narrow, indicating a good field

ppm

FIGURE 4. One-dimensional "H double WATERGATE NMR spectra recorded in 95%
H,0, 5% D,0 at 500 MHz and 25°C showing the amide and aromatic proton region
narrow proton peaks of HPLC conformers 1 (A) and 2 (B) of r-jerdostatin-R21. The
good resonance dispersion in panel A, characteristic of a well folded protein, contrasts
with the low resonance dispersion and broad peaks in panel B, indicative of an unfolded
flexible protein.

homogeneity. Spectra recorded using the double WATERGATE sol-
vent signal suppression method are shown in Fig. 4. The narrow proton
peaks along with good resonance dispersion of at least 50 different peaks
in the amide and aromatic proton regions (Fig. 4A4) clearly indicate that
conformer 1 possesses a well folded structure. On the other hand, the
NMR spectrum of conformer 2 shown in Fig. 4B displays low resonance
dispersion and broad peaks, which are indications of an unfolded flexi-
ble protein. Spectral differences between both r-jerdostatin-R21 con-
formers are particularly dramatic in the methyl proton region, from 0.5
to 1.5 ppm, where the dispersed and narrow set of peaks of conformer 1
contrasts with the presence of a wide band at the 1 ppm position in
conformer 2. It is also worth noting that the peak at 10.02 ppm, which
belongs to the HN side chain of the single r-jerdostatin tryptophan
residue at position 20 (Fig. 2), remains at the same position in the spec-
tra of both r-jerdostatin conformers, suggesting that this proton is
exposed to the solvent and does not participate in intra-protein inter-
actions. However, the significant broadening experimented by this pro-
ton peak in the spectrum of conformer 2 (Fig. 4B) indicates a larger
degree of flexibility of Trp®° in the unfolded versus the folded (con-
former 1) r-jerdostatin-R21 species.

Conformers 1 and 2 of r-Jerdostatin-R21 Exhibit the Same Integrin
Inhibitory Specificity Although Distinct Potency—Conformers 1 and 2 of
r-jerdostatin-R21 were screened against a panel of integrins using the
same cell adhesion inhibition assays described for the KTS-disintegrins
obtustatin (11, 21) and viperistatin (22). Both r-jerdostatin conformers
proved to be selective inhibitors of the binding of the «, 3, integrin to
collagen IV (TABLE ONE, Fig. 5), and none of them showed inhibitory
activity toward other integrins such as a8, o,Bs @B, asB; ayBy,
agf;, and ayB; (TABLE ONE). The restricted integrin specificity of
conformers 1 and 2 was highlighted by the fact that neither r-jerdosta-
tin-R21 species blocked the adhesion of a,-K562 cells to collagen
ligands (TABLE ONE), a functional featured shared by the KTS-disin-
tegrins. However, the IC,, of conformer 1 (180 nM) was, respectively,
about 90, 900, and 2250 times less potent than obtustatin (IC5, 2 nm),
lebestatin (IC, 0.2 nM), and viperistatin (IC5, 0.08 nMm), inhibiting the
binding of cells expressing integrin o, 8, to immobilized collagen IV. On
the other hand, r-jerdostatin-R21 conformer 2 (IC5, 5950 nm) was 33
times less active than conformer 1 (Fig. 5, TABLE ONE). These func-
tional data in conjunction with the one-dimensional 'H NMR analysis
of the two r-jerdostatin-R21 conformers discussed above and shown in
Fig. 4 supports the view that conformer 1 has a native, fully active dis-

TABLE ONE

40720 JOURNAL OF BIOLOGICAL CHEMISTRY

Inhibitory effects of the HPLC-1 and HPLC-2 conformers of wild-type r-jerdostatin-R21 and the mutant r-jerdostatin-K21 on various integrins in
cell adhesion assays
The data represent the mean of three experiments. Coll, collagen; LM, laminin; FN, fibronectin; VCAM-1, vascular cell adhesion molecule-1; FG, fibrinogen; VN,
vitronectin. a-, a,-, and ag-K562, K562 cells transfected with «;, o, or ag integrins; SW480a 9, SW480 cells transfected with the a, integrin. HPLC-1 and
HPLC-2, conformers 1 and 2, respectively.
ICs,
Cell Integrin Ligand r-Jerdostatin-R21 r-Jerdostatin-K21
HPLC-1 | HPLC-2 HPLC-1 | HPLC-2
nm nm

a;-K562 g ColllV 180 5,950 703 12,500

a,-K562 p Coll T >24,000 >24,000 >24,000 >24,000

a,-K562 2y ColllV >24,000 >24,000 >24,000 >24,000

ag-K562 Qg1 LM >24,000 >24,000 >24,000 >24,000

K562 Qs FN >24,000 >24,000 >24,000 >24,000

Jurkat Qap1 VCAM-1 >24,000 >24,000 >24,000 >24,000

SW480a9 Qg VCAM-1 >24,000 >24,000 >24,000 >24,000

Platelets Qrbp3 EG >24,000 >24,000 >24,000 >24,000

JY Qa3 VN >24,000 >24,000 >24,000 >24,000
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integrin-fold, whereas conformer 2 may represent a non-native, activity
compromised disintegrin molecule.

