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RESUMEN

La entrada de diferentes familias virus a su célula huésped es un proceso de varios
pasos, en el que diversas proteinas, tanto celulares como virales, estdn involucradas.
Ademds, durante la entrada ocurren una serie de cambios conformacionales en la particula
viral, que finKalmente le permiten ingresar a la célula. Los rotavirus, principal agente
etiolégico de gastroenteritis infantil, también utilizan-una variedad de moléculas celulares
como receptores por lo que su entrada involucra varias interacciones con ]ﬁ superfiéie
celular; estas interacciones son llevadas a cabo por las proteinas virales que conforman la
capa externa, llamadas VP7 y VP4, Para activar la infectividad viral es necesario que la
proteina VP4 sufra un corte proteolitico, lo que da lugar a los polipéptidos VP8 y VPS.

Entre las proteinas celulares que han sido identificadas como receptores para
rotavirus se encuentran la integrina 0281 (8). la integrina avf33 (29) y la proteina de choque
térmico hsc70 (28). En este trabajo caracterizamos las proteinas virales, y las regiones
dentro de €stas, responsables de las interacciones con las tres proteinas celulares arriba
mencionadas. Asi, encontramos que ldé rotavirus se unen a la integrina o231 a través de los
aminodcidos DGE localizados en la proteina viral VP5. En esta misma prbte_fna viral
cncoﬁtramos otro dominio de unién a la superficie celular, responsable de la interaccién de
los rotavirus con la proteina hsc70. Por otro lado, encontramos que los rotavirus
interaccjonan con la integrina avf3 a través de una region de la glicoprotefna VP7, que )
contiene la secuencia CNP. Este hallazgo no solameﬁte nos permitié establecer por primera
vez una funcién especifica para la proteina VP7, sino que édemés nos permitié proponer un
nuevo motivo de interaccién con la integrina avp3, que podria ser ﬁtilizado por otros
ligandos de ésta.

En ggpjunto, los datos obtenidos en este trabajo nos han permitido identificar en la
particula viral varios dominios de interaccién con la célula y proponer un modelo de.
interacciog!iawsu_:s:e.cuenciales del virus con la superficie celular, que culminarfan en la entrada

de los rotavirus ala célula para establecer la infeccion en el citoplasma.



SUMMARY

The entry of a virus into its host cell is a multistep process that involves several
proteins of cellular, and viral origin. Generally, this process induces conformational changes
- in the viral particle, that allow the virus to reach the cytoplasm. Rotaviruses, the mos{
important égent of viral gastroenteritis, interact with several cell surface molecules, and the
entry process involves sequential interactions \&ith its receptors; these interactions are
‘mediated by thé outermost layer of the virion, which is composed by two proteins, VP7 and
VP4. The éntry of the virus depends on the proteolytic treatment bf the particle with trypsin,
which specifically.cleaves the VP4 protein into polypeptides VP§ and VPS5.

Several cel]ﬁlar molecﬁles are known to be involved on rotavirus infectivity, among

them are the integrin a2(1 (8), the integrin ov33 (29), and the heat shock cognéte protein
hsc70 (28). In this work we charlacteriZed the viral proteins, and the domains Within them,
that are responsible for the interactions of rotavirus with the cellular proteins mentioned
~ above. We found that rotaviruses bind to the integrin 021 through the integrin binding
motif DGE, located in the viral protein VP5. We also found that there is an additional
binding domain in VPS5, that is used by rotaviruses to interact with the hsc70 protein.
o On the-other hand, we found that rotaviruses interact with the integrin 0.vB3 through
a region, within the VP7 protein, that contains the aminoacid sequence CNP, this finding not
only allowed us to establish for the first time a role for the VP7 protein, but led us to .
propose a novel integrin binding motif that could be used by other proteins to interact with
integrin avf33.

Aitogcther, the data obtained in this work allowed us to describe 'sever.al cell surface
interacting domains in the outermost layer of the viral particle; in .addition we h.ave proposed -
a modél for the early interactions of the virus with its host cell that consists in sequential

steps that finally allow rotaviruses to establish a productive infection.



INTRODUCCION
1. Generalidades

Los rotavirus del grupo A son el principal agente etiblég_ico de las diarreas
deshidratantes severas en nifios menores de dos afios. Se ha estimado que una vacuna
efectiva contra estos virus podria evitar cerca de 800,000 muertes cada afio. La infeccién por
rotavinis es muy comuiin, pues se ha observado que a la edad de 5 afios el 95 _% de los nifios
ya han sido inféctados por estos virus. La mayor incidencia de la enfermedad se situa entre
los 6 meses y los 2 afios de edad, siendo esta poblacion la que presenta un mayor riesgo de
sufrir una diarrea severa que requiera hospitalizacién. Si bien la mortalidad debida a las.
infecciones por rotavirus es mucho méyor en pafses en desarrollo Que en pafses
desarrollados, la frecuencia de infeccién es muy similar en todo ei mundo; €sto indica que
atn niveles de higiene avanzados son incapaces de controlar significativamente las
infecciones ocasionadas por estos virus (41). Por todo lo anterior, existe un interés
considerable para desarrollar estrategias efectivas de vacunacién que prevengan este tipo de
infecciones.

‘Los rotavirus se clasifican dentro de la familia Reoviridae; estos virus carecen de
envoltura lipfdica y su didmetro es de aproximadamente 100 nm. El genoma viral estd
compuesto por once segmentos de RNA de doble cadena, que codifican para 6 proteinas
estructurales y 6 proteinas no estructurales. La particula viral estd formada por tres capas
concéntricas de proteinas. L.a capa més interna estd formada por 60 dimeros de la proteina
VP2, dentro_ de este ‘“‘core” viral se encuemfan el genoma .y pequenas cantid.ades de las
proteinas VPI y VP3, las cuales tienen actividad de RNA polimerasa y de guanilil
transferasa,‘respectivarne'nte. La capa intermedia de la particula viral est4 formada por 260
‘t.rl’_meros de la proteina VP6, que es la proteina mds abundante del virién. La capa mds
externa de lés rotavirus estd formada por dos proteinas: la glicoproteina VP7 (780 copias),
que forma la superficie lisa del virién y. bor 60 dimeros de ia proteina VP4, que se proyectan

- en forma de espiculas desde Ia superficie de la particula viral (19) (Figura 1).
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Figura 1. Representacion esquemitica de rotavirus. Se muestra la estructura de la particula viral.
En gris se muestra el “core” viral formado por la proteina VP2. La capa intermedia, constituida
pof VP, estd representada en azul. La capa externa, que se muestra cn amarillo, estd formada
por la proteina VP7 y las espiculas de VP4,

| Los rolavirus poscen un tropismo muy especilico, in vive infectan dnicamente los
enterocitos de las punlas de las vellosidades del intestino delgado ¢ in vitro s6lo son capaces
dec infcctar lincas celulares .dcri\'adas de cpitelio renal e intestinal (41). Los rotavirus inician
su ciclo de infeccién mediante el reconocimicnto de receptlores especificos cn la membrana

dc su célula huésped, cstos receptores les permiten aceeder al citoplasma mediante un
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mMecanismo qﬁe ain no ha sido dilucidado. Durante su basp hacia el citoplasina, o bien una
vez que se encuentran en éste, los rotavirus pierden las protefnas de capa externa; este
eventcﬂ)ﬂ sefiala el inicio de la transcripci6n viral. Los RNAs menéajeros se utilizan en la
sintesis de protefnas virales y como templado durante la replicac.ién_ del genoma. La
replicacién y la morfogénesis de las particulas virales inmaduras OCuITe en regiones densaé
del citoplasma, compuestas por proteinas y material genétic‘o‘virales, a las cuales se
denomina viroplasmas. Las particulas inmaduras, con dos de las tres capas protéicas, geman
hacia el lumen del reticulo endopldsmico, adquiriendo una membrana lipidica transitoria;
dicha membrana es sustituida por las proteinas virales VP7 y VP4 (mediante un proceso
que alin no ha sido caracterizado),

dando como resultado la formacién de particulas virales maduras. Finalmente los viriones

maduros son liberados mediante lisis celular (18).

_ 2, Eventos inciales de la infeccién.
A. Corte con trfpsina. . -

o Sabemqs que la infec_tiyidad de los rotavirus aumenta y muy probablemente
depende de que el virus haya sido tratado con tripsina. Este tratamiento proteolitico resulta
en el corte especifico de VP4 (776 aa) que genera dos polipéptidos de menor pe'so.m(')]ecular,
llamados VP8 (aa 1-231) y VP35 (aa 247 a 776) (4, 48). El corte de VP4 no afecta la unién del
. virus a la célula y mds bien ha sido asociado con la entrada del virus, por penetraﬁién directa

(40, 68).

El mecanismo por el cudl el tratamiento de las particulas virales con tripsina

incrementa Ja infectividad no se conoce aiin, pero se han propuesto dos posibles IMecanismos:
por un lado, los extremos generados por-el corte de VP4 podrian promover la penetracién del
virus o la interaccion con otras m@léculagt,.celulares; o bien, el corte con tripsiné podria
inducir un cambio conformacional en VP4, que expusiera nuevos ddminios‘de interaccién

con la superficie celular.

-



Figura 2. Criomicroscopia electrénica comparativa entre rotavirus cortados (A y C) o no
cortados (By D) con tripsina. En los pédneles A y B se muestra el aspecto de la particula
completa. En C y D se muestran los cambios en la conformacién de la proteina VP7 (en
amarillo) sefialados con una flecha roja. Tomado de Crawford y col. (2001).




Recientemente un estudio de criomicroscopia electrénica mostré que existen
diferencias estructurales entre las particulas virales tratadas o no con tripsina. Asi, se observé
que en las particulas virales no cortadas con tripsina, las espiculas de VP4 aparecen difusas,
lo que ind_ica que no se encuentran ordenadas y que pueden adoptar una serie de
conformaciones distintas; .al tratar a éstos virus con tripsina las espiculas se hacen més
_evidéntes, indicando que el tratamiento con tripsina da lugar a espiculas con una
conformacién ordenada (Figura ZA. y 2B). Ademds, se observé que también existen
diferencias en la conformacién de la proteina VP7 entre-los virus tratados o no con tripsina
(Figura 2C y 2D). Sin embargo, atin no se ha determinado si este cambio enl\'_/P7 es un efecto

“directo de la tripsina, o bien, si es un reflejo de los cambios que ocurren en la conformacién
de VP4 (9).' Las diferencias estructurales encontradas entre las particulas virales cortadas o
no con tripsina, sugieren que este tratamiento_ proteolitico induce cambios conformacionales

enla Rﬁrtfcula viral que posiblemente le permiten ser compet:\‘ente'para_inciar la penetracion

hacia el citoplasma celular.

B. Dependencia de acido sidlico.

En cultivo, la infectividad de varios rotavirus de origen animal es sensible al
tratamiento de las célulgg con neuraminidasa (NA), lo cual indica que es necesaria la
presencia de dcido sidlico (AS)en la s.uperfi;ie celular para que estos virus sean capaces de
infectarla (25). Ademds, al preincubar a estos virus con proteinas sialidadas (por ejemplo
glicoforina) se inhibe su infectividad (42, 78), lo que indica que si en estos virus se bloquea
el sitio de interaccién con AS, se préviéne su infectividad. Sin embargo, posteriormente se ha
encontrado que.la interaccién con AS no es esencial para la infectividad de los rotavirus,
pues se han aislado variantes virales que son resistentes al tratamiento de las células con NA
y no requieren de la presencia de AS para infectar a la célula (55); ademds, existen cepas de
rotavirus Bnimales que son naturalmente resistentes al _1ratamicn.tq de las células con NA, al

.igual que la mayoria de las cepas aisladas de humano (6, 57).

L



i, -

Tradicionalmente las cepas de rotavirus han sido clasificadas como dependientes e
independientes de AS, con base en su resistencia al tratamiento con NA; sin embargo,
recientemente se ha visto, en ensayos de cromatograffa en capa fina, que algunos rotavirus,

tipicamente considerados como independientes de AS, se unen al gangliésido GM1 que

_posee AS internos que no son removidos por ¢l tratamiento con NA (11). Por otra parte, Guo

y col demostraron que la infectividad de algunos rotavirus de origen humano, considérados
como independientes de AS, es inhibida al preincubar las células con la subunidad B de la
téxina de célera, que se une al gdnglidsido GM1. Con base en estos resultados recientes,
consideramos que Ia clasificacién de los rotavirus basada en la dependencia de AS debe ser
reevaluada y por el momento la clasificacién mds apropiada debe de considerar si la

infectividad de estos virus es resistente o no al tratamiento de las células con NA.

C. La entrada de rotavirus es un proceso de varios pasos.

- La interaccidn inicial de un virus con sus receptores celulares da lugar a una serie de.
eventos dindmicos que finalmente le permiten al virus entrar a la célula. La interaccién virus-
receptor es, en si misma, un proceéo de varios pasos, pero ademas, los virus pueden utilizar
distintos receptores de ma.nefa secueﬁéial, o bien un grupo diferente de ellos dependiendo del
tip6 celular que estén infectando. Se ha encontrado que virus de distintas falhilias utilizah
cuando ménos dos tipos de receptores para interaccionar con su célula huésped: un recepior
de unidn, que en general le permite al virus anclarse de manera répida a la superficie celular
y un segundo tipo de receptores que le permiten la entrada a la célula, a estos receptores se
les ha llamado co-receptores o receptofes post-unién (70).

La entrada de los rotavirus también parece ser un proceso complejo que involucra
varios pasos, evidencié de ésto es que cepas de rotavirus aisladas de humano, nafuralménte

resistentes al tratamiento con NA, son capaces de cdmpetir la infectividad de cepas sensibles

al tratamiento con NA de manera no reciproca. Lo anterior sugiere que distintos rotavirus
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utilizan receptores diferentes para unirse inicialmente a la superficie celular, aunque
comparten al menos una de las interacciones posteriores (57).

El término entrada, entendido como el prirher paso del ciclo de infeccién de un
virus, describe la manera en la que un virus puede llegdr al citoplasma celular; ésto incluye
una gran variedad de mecanismos para distintos tipos de virus. Entre los que se hén descrito
se encuentran la fusion independiente de pH en la superficie de las cé€lulas, la fusi6n

dependiente de pH en las vesiculas endociticas, la endocitosis dependiente de receptor y los
cambios conformacionales que llevan al desnudamiento del genoma viral (70). Para varios
virus, :coﬁlo influenza y‘HIV, se ha propuesto un modelo de entrada que requiere que la‘
proteina viral encargada de unirse al receptor sufra un cambio en la estructura nativa hacia
una conformacién que sea competente para la entrada; este cambio puede ser inducido por el
contacto con el receptor inicial o por un cambio en el pH de] medio. Este modelo se basa en
la idea que la proteina se encuentra atrapada en un estado mefaestable ¥y que el cambio
conformacional seria, en consecuenci.a,‘ energéticamente favorable, facilitando el proceso de
fusién (5). En el_ caso de los rotavirus se desconce el mecanismo mediante el cual estos virus
entran a la célula, perb se ha propuesto que durante este proceso l_a particula viral podria
sufrir cambios conformacionales que explicarian el uso secuencial de receptores que ha sido

observado para estos virus.

D. Receptores de rotavirus

Existen varias moléculas celulares que han sido identificadas como receptores para
rotavirus. Los rotavirus sensibles al tratamiento con NA interaccionan en primer lugar con
una molécula celular que contiene AS que alin no ha sidoidentificada, aunque se ha
propuesto al gangliésido GM3 (31, 66); y, como se mencioné anteriormente, para algunos
rotavirus resistentes al tratamiento de las células con NA, ée ha propuesto como réceptor
inicial al gangliésido GM | (cﬁyos AS son resistentes a NA) (31). También se ha encontrado

que las integrinas 02B1, ad4P1 (8, 33) y avP3 (29) estdn involucradas en los primeros
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eventos de la infeccién por rotavirus, asi como la prdteina de choque térmico hsc70 (28).
Esta variedad de moléculas celulares (ninguna de las cudles parece ser capaz, por si sola, de
mediar la infectividad de los rotavirus), que han sido propuestas como receptores para estos
virus, sugiereg Elue durante la entrada de los rotavirus ocurre mis de una interaccién con la
superficie celular. Ademids eétas interacciones son secuenciales, puesto que se ha encontrado
que algunas de estas moléculas celulares funcionan como receptores post-uniéh.

Las integrihas forman parte de una familia de protefnas transmembranales que estdn
involucradas tanto en procesos de adhesién célula-célula y célula-matriz extracelular, como
en la sefializacién de procesos tan diversos como migracién, proliferacién, diferenciacion y
sobrevivencia (35, 39, 71). Estas proteinas estdn formadas por dos subunidades,
denominadas o y 8, que estéh unidas entre si de manera no covalente. Hasta el momento se
han descrito 18 subunidades o. diferentes, asf como 8 subunidades B: la combinacién de
estas subunidades determina la especificidad de ligando de cada 'iﬁtegrjna. En general, los
ligandos naturales de la integrinas son componentes de la matriz extracelular tales como
fibrinégeno, fibronectina, vitronectina y c'olégeno. Las secuencias de aminodcidos utilizadas
por estas protefnas para unirse a las integrinas han sido identificadas, asi, se ha observado
que gcheralmente el tripéptido RGD, presente en la vitronectina, funciona como motivo de
unién a la integrina avp3 (34); el ripéptido DGE _es\u_sado por el colageno de tipo I para
unirse a la integrina a2P1 (72); la secuencia IDA, que se encuentra en la fibronectina, sirve
como mbtivo de unién a la integrina a4f1 (59);_ la secuencia GPR, presente en el
| fibrinégeno, es reconocida por la integrina axB2 (47) y el tripéptido LDV es el sitio de
unién utiliza.do por el fibrinégeno para interaccionar con la intégrina o4f1 (43).

En células en reposo las integrinas estidn presentes en una conformacién latente o
inactiva; después de la activacién celular, estas proteinas Sufren uné serie de cambi_os
conformacionales que las convierten en receptores de alta afinidad para sus ligandos
~especificos. Las integrinas pueden sefializar a través de la membrana celular en cualquier

direccién: la unién extracelular de las integrinas es regulada desde el interior de las células

12

-



(sefializacién dentro-fuera), mientras que la unién de sus ligandos produce sefiales que son
transmitidas hacia el interior (sefializacién fuera-dentro). En la mayoria de los procesos de
sefializacién mediados por integrinas, el dominio citopldsmico de 1a subunidad 3 es esencial.
La activacién de tirosina cinasas iniciada por integrinas estd bien documentada (76), y se ha
visto que para el caso de adeﬁovirus y virus adeno-asociados, la activacién de 1a cinasa P13,
dependiente de integrinas, es nece_saria. para que el virus pueda e.ntrar é la célula (45, 69).

~ Recientemente se ha reportado que virus pertenecientes a distintas familiés pueden
utilizar a las integrinas como receptores; entre ellos estdn el virus de la fiebre aftosa (37), el
papilomavirus (20), los adenovirus (77), el coxsakievirus A9 (65), los hantavirus (26) y los
rotavirus (8, 29, 33). Algunos de estos virus utilizan los motivos de unién a integrinas
presentes en los ligandos naturalés. de estas proteinas; en general, €stos motivos estdn
pfesentes en las proteinas virales de superficie. Sin embargo, algunos de estos virus no-
poseen estos motivos de unidn a integrinas eﬁ ninguna de sus prbteinas de superficie, y las
. secuencias que utilizan para interaccionar con las integrinas se desconocen (62).

I,En el caso de los rotavirus, se ha encontrado que éstos poseen los siguientes motivos
de unién a integrinas en sus proteinas de superficie: en la proteina VP4 se encuentran los
motivds DGE e IDA de unidn a las integrinas o231 y a4B1, respéctivamente; mientras que
en VP7 se han reportado Ios tripéptidos EDV'y GPR de uni6n a las integrinas 04p1y axp2
(8, 33). Ademds se ha encontrado que en células MA104 anticuerpos dirigidos contra las
subunidades 02, B2, y 04, y péptidos que mimetizan a. los ligandos de estas integrinas
bloquean la infectividad del rotavirus SA11, el cué]‘ depende de AS, y del rotavirus humano
RV5, que es resistente al tratamiento con NA (8). También se ha encontrado que las
integrinas 02f1 y 041 estdn involucradas en la unién y la entrada del rotavirus SAll enla
" linea celular K562 (33). Mds recientemente se encontrd que la integrina ov33 también estd
in.volucrada en la infectividad de los rotavirus en un paso posterior a la unién inicial del

virus con su célula huésped (29).



Po; otro lado, otra de las proteinas celulares que ha sido asociada con la infectividad
de los rotavirus es la proteina de choque térmico hsc70. Hsc70 es una proteina celular de
localizaci6n citbplasmética y nuclear muy abundante, que es miembro de 1a familia hsp70 de
chaperonas moleculares. Las protefnas integrantes de esta familia son ATPasas altamente
conservadas que han sido asociadas con gran mimero de funciones, entre las que resaltan el
doblamiento de proteinas, la translocacién de polipéptidos a través de membranas, y €l
ensamble vy desensamble de complejos oligoméricos, entre otras (63). En respuesta a
diferentes condiciones de estrés, estas proteinas previenen la formacién de agregados
proteicos estabilizando los intermediarios mal doblados, que posteriormente son plegados
correctamente al estado nativo, o bien son degradados (32, 54, 58)7. ‘En particular, se ha
encontrado que hsc70 participa en el transpdrie de proteinas a través de las membranas de
los organelos, se une a polipéptidos nacientes y dis_ocia la clatrina de las vesiculas
endociticas cubiertas con esta protéfﬁa (;53). La proteina hsc70 estd éompuesta por dos
_dbminios principales: el dominio N-terminal (44 kDa) posee actividad de ATPasa, y el
dominio C-terminal (30 kDa) conﬁcne el sitio de unidn a péptidoé y es capaz de formar
complejos con polipéptidos desnatura.liz'ados. La unién y la liberacion de los polipéptidos es
regulada por la unién e hidrélisis de ATP; la velocidad de intercambio de ATP es regulada a
su vez por co-chaperonas. E] extremo C-terminal, cuya secuencia es EEVD, es esencial para
que hsc70 se asocie con las co-chaperonas hsp40 y Hop (12, 23) y se ha visto que la
supresién o la mutacién de estos. cuatro residuos incrementa la actividad intn;nseca de
ATPasa de hsc70 y previene su asociacién estable con los sustratos (23). A pesar de que
hsc70 no tiene una secuencia sefial de exportacidn, se chcuentra en la superficie de varios
tipos celulares (60). La presencia de esta proteina en la superficie de células MA104 se
comprobé por citometria de flujo e inmunofluorescencia de células no permeabilizadas y su
papel en la infectividad de los rotavirus se determiné utilizando anticuerpos monoclonales

dirigidos contra hsc70 que son capaces de bloquear la infectividad de estos virus (28).
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_ E. Proteinas virales de superficie

‘Las interacciones iniciales de un virus con su célula huésped involucran el
reconocimiento y la unién a un receptor adecuado. Estas interacciones son llevadas a cabo
por las proteinas que se encﬁentran‘en la superficie de los viriones. Como ya se menciond, la

capa externa de los rotavirus estd compuesta por las proteinas VP4 y VP7. Se ha visto que la

proteina VP4 de los rotavirus tiene funciones esenciales para las primeras interacciones del

virus con la célula, incluyendo la unién inicial y la penetracié.n hacia el citoplasma (51, 55,

67, 80). Por lo tanto las propiedades de esta protefna son determinantes importantes del rango
| de huésped, virulencia, tropismo, e induccién de inmunidad protectora (18). La proteina VP7
es altamente inmundgena e-induce la produccién de anticuerpos neutralizantes (18), sin
embargo, el papel de VP7 durante las primeras interagcionés del virus con la célula no es
claro, aunque se ha demﬁstrado que es capaz de modular algunos de los fenotipos virales
mediados pdr VP4, incluyendo el de unidn al régeptor (56).
E1VP4
| VP4 es una proteina no glicosilada de- 776 aa (88 kDa); se han caracterizado varios
dominios funcionales en esta proteina (Figura 3): 1) como se menciond anteriormente, se
encontré que al tratar, in virro, a los virus con tripsina ocurre un corte especifico en las
argininas 231, 241 y 247 de VP4; este corte da lugar a los polipéptidos VP8 (28 kDa) y VP5
(60 kDa) gl_ilnc‘rg"menta la infectividad viral (4. 17, 48) (Figura 3); 2) el dominio de unién a
AS presénte en VP4 estd localizado entre los aminodcidos 93 al 208 del polipéptido VP8
(24), siendo los aminoécidos 101, 155 y 5“88 a 190, los que juegan un papel esencial en la
unién de VPS8 al AS (15, 36); 3) la proteina VPS5 es capaz de mediar la unién de los rotavirus
a la superficie celular (80).
- Ahora bien, se han descrito ademds dos regiones en VP5 que podrian ser relevantes
en las primeras interacciones del virus con la célula huésped, una de ellas es el tripéptido
DCE localizado entre los aa 3‘08 al 310 de VP5. Se ha propuesto que esta regién podria

mediar la interaccién entre los rotavirus y la integrina a2 1, puesto que anticuerpos dirigidos
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contra esta integrina, y péptidos sintéticos que mimetizan esta regién son capaces de
bloquear la infectividad de los rotavirus (8).

La otra regién de VPS5 que podria ser relevante para las etapas iniciales de la

infeccién es una regién hidrofébica (aa 390-401) que guarda similitud con los péptidos de

fusién de los alphavirus (53). Estudios recientes han mostrado que la proteina VPS5 de los

rotavirus es capaz de permeabilizar liposomas (13) y que mutaciones puntuales en esta

regioén hidrofébica son capaces de abatir la actividad de permeabilizacién de esta proteina

(16), sin embargo, atin no se ha demostrado que el virus completo posea esta actividad, ni

tampoco se sabe cual es la relevancia de esta funcién durante la infeccién.

-

Los analisis de prediccién de estructura secundaria de la proteina VP4 sugieren que

existen por lo menos dos dominios distintos en esta proteina. Los dos primeros tercios de 14"

proteina tienen, predominantemente, upa estructura de hojas 3, mientras que el tercio

carboxilo terminal tiene un alto contenido de hélices ¢, incluyendo una regién en la que se

_predice la formacién de una estructura de tipo. “coiled-coil” (36, 50). El uso de los

anticuerpos monoclonales (AcM) 7A12 y 2G4 (dirigidos contra el dominio de
hemaglutinacién y la regién hidrofébica de VP4, respectivamente) en estudios de

criomicroscopia electrénica, permitié localizar estas dos regiones en la espicula formada

por VP4, Asi, se enconud que la punta de la espicula estd formada principalmente por

‘V'P8, mientras que la regidn de hojas B3 de VP35 forma el cuerpo de la espicﬁla y laregidén

de hélices o forma su base (75). Mds recientementre se reporté la estructura cristalografica

de VP8, que ha permitido constatar que su estructura estd formada principalmente por

hojas P y se han determinado directamente Jos aminoécidos que realizan los contactos con el -

AS(15). -
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Figufa 3. Representaciéﬁ esquemdtica de VP4. (A) Se muestra el sitié de corte con tripsina,
la regién DGE de interécc‘ic’)n con la integrina 2Bl y Ja regién hidrofébica RH. (B) Se
muestran los sitios que cofresponden a los péptidos sintéticos utilizados en este 'trab'ajo. (S
Se muestran las construcciones NH2-VPS y VP5-COOH y los silids reconocidos por los

AcM 2G4 y HS2 (ver mds adelante)
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E.2 VP7

VP7 es la segunda proteina mds abundante del virién, es altamente inmunogénica e
induce la produccién de anticuerpos neutralizantes especificos de serotipo (18). En la figura
4 se muestra un diagrama con las caracteristicas de VP7. La secuencia del gene predice una
proteina de 326 aa. En el extremo amino terminal de la proteina se encu_éntran dos regiones
hidrofébicas (H1 aa 6-23 y H2 aa 33-44) que son capaces de dirigir a la proteina VP7 hacia
el reticulo endopldsmico. Estas regiones hidrofébicas se procesan, dando lugar a la proteina
madura, la cual inicia en la glutamina 51 (73). La proteina VP7 es retenida en el reticulo |
endopldsmico siendo.posiblemente los residuos ITG, localizados en la posicién 59 a 61, los
respoﬁsables de esta retencién (52). VP7 posee un solo sitio de glicosilacion localizado en el
_aminoécido 69 (3). Ademas de ia glicosilacién y d;l procesarﬁiento, la confdrmacién correcta
de esta proteina requiere de la formacién de puentes disulfuro intramoleculares y de la
presencia de calcio (74). En la particula viral, la proteina VP7 se encuentra organizada en
trimeros, se sabe que la presencia de calcio es indispensable para la formacién de estos
trimeros, aunque no se conocen la regién de VP7 responéab]e de la interaccién con calcio
(14). Por otro lado, recientemente se encontrd que la. glicoproteina VP7 contiene la
secuencia GPR, que es un ligando de la integrina oxP2, y el motivo LDV que se une a la -
integrina 0:4B1 (8), aunque no se ha demostrado que estos motivos de interaccién con

integrinas sean funcionales.

F. Primeras interacciones de los rotavirus con su célula hiesped
Como modelo de estudio de las primeras interacciones de los rotavirus con su célula
huésped, en el laboratorio hemos utilizado dos cepas de rotavirus: un rotavirus aislado de
simio, RRV, cuya infectividad es sensible al tratamiento de las células con NA y una variante
derivada de RRV, ‘resistente a NA, a la cudl hemos denominado nar3 (55). En algunos casos
también se ha empleadb la cepa de origen humano Wa, cuyé infectividad es resistente al

tratamiento de las células con NA,
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Figura 4. Representacién esquemdtica de VP7. La proteina VP7 posee dos dominios
hidrofébicos H1 y H2 (aa 6-23 y 33-44). Se muestra el sitio de procesamiento en el reticulo
endopldsmico |, en la Gln 51. El sitio de glicosilacién se encuentra en el aa 69. Las regiones
marcadas como A (86-101), B (142-152) y C (206-221) son epitopes de neutralizacién. Las

- secuencias GPR y LDV, que podrfan mediar la interaccién con integrinas se localizan entre los
aa 253-255 y 269-271, respectivamente. La regién CNP descrita en este trabajo se localiza entre
los aa 161-169.

'Alin no ha sido identificada la molécula celular que contiene AS con la que lés
- rotavirus interaceionan, pero sabemos-que esta interaccién es medliada pbr el dominio VP8 de
la proteina VP4 (24, 36), mientrés quemfzi;Qaﬁéﬁi@ihdependiente de AS, llam'ada nar3 (55), se .
une a la superficie celular a través del dominio VP5 de la proteina VP4 (80). También hemos .
mostrado que la entrada del virus silvestre RRV requiere de las dos interacciones arriba
descritas, las cudles ocurren de una manera secuencial; es decir, el virus silvestre se une
inicialmente a AS en la superficie celular a través del poli'pépt-idq VP8 y después de esta
interaccién el virus se une a otro receptor celular a través de VP5 (80). Los rotavirus de
“origen humano también se unen a las células mediante un receptor resistente a NA que, sin
embargo, es distinto al receptor inicial de nar3 (57). Recientemente hemos enc;)ntrado qﬁe

sin importar qué molécula utilizan los virus sensibles o resistentes a NA en su primera

TESISCON
FALLA DE ORICEN
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interaccidn con la célula, ambos tipos de virus interaccionan, en un paso posterior a la unién
inicial, ‘con la integrina ov33 (29) y con la protefna de choque térmico hsc70 (28). Todos
estos datos apuntan hacia el hecho que la entrada de los‘rotavirus es el resultado de una serie

de interacciones de la particula viral con 1a superficie de la célula huésped.

s

‘‘‘‘‘‘
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OBJETIVOS

OBJETIVO GENERAL
Definir cuales son las protefnas de rotavirus, y los dominios especificos de éstas, que estan

involucradas en el contacto con los receptores celulares

OBJETIVOS PARTICULARES‘ | , o

1. Definir cuales son las proteinas virales involucradas en la“u'ﬁ*ién de dos cepas de rotavirus
ala superficie de la célula: la cepa de simino RRV, cuya infectividad depende de la presencia
de AS, y la variante nar3, que es independiente de la presencia de AS.

2. Determinar los dominios de 1a§ prdteinas virales responsables de las interacciones de los
rotavirus con con cada uno de los'receﬁtores identificados en nuestro laboratorio.

3. Evaluar el papel del corte con tripsina en la unién inicial de los rotavirus a la superficie
celular. |

4. Determinar a que nivel {unién inicial o post-unié& .sc llevan a cabo la interaccién de los

rotavirus con los receptores hasta ahora identificados.

Como estrategia general, realizamos ensayos de unién de los virus a lacéfulaa 4 °C
(a esta temperatura los virus se unen a la célula, pero no‘ pueden Pﬁﬂgti'af hacia el
citoplasma), en presencia de anticuerpos dirigidos contra las proteinas virales y celulares
involucrads en este proceso, también se utilizaron protcfnés virales recombinantes y péptidos
sintéticos que mimetizan regiones imp_ortantes de las proteinas viraleé para la unién a los
receptores. ”

También utilizamos ens'ayos de infectividad, que se llevan a cabo a 37 °C, y que nos
permiten encontrar interacciones que no estan involucradas en la unidn inicial, pero que. son

inportantes para la infectividad de estos virus.
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MATERIALES Y METODOS.

Células y virus. En este trabajo utilizamos la linea celular MA104, que proviene de células
epiteliales de rifion de mono. Las células se crecieron en el medio mimino esencial de Eagle
(MEM) (GibcoBRL), suplementado con 10 % de suero fetal bdvino. El virus RRV se obtuvo
de H. B. Greenberg, Universidad de Stanford, Palo Alto, California, EEUU. El virus nar3 es
una variante derivada de RRV-que se ha descrito antériormente (55). Los virus RRV y ;;r3 '
se iaropégardii en células MA104; las c€lulas se lavaron dos veces con MEM sin suero y se
afiadié el lisado viral (previamente activado con 10 pg/ml de tripsina por 30 min a 37 °C),
‘incubéndo las células por 1 h a 37 °C. Posteriormente se afladi6 MEM sin suero y se dejé
proseguir la 1nfeca6n hasta obtener efecto citopdtico. Para obtener virus purificado las
células infectadas se congelaron y descongelaron dos veces y los lisados se peletearon por
centrifugacion durante 1 h a 25,000 rpm a 4%€ en el rotor SW28 (Beckman). El pellet se
resuspendid en ]a solucién TNG(10mM Tris-HCI [pH 8], 140 mM NaCl, 10 mM CacCl,), se
sonic6 por 20 s, se extrajo con fredn y se sometié a centrifugacién is&pfcnic;_a engsCl'c.omo
se ha descrito previamente (17). Los virus cortados o no con tripsina se i)repararon haciendo
las siguiég‘{es modificaciones al protocolo arriba descrito: después de afiadir el lisa'c.i‘o viral
activado a la monocapa de células e incubar esta mezc]a por 1 h a 37 °C, se lavaron las
células tres veces con MEM sin suero para ehmmar el €XCEes0 de trlpsma, se agregé MEM
sin suero y se dejé ;rm;segmr la infeccién hasta que se observd efecto CitOpathO. Las células
infectadas se congelzﬂ:c';rwi“y descongelaron dos veces y el lisado se dividio en dos partes. Una

parte se traté con-100 pg/ml de tripsina por 30 min a 37 °C, mientras la otra parte se

mantuvo en hielo. Los lisados se peletearon y se purificaron como estd descrito en el parrafo

_ anterior.

Anticuerpos. Los anticuerpos monoclona]es (AcM) dlrlgldos contra rotavirus, 2G4
L

(especifico para VP5), 7A]2, 1A9, M11 y M14 (especificos para VP8), 159, 4F8, 57-8, 60 y

2
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129 (especificos para VP7) y 255/60 (especifico para VP6), utilizados en este trabajo, fueron
proporcionados por H. B. Gi'eenberg,' Universidad de Stanford, California. E1 AcM no
neutralizante HS2 (dirigido contra VP5) fue descrito pbr Padilla-Noriega y col. (64). Los
AcMs dirigidos contra las integrinas a2'(P1E6), c4 (P1H4)y OLVB3 (LM609), se compraron
a Chemicon y se utilizaron a una concentracién de 10 pg/ml. El anticuerpo pbliclbnal
dirigido contra un epitope localizado en el extremo amino dela subunidad de integrina B3 se
obtuvo de Santa Cruz Biotechﬂology y se utilizé a 20 pg/ml. .El‘an'ticuerpo dirigido contra la
proteina hsc70 es un suero policlbnal de conejo que se produjo en el laboratorio utilizando a |
la proteina hsc70 reéombinante expresada en bacteria como antigené. El anticuerpo se

purificé y se utilizé a una concentracién de 80 pg/ml.

Proteinas. La clonacién y expresion de las proteinas GST-VP8, GST-VP5, GST-VP5PHsA y
GST-VP5%®, ha sido descrita previamente (36, 79, 80). Las proteinas se purificaron por
cromatografla de afinidad utilizando el protocolo descrito por Isa y col (36). La proteina
NH,-VP5 comprende los aminoécidos 248-474 de VP4 y la proteina VP5-COOH contiene
del aminoécido 474 hasta el aminoacido 776 de VP4. Las proteinas VPShis, NH,-VP5, VP5-
COOH y hsc70 se éxpresaron con una extension de seis histidinas en el extremo COOH
terminal, utilizando el sistema de expresién pET 28 (Novagen) y se purificaron‘ por
cromatografia de afinidad utilizando el‘sitema de purificacién AKTA y las columnas HiTrap -

chelating (Pharmacia}.

~ Péptidos. Los péptidos utilizados fueron sintetizados quimicamente por Research Organics,
excepto los péptidos RGD y RGE que se adquirieron de GIBCO y fueron utilizados a las
concentraciones indicadas en cada experimento. La secuencia de los péptidos utilizados se

encuentra en la Tabla 1.



Tabla I Secuencias de los péptidos sintéticos utilizados en este trabajo.

Péptido Protefnadela  Secuencia*
que se deriva |
o | VPs “SAYPNNGKEYYE'
2 VP5 **RQDLERQLGELREEF**
3 VPS5 MKKFFKSGLNAS™
4 VP5 | $SSTQITDVSSSVSSISTQT?
5 VPS5 $K TKIDRSTQISPNTLPD®®
6 VP5 S INNDEVFEAGTDGRY®°
COOH VP35 RQQAFNLLRSDPRVLRE™
DGE VPS5 MWKPANYQYTYTRDGEDVTAHTCC™
RH VP5 B TGGDYSFALPVGQWPVMTGGA™
S5 - - TIRPSITPKDKQTNSLD
CNP | VP7 . 'NEWLCNPMD'”
HANTA |GIG2 NSWACNPPD
sCNP | ' WPENNCDLM
RGD | GRGDSP

* Los niimeros indican la posicién de los péptidos en Ja proteina de la que se derivan.

Biotinilacion de péptidos. Para facilitar la biotinilacién de los péptidos CNP y SCNP se
afiadieron los arﬁinoéci'dos KYG a la secuencia de éstos, en el extremo amino para el
péptido CNP y en el carboxil§ para el péptido sCNP. La biotinilacién se llevé a cabé
incub'aanO 100 ul de péptido (10 mg/m! en PBS) cdn una concentracién final de 10 pg/ul de
Sulfo—NH-LC—Biotina (Pierce) durante 2 h a temperatura ambiente (TA). L;cl biotina libre (no
acoplada) se neutralizé aiadiendo 50 ul de glicina (300 mM) durante 2 h a TA, .El péptido

biotinilado se separé de la biotina libre utilizando la resina sepharosa G 10 (Sigma) mediante
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centrifugacién. Para determinar si los péptidos se habfan biotinilado se realizé un ELISA en
el que los péptidos se unieron a una placa de 96 pozos para ELISA, diluidos en una solucién
de bicarbonato (50 mM NaHCO, [pH 9]) durante toda la noche a 4 °C. Posteriormente se
afiadieron 50 pl de estreptavidina-peroxidasa (diluida 1:1500) y la placa se incubd por 1 h a |
37 °C. Finalmente se afiadié el sustrato de peroxidasa (0.1M solucién de citratos [pH 4.5], 1

mg/ml de ortofenilendiamina (Sigma), 4 pl/10 ml H,0,) y la placa se incubd hasta que se

desarrollé el color; la .reaccién se pard afiadiendo 100 pl de H,SO, 0.1M y se determin la

‘absorbancia a 490 nm en un lector automético de microplacas EL311 (Bio-Tek).

Ensayo de il;t"&:tividad; Monocapas confluentes de células MA104, creci'da‘s en placas de
96 pozos, se infectaron durante 1 h a 37 °C utilizando virus previamente activado con
tripsina. Posteriormente se retird €l indculo viral, las células se lavaron dos veces con MEM
sin sueré y se dejé proseguir la infecciénlpor 14 ha37 5C. Las células se fijaron y se tifieron
siguiei}do el protocolb descrito por Arias y col (2). El nimero de células infectadas se

cuantificé utilizando el sisterna semiautomdtico Visiolab (30).

Ensayos de bloqueo de la infectividad. Células MAIO4 crecidas en placas de 96 pozos se
preincubaron con los anticuerpos eSpecific.ados en-cada caso, después de esta incubacién las
células ée lavaron y se afiadieron 2000 u.nidades. formadoraé de focos (FFUs) de virus por
pozo. Se permiti6é que el virus se adsorbiera a la superficie de la célula y posteriormente se
retird el indculo viral. Se dejé proseguir la infeccidn por 14 h a 37 °C y las éélﬁlas se

trataron como se describe en el parrafo anterior.

Ensayo de unién de células en suspensién. La unién de los rotavirus a la superficie celular

se determind mediante un ensayo no radioactivo, descrito previamente (80). Brevemente, ... . - -

células MA 104 crecidas en monocapa se incubaron con una solucién 0.5 mM de EDTA en

PBS por 20 min a 37 °C para desp_rehder las células y obtener una suspensién uniforme,
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Estas células en suspensién se lavaron dos veces con MEM sin suero, centrifugando a 1000
rpm durante 1 min a 4 °Cy se determiné su concentracién utilizando un hematocitémetro.
Para el ensayo de unién se mezclaron 5 X10° células con la concentracién de virus o
proteina recombinante (prevliamente sonicados y centrifugados 2 min a 14,000 rpm)
indicada en cada caso, en una solucién de 1 % de albimina bovina (BSA) en MEM,; el
volimen final de incubacién fue de 200 pl. Esta mezcla se incubé por 1 h a 4 °C,
posteriormente las células se lavaron 3 veces con una solucién fria de 0.5 % de BSA en PBS
g finalmente se lisaron en 50 i de solucién de lisis (50 mM de Tris-HCI [pH 7.5], 150 mM
NaCl, 0.1% Tritén X-100). El vimé 0 1;15 proteinas recombinantes presentes en este lisado se

cuantificaron mediante un ELISA.

Ensayo de unién en monocapa. Se crecieron células MA104 en placas de 48 pozos hasta
que alcanzaron confluencia. Se lavaron las células y se incubaron en MEM sin suero por 30
min a 37 °C, se retiré el medio y, para evitar ¢l pegado inespecifico del virus al plastico, las
célulgs se incubaron con 300 pl de una solucién de 1% de BSA en PBS, por 1 h a TA.
Posteriormente se lavaron las células con una solucién fiia de 0.5 % de BSA en PBS y se
i_néubaron, durante 1 h a 4 °C, con la cantidad de virus o proteina (diluidos en un volﬁme_n
final de 200 pl de MEM) especificada en cada caso. Pasado este tiempo las células se
lavaron 3 veces con PBS para retirar el exceso de virus o pfoteina y finalmente se afiadieron
120 ul de solucién de lisis (ver el parrafo anterior). Las células se congelaron y
descongelaron dos veces para lisarlas, y la cantidéd de virus o proteina unida se determind

medianie un ELISA.

ELISA para deteccién de virus o proteinas. Para detectar e} virus se utilizaron sueros
polic]onales‘ de cabra y conejo contra rotavirus como anticuerpos de captura (diluido
1:10,000) y de deteccién (diluido 1:1,500), respectivamente. Las proteinas fusionadas a GST

fueron capturadas con el suero anti-rotavirus de cabra y detectadas con un suero policlonal



“de conejo dirigido contra GST (diluido 1:1,500). Las proteinas expresadas con colas de
histidinas se capturaron con el suero anti-rotavirus de cabra y se detectaron con los AcM
2G4 (para NH,-VP5) o HS2 (en el caso de VP5his y VP5-COOH), dirigidos cbntra la
p.rotefna VP5 (diluidos 1:1,000). Para revelar.el ELISA se utilizaron los sueros anti-
inmunoglobulina conjugados con fosfatasa alcalina (Kirkergaard and Perry)
correspondicﬁtes y el sustrato Sigma 104 (1 mg/ml) disuelto en una solucién de
dietanolamina (100 mM dietanolamina [pH 94] 1 mM MgCl,, 5 mM azida de sodio). Se
midié la absorbancia a 405 nm en un lector-éutomético de microplacas EL311 (Biotek). El

ensayo se realizé como ha sido descrito anteriormente (80).

ELISA de unién a la proiel’na hsc70 y a la integrina ovP3. Para estudiar la interaccién de
las proteinas virales con sus posibles receptores, se llevaron a cabo ensayos de ELISA de
acuerdo con el protocolo utilizado por Guerrero y col. (28). Brevemente, las placas de
ELISA (Costar) de 96 pozos se cubrieron con 500 ng/pozo de la proteina hsc70 (obtenida en
el laboratorio) en PBS, o. bien con 100 ng de la integrina avf3 (Chernfcon). Posteriormente
las placas se incubaron con las canfidades indicadas de péptidos sintétiéos, px'c;tefnas_
| recomb_inlz;ntes, o de virus, y en cada caso se detectd la presencia de la proteina, o del virus
unidos mediante anticuerpos especificos. Para detectar al virus se utilizé ﬁn suero ﬁéliclonal
de conejo dirigido contra rotavirus (diluido 1:1500). La proteina NH?—VPS se detectd con el
AcM 2G4 (diluido 1:10005 y las proteinas VP5his y VP5-COOH con el AcM HS2 (diluido
1:1000); los péptidos bitotinilados CNP y SCNP se detectaron utiiizando estreptavidina

- conjugada con peréxidasa (ver arriba).
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‘RESULTADOS
1. El dominio VP5 de VP4 puede mediar la unién de los retavirus a las células.

El interés inicial del presente trabajo fue la caracterizacién de la unidn de los
rotavirus a la supericie de células MA104. Los resultados de este trabajo se publicaron en el
articulo “The VP5 domain of VP4 can mediate attachment of rotaviruses to cells” y las
figuras a las que se refiere el texto a continuacién estdn contenidas en éste. Como ya
habiamos mcncionadb utilizamos como modelo de estudio dos cepas de rotavirus diferentes
en su sensibillidad al tratamiento de las célulés con NA: la cepa de simio RRV, cuya
infectividad es sensible a NA, y el virus mutante nar3. Nar3 es una variante derivada de RRV
cuya infe‘c.ti‘vidad es insensible al tratamiento de las células con NA, esta mutante se
selecciond a partir de virus crecido en células tratadas con NA (55); 1a secuenciacién de su
genoma permitié identificar los aminoacidos responsables del cambio observado en su
fenotipo. Se encontré que todos los cambios se encuentran en la proteina VP4, en los
aminodcidos 37 (L—P), 187 (K—R), ¥ 267 (Y—0C), sin embargo el andlisis de revertantes
indicé que, aparentemente, el cambio mdés relevante es el que se produce en la posicién 187,
ya que reversiones en esta Ginica posicién dan como resultado la pérdida del fenotipo de
‘resistencia al tratamiento con NA (56).

Para hacer la caracterjzacion de la unién de estos rotavirus a la superficie celular, se .
utilizaron dos tipos de ensayos. El ensayo d‘e“‘;nién se basa en la observacién que a 4 °C los
rotavirus son capaces de unirse de manera especifica a la superficie celular pero no son
capaces de entrar al cjtoplasmaﬁ por ello este ensayo nos permite estudiar la primera
" interaccién del virus con la célula huésped. El otro ensayo que utilizamos es el de
infectividad, en el que cuantificamos el nimero de células que, después de la infecciodn,
producen antigeno viral, detectade por un ensayo de inmurio'peroxi.dasa in situ sobre las
monocapas celulares; en este tipo de ensayo lo que observamos es el efecto de diferentes
condiciones experimentg]es; como antcuerpos, péptidos sintéticos y proteinas recombinantes,

en el proceso de infeccidn. Sin embargo, este ensayo no nos permite discriminar si el paso
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que estd siendo bloqueado es la unidn, la entrada, el desnudamiento o la sintesis de antigeno
| viral, Para la interpretacién de los resultados consideramos los bloqueos, con anticuerpos,
péptidos sintéticos o proteinas recombinentes, observados en lqs ensayos de unién como
bloqueos de la interaccién inicial del virus con la célula y los bloqlieos obaervados en los
ensayos de infectividad, que no correlacionan con blogueos en unidn, los interpretamos como
interacciones post-unién. |
Utillizamos los virus RRV y nar3 purificados por gradiente de CsCl para hacer
ensayos de unién en células MA104 en suspensién. Encontramos que ambos virus se unen a
| la célula de manera saturable y dependiente de la cantidad de virus afiadida (Fig. 1, art. 1). Al
preincubar los virus con AcM dirigidos contra las proteinas de superficie de rotavirus VP8,
VP5 y VP7, y contra la proteina interna VP6 utilizada como control, encontramos que los
AcM dirigidos contra VP8 bloguean la unién de RRV a la superficie de la célula; ésto es
consistente con el hecho que. el virus RRV se une a AS a través del dominio de
hemaglutinacidn que estd presente en VP8. Los AQM.dirigidos contra VPS5 y VP7 no afectan -
la unién de RRYV, si bien son capaces de neutralizar su infeccidn; ésto indica que dichos AcM
neutralizan al virus RRV €N un paso posterior a sul unién inicial a la superficie celular. Por
otro lado el AcM 2G4, dirigido contra la proteina VPS bloquea la unién de la variante nar3,
lo que sugiere que este virus utiliza el domino VPS5 para unirse a la célula. El AcM 159,
" dirigido contra VP7 no afecta la unién de los virus RRV y nar3, pero si neutraliza la
infectividad de estos virus, sugiriendo nuevamente el bloqueo de un paso posterior a la unién
inicial del virus con la célula. Estos resultados se muestran en la figura 2 del aru’culd 1.
‘Las proteinas VP8 y VP35 se expresaron en bacte.ria, como fusiones a GST, con la
‘idea de utilizarlas en nuestros 'énsayos de unién. Encontramos que ambas proteinas se unen a
la superficie de la célula de manera saturable y dependiente de la concentracién de proteina
afiadida (Fig. 3, art. 1). Para determinar si la manera en que estas proteinas se unen a la célula |
es equivalente a lo que habfamos observado con los virus, preincubamos las protel’has de

fusion con los AcM dirigidos contra VP8, VP5 y VP7, éste ultimo utilizado como control de

~
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especificidad. Posteriormente medimos la capacidad de unién de estas protefnas a la
superficie celular. Encontramos que los AcM dirigidos'contfa VP8 bloguean la unién de la
proteina recombinante GST-VP8, pero no afectan la unién de la proteina GST-VP5, el-AéM
2G4 bloquea la unién de GST-VPS, pero fxo afecta la unién de la otra proteina, y el AcM
159, dirigido contra VP7 no tiene ningtin efecto sobre la unién de estas dos proteinas (Fig. 4,
art.1).

Una vez que habfamos determinado que la unién de las proteinas recombinantes s

" especifica y para estudiar si estas proteinas son capaces de competir con el virus por la unién

a la superficie celular, preincubamos las células con las proteinas de fusién durante 1 h a 4
°C y después de retirar el exceso de proteina aftadimos una cantidad fija del virus RRV o

nar3. Encontramos que la protefna GST-VP8 bloquea la unién de RRV pero no la de nar3,

_mientras que GST-VP5 bloquea la unién de nar3 y no la del virus RRV. Al preincubar las

células con una mezcla de estas proteinas no se observa ningtn efecto sumatorio en el
bloqueo de la unién (Fig. 5, art. 1). Todos estos resultados confiman que existen dos
dominios de unién ala célula presentes en VP4; uno es el dominio de unién a AS, que se
encuentra en VP8 y que va ha sido caracterizado; este dominio es utilizado por el virus RRV
para unirse a la superficie celular. E] otro dominio se encuentra en la proteina VP5 y es
utilizado por la variante nar3 para unirse a la célula.

Finalmente probamos el efecto de las proteinas recombinantes GST-VP8 y GST-

VPS5 en la infectividad de los rotavirus, y encontramos que la proteina de fusién GST-VP8

bloquea la infectividad de RRV pero no la de nar3, mientras que la proteina GST-VP5
bloquea la infectividad de la variante nar3 (Fig. 6A, art. 1), como era de esperarse. Ademds,

probamos el efecto de las protefnas recombiantes en la infectividad de los virus en células

tratadas con NA; este tratamiento disminuye en gran medida la infectividad del virus RRV,

por lo que se aument$ 10 veces la cantidad de virus RRV utilizada. En células tratadas con
NA encontramos qué'GST-VPS dun bloquea la infectividad de RRV, pero en proporcion

menor que en células no tratadas, indicdndo que el tratamiento con NA no remueve por

30



complero el AS de la superficie de las células, probablemente debido a que algunos AS son
resistentes al tratamiento con NA (ref). Por otro lado GST-VPS, que en células no tratadas'
sélo disminuye la infectividad de nar3, en células tratadas reduce el 75 % de la infectividad
residual de RRV(Fig 6B, art. 1). Este resultado sugiere que RRV es capaz de interaccionar, a
través de VPS5, con un receptor que no contiene 4cido sidlico, aunque con una eficiencia
mucho menor que nar3, o bien que en RRV existe una poblacién minoritaria de virus capaz
de unirse a la superﬁcie celular a través de .VPS.‘

En conjunto, estos resultados nos llevaron éproponer el siguiente modelo: los virus
depeﬁdientes de AS (o sensibles al trétamjento de las células con NA) se unen inicialmente a
una molécula celular que contiene AS, a través del dominio de hemaglutinacién presente en
VP8; suponemos que esta interaccién ocasiona un cambio conformacional en la particula
viral, que aflora le permite interaccionar con un segundo receptor, a través de VPS5, ya que si
bien el AcM cdntra VPS5 no afecta la unién de este virus, si neutraliza su infectividad. Este
segundo receptor es resistente al tratamiento con NA. Por otro lado la variante nar3 poseé
este cambio conformacional por lo que no interacciona con el receptor que posee AS, s.ino_
que se une directamente al segundo receptor a través de VP5. La representacion del modelo

se muestra en la figura 7 del articulo 1.



JOURNAL OF Vmor.oéY, Jan. 2000, p. 593-599
0022-538%/00/804.004-0

ARTICULO 1
Vol, 74, No. 2

Copyright © 2000, American Society for Microbio]ogy. All Rights Reserved.

The VPS5 Domain of VP4 Can Mediate Attachment
of Rotaviruses to Cells

SELENE ZARATE, RAFAELA ESPINOSA, PEDRO ROMERO, ERNESTO MENDEZ
CARLOS F. ARIAS, D SUSANA LOPEZ*

Departamento de Génertica y Fisiologia Molecular, Instituto de Biotecnologia, Universidad Nacional
Auténoma de México, Cuernavaca, Morelos 62250, México

Received 23 July 1999/Accepted 7 October 1999

Some animal retaviruses require the presence of sialic acid (SA) on the cell surface to infect the cell, We have
isolated variants of rhesus rotavirus (RRV) whose infectivity no longer depends on SA. Both the SA-dependent
and -independent interactions of these viruses with the ceil are mediated by the virus spike profein VP4, which
is cleaved by trypsin into two domains, VPS5 and VP8, In this work we have compared the binding character-
istics of wild-type RRV and its variant nar3 to MA1(04 cells. In a direct nouradioactive binding assay, both
viruses bound to the cells in a saturable and specific manrer. When neutralizing menoclonal antibodies
directed to both the VP§ and VP5 domains of VP4 were used to block virus binding, antibodies to VP8 blocked -
the cell attachment of wild-type RRV but not that of the variant nar3, Conversely, an antibody to VPS inhibited
the binding of nar3 but not that of RRV, These results suggest that while RRV binds to the cell through VP8,
the variant does so through the VP5 domain of VP4. This observation was further siustained by the fact that
recombinant VP8 and VPS5 proteins, produced in bacteria as fusion preducts with glutathione S-transferase,
were found to bind to MA104 cells in a specific and saturable manner and, when preincubated with the cel,
were capable of inhibiting the binding of wild-type and variant viruses, respectively. In addition, the VP53 and
VP8 recombinant proteins inhibited the infectivity of nar3 and RRY, respectively, confirming the results
obtained in the binding assays. Interestingly, when the infectivity assay was performed on neuraminidase-

. treated cells, the VP5 fusion protein was also found to inhibit the infectivity of RRY, suggesting that RRV eould
- bind to the cell through two sequential steps mediated by the interaction of VP8 and VP5 with SA-containing
and SA-independent cell surface receptors, respectively.

~ The initial interaction of a virus with its host cell involves the
recognition of, and a stable binding to, an appropriate receptor
on the surface of the cell. Even though a great amount of work
has been invested in the study of rotaviruses, little is known
about the initial interactions of these viruses with their host
cells.

Rotaviruses are the leadlng cause of morbidlty and mortality
due to acute gastroenteritis in children younger than 2 years
{23). These viruses belong to the Reoviridae family and are
composed of a genome of 11 segments of double-stranded
RNA surrounded by three concentric lavers of protein. The
outermost layer is formed by VP7, a 37-kDa glycoprotein.
which forms a smooth layer, and by VP4. an §8-kD protein.
which forms the spikes that extend from the surface of the
particle (11).

It has been shown that VP4 has essential functions in the
early virus-cell interactions, including receptor binding and cel
penetration (1. 5, 28, 31, 36). The infectivity of rotaviruses is
greatly enhanced by and apparently is dependent on the trypsin
treatment of the viral particle; this proteolytic treatment re-
sults in the specific clcavage of VP4 into polvpeptides VP3 and
VP8 (10, 12, 27). The cleavage of VP4 does not affect cell
binding but has bccn associated with the entry of the virus into
the cell (3, 15, 22

In vivo, rotawrus infection is highly restricted to thc mature
tip cells of the small intestine (23). The infection in vitro is also
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restricted, being most permissive in a varietv of epithelial cell
lines of renal and intestinal origin (11). The high selectivity of
these viruses suggests the presence of specific receptors in the
surface of susceptible cells, which might be at least one of the
factors responsible for determining their selective tropism.

Some rotaviruses of animal origin bind to the cell surface
through a sialic acid (SA}-containing cell receptor (2, 14, 24,
31). Human rotaviruses, in contrast, do not require SA to
infect the cells (14). Recently, we isolated variants of a SA-
dependent rhesus rotavirus (RR'V) which no longer depend on
the presence of SA to bind and thus to infect the cell (31). The
characterization of these variants indicated that binding to SA
is not an essential step in infection of cells by animal rotavi-
ruses. It also showed that the initial interaction with SA, which
is probably nonspecific, can be superseded by an interaction -
with a secondary receptor (SA independent), which might be
responsible at least in'part, for the tropism of these viruses. We
have also shown that the SA-independent interaction of the
RRY variants is mediated by VP4, through a site in the viral
protein different from the SA-binding domain located in VP8
(32).

To characterize the domains of the VP4 protem that interact
with the surface of the host cell which vitimately lead to pen-

‘etration of the virus into the cell, we have compared the bind-

ing characteristics of RRV and one of its SA-independent
variants, nar3, to MA104 cells, We found that while wild-type
{wt) RRV initially binds to the cell through VP§ (13, 21, 36),
the SA-independent variant interacts with the cell throegh
VP3. This finding supports our previous suggestion that the
interaction of animal rotaviruses with the cell surface might
involve at least two sites on the VP4 protein and direcily

" assigns a novel cell interaction role to VPS,
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FIG. 1. Binding of RRV and nar3 to MA104 cells, The indicated amounts of purified viruses were incubated with 5 X 10° MA104 cells in suspension for 1 h at 4°C,
and the amount of cell-bound virus was determined by an ELISA as described in Materials and Methods. The 1otal amount of viral particles added in each assay (in
‘micrograms) is plotted against the OD,q5 reading obtained in the ELISA plate. (A) Readings obtained in the binding assays (B) Readings obtained when the viral

particles were assayed directly in an ELISA.

MATERIALS AND METHODS

Cells, viruses and monoclonal antibodies. MA102 cells were cultured in Ea-
gle’s minimal essential medium (MEM) supplemsnisd with 10% fetal bovine
serum. RRV was obtained from H. B. Greenberg. Stanford Unjversity. Stanford.
Calif., and rotavirus variani nar3 has been described previously (31). RRV and
nar3 were propagated in MA104 cells as previousiy described (9}).

To prepare purified virus, virus-infected cells were harvesied after complete
cytopathic effect was attained, the cell vsate was irozen and thawed twice. and
the virus was pelleted by centrifugation for 60 min at 25.000 rpm at 4°C in an
SW28 rotor (Beckman). The virus pelles was resuspended in TNC buffer (10 mM
Tris-HCl {pH 7.5}, 140 mM NaCl, 10 mM CaCl-.. extracted with Freon. and
subjected to isopycnic centrifugation in CsCl as previously described (10). The
protein content of the purified triple-layered particles was determined by the
Bradford protein assay (Bio-Rad}).

The infecticus titer of the trypsin-activated (10 pg of trvpsin per ml for 30 min
at 37°C) viral preparations was determined by an immunoperoxidase focus assay
with MA104 cells grown in 96-well tissue culture pistes. as previously described
(26). Titers are expressed as focus-forming units +FFU} per milliliter. When
indicated, celis were treated with 20 mU of nevraminidase (NA) from Ar
throbacter ureafaciens (Sigma Chemijcat Co.) per mi for 1 h at 37°C. After o
washes with phosphate-buffered saline {PBS). the cells were infected as de-
scribed previously (31). ’

Monoclonal antibodies (MAbs) 2G4 (specific for VIPS). 7A12, 1A9. M1, and
M14 (specific for VP8). 159 (serotype G3 specific). and 235/60 (subgroup I
specific) used in this work were kindly provided by H, B. Greenberg.

Bipding assays. Rotavirus binding was determinzd by a nonradicactive bind-
ing assay. Confluent monalayers of MA104 cells were washed and brought into
a single-cell suspension by incubation with 5 mM EDTA in PBS for 10 min at
37°C and dispersed by gentle pippeting. The cell suspensions were centrifuged at
82 X g for 1 min at 4°C. washed. and resuspended in MEM wathout serum. and
the cell concentration was determined with a hemaecytometer. For the binding
assay, 5% 10% cells were mixed with either virus or recombinant proteins (pre-
viously sonicated and ‘centrifuged for 2 min in the Eppendorf centrifuge) in
MEM-1% bovine serum albumin (BSA) in a final volume of 200 ul and incu-
bated for § h at 4°C with gentle mixing. The cell-virus complexes were washed
three times with ice-cold FBS containing 0.5% BSA and then lvsed in 30 i of
lvsis buffer (30 mM Tris {pH 7.5). 150 mM NaCl. ¢.17% Triton X-100}. During the
fast wash. the celts were wransferred 10 a fresh Eppendorf tube. The virus and
recombinant proteins presemt in the lysates were guantified by enzyvme-tinked
immunosorbent assays (ELISAs). In all the binding assavs. of eiher virus or
recombinant proteins, controls of binding without ¢ells were performed. When
the recombinant proteins or the viruses were direcily detected by ELISA. they
were dituted in lysis buffer.

Captire EL1SAs for rotavirus and GST fusion rotavirus proteins. To detect
the virus, goat and rabbit polyclonal sera 10 rotavirus were used as caplure
(diluted 1:10.000) and detection (diluted 1:1.500) antibodies. respectively. The
rotavirus proteins fused to glutathione S-transferuse (GST) were captured with
the-goat anti-rotaviros sérum and detected with a rabbit serum 1o GST (diluted
1:3.5000, Simitarly, the nonfused, control GST protein was captured with a goat
anti-GST antibndy (Pharmacia: dilmed 1:10) and detected wiih the GST-spe-

AR

cific rabbit serum. In the competition assay, where both rotavirus particles and
GST rotavirus fusion proteins were present in the same sample, the virus was
detected with a MAb directed to RRV VP7 (MAD 159). In general, the ELISA
was performed as follows. Polystyrenc 96-well plates were coated for 2 h at 37°C
with 100 !l of the capture antibody diluted in PBS. Residual free protein binding
sites were blocked by incubation with 200 (! of 1% (wi/vol) BSA in PBSfor 2 h
at 37°C. Incubation with 50 ] of viral or protein antigen sample per well in lysis
buffer for 1 b at 37°C was followed by incubation with 50 pl of the appropriate
detection antibody (see above) per well diluted in 1% BSA. in PBS. Finally. 