The lower inhibitory activity of the RTS versus KTS-disintegrins sug-
gests that the amino acid residues that differentiate jerdostatin from
obtustatin/viperistatin may create a distinct chemical environment
responsible for its decreased potency, although these differences do not
affect the restricted inhibitory selectivity of jerdostatin toward integrin
a,B,. Among them, Arg?!, Val**, and Ser®® belong to the integrin bind-
ing loop, Arg® and Glu®® lay at the face opposite to the integrin binding
loop, Ser®® forms part of the hydrophobic core of the protein, and Pro*’,
Asn®? and Gly*® reside in the C-terminal region of the molecule (Fig. 6).
Mutations at positions 32, 35, and 38 may not significantly alter the
conformation of the disintegrin, and may therefore represent neutral
mutations. In line with this assumption, pairwise comparison of the
amino acid sequences and inhibitory potency of the KTS-disintegrins
shown in Fig. 2 indicate that substitution at positions 38 and 40 impair
the potency of lebestatin versus viperistatin. An extra mutation R24L in
obtustatin further decreases 1 order of magnitude the a,f3; blocking
activity of this disintegrin when compared with lebestatin. In agreement
with this reasoning, comparison of the o3, inhibitory activities of
viperistatin and obtustatin, using synthetic peptides representing their
integrin binding loops (viperistatin, PCWKTSRTSHYC?; obtustatin,
PCWKTSLTSHYC?®), showed that the 25-fold increased inhibitory
activity of viperistatin over obtustatin was because of an Arg/Leu muta-
tion at position 24 of the integrin binding loop and a GIn/Pro substitu-
tion at position 40 of the C-terminal region (22).

100 -
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FIGURE 5. Effect of the native folded conformer 1 (filled circles) and the unfolded
conformer 2 (open circles) of r-jerdostatin-R21 and conformer 1 (filled triangles) and
conformer 2 (open triangles) of r-jerdostatin-K21 on the adhesion of a,-K562 cells
to immobilized collagen IV. Error bars represent S.D. from three duplicated
experiments.

The possible contribution of integrin binding loop residues Arg*,
Val®*, and Ser™ to the decreased &, 8, inhibitory ability of r-jerdostatin-
R21 versus its homologue KTS-disintegrins was assessed using 9 sets of
positional-restricted combinatorial synthetic peptides. Each set con-
tained 19 peptides representing the entire integrin-recognition loop of
obtustatin but differing in the residue at a single position
(*CX,KTSLTSHYC?; "CWX,TSLTSHYC?; etc., where X, is an
equimolar mixture of all amino acids except cysteine). Compared with
an obtustatin control loop peptide, sets X,, X5, X,, and X, exhibited
about 5-fold enhanced activity, whereas X, X, Xq, Xg, and X, showed
2-5-fold decreased activity. Although the neat differences in activity
were modest, probably because of compensatory effects, the results
were recurrent and converged to indicate that most of the integrin bind-
ingloop positions may play a functional role either through direct inter-
actions with the receptor, or indirectly by maintaining the active con-
formation of the loop, as shown for Thr** of obtustatin (25). According
to the NMR structure of obtustatin, residues at positions X;, X,, X, and
X, are surface-exposed amino acids of the integrin binding loop. Note-
worthy, X, corresponds to Lys*', and thus the results indicating that
substitutions at this position enhanced the «, 8, inhibitory ability of the
peptides suggests that KTS may be a suboptimal «, 8, inhibitory motif.
On the other hand, this result provided circumstantial evidence against
a more potent inhibitory activity of KTS versus RTS. To further check
this hypothesis, a single R21K mutant (r-jerdostatin-K21) was generated
by site-directed mutagenesis, as described under “Experimental
Procedures.”

The r-Jerdostatin-K21 Mutant Is a Weaker Inhibitor of Integrin o3,
Than Wild-type r-Jerdostatin-R21—Recombinant jerdostatin exhibit-
ing the integrin-binding motif >’ KTS*® instead of 'RTS™, r-jerdostatin-
K21, was expressed and purified as described for wild-type r-jerdosta-
tin-R21. Similar to wild-type disintegrin, two protein fractions differing
in their HisTrap and reverse-phase HPLC elution times, but displaying
the same amino acid sequence and the expected molecular mass of the
fully disulfide-bonded mutant protein (4870 Da) (Fig. 3C), were puri-
fied. Furthermore, both conformers of the Lys*' mutant selectively
impaired the adhesion of «;-K562 cells to collagen IV (TABLE ONE),
although conformer 1 was significantly more potent than conformer 2.
Nonetheless, the r-jerdostatin-K21 conformers are weaker inhibitors
than the homologous wild-type proteins (TABLE ONE), indicating that
the KTS motif is a less potent antagonist of the integrin «; 8, than RTS.

Concluding Remarks—Based on its structural and functional charac-
teristics, we propose that jerdostatin belongs, together with obtustatin,
viperistatin, and lebestatin to the novel class of short-sized «; 3, -specific
disintegrins. A distinct feature of jerdostatin is its novel *'RTS*® motif,
which appears to represent a more potent inhibitor of integrin «,8,;

FIGURE 6. Stereo drawing of a molecular model of wild-type r-jerdostatin-R21 based on the NMR solution structure of obtustatin (Protein Data Bank 1MPZ) (24) showing
the location of residues (rendered in the ball-and-stick representation) that differentiate r-jerdostatin-R21 from obtustatin: Arg?’, Val?4, and Ser?* within the integrin
binding loop, Arg>2 and Glu3® at the face opposing the integrin binding loop, Ser>2 in the hydrophobic core of the protein, and Pro*?, Asn*?, and Gly** in the C-terminal
region of the molecule. The conformation and relative orientation of C-terminal residues Asn*? and Gly*3, which are absent in obtustatin, has been arbitrary modeled.
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than KTS. The fact that recombinant wild-type jerdostatin is less active
than KTS-disintegrins obtustatin, viperistatin, and lebestatin isolated
from their natural sources, suggests that amino acid residues of jer-
dostatin outside of the integrin binding motif and departing from the
primary structures of the KTS-disintegrins may create a distinct chem-
ical environment responsible for the lower inhibitory activity of jer-
dostatin, although these substitutions do not affect the restricted inhib-
itory selectivity of jerdostatin toward integrin «; ;. On the other hand,
NMR studies have revealed that the integrin binding loop and the C-ter-
minal tail of obtustatin (24, 25) and echistatin (43) are structurally linked
and display concerted motions in the 100—-300-ps time scale, strongly
indicating that these two functional regions may form a conformational
epitope engaged in extensive interactions with the target integrin recep-
tor. Jerdostatin, like lebestatin, possesses serine and proline at positions
38 and 40, respectively, making it unlikely that these residues account
for the decreased functional activity of the recombinant disintegrin.
However, a distinct feature of r-jerdostatin is the presence of two C-ter-
minal residues (**NG*?), which in all venom-isolated members of the
o, 3;-specific short disintegrins are post-translationally removed. The
structural and functional consequences of the lack of C-terminal proc-
essing deserve further detailed investigation.
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Conclusiones

1.

A pesar de carecer de la secuencia del genoma de ninguna serpiente y
de disponer de un restringido repertorio de secuencias de proteinas de
venenos de sélo unas pocas especies de serpientes, la aplicacion de
técnicas protedmicas -vendmica- permite la caracterizacién exhaustiva
de la composicién proteica de los venenos de serpientes de la familia

Viperinae.

Los proteomas de las especies de serpientes Viperinae caracterizados
hasta la fecha estdn constituidos por isoformas de unas pocas
(tipicamente 10-12) familias de proteinas, cuya abundancia relativa

presenta gran variacion interespecifica.

Debido a su singular estructura modular (metaloproteasa PII con
dominio tipo disintegrina PIIT) postulamos que BA-A5 representa un
intermediario evolutivo en la ruta de diversificacion de una

metaloproteasa PIII a una disintegrina larga, posiblemente bitistatina.

Postulamos que el mecanismo de diversificacion de las disintegrinas
incluyé la siguiente sucesién temporal de eventos: delecidn del dominio
rico en cisteinas, pérdida del enlace entre CysXIII-CysXVI, vy
aparicion del motivo de inhibicién de integrinas en el dpice de un bucle

movil.

El hecho de que todas las secuencias de cDNA amplificadas que
codifican para disintegrinas diméricas pertenezcan al tipo “mensajero
corto”, sugiere que la pérdida del dominio metaloproteasa constituyé
un paso importante del mecanismo de emergencia y diversificacién de

las disintegrinas dimérica.

La existencia de mensajeros que codifican para disintegrinas no

expresadas en el veneno podria indicar la existencia de "fondos de
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reserva genomicos" de eventual relevancia para la adaptacién a

ecosistemas cambiantes.

7. La disintegrina corta ocelatusina se origind a partir de la
transformacién de un precursor del grupo de las subunidades de
disintegrinas diméricas. Las mutaciones Cys->Tyr y Ser->Cys
representan los cambios aminoacidicos minimos necesarios para
convertir una subunidad de disintegrina dimérica en una disintegrina

corta.
8. La pérdida sucesiva de intrones forma parte de un mecanismo evolutivo

de diversificacion de las disintegrinas que conlleva una evolucién

acelerada y una minimizacién de las estructuras génica y proteica.
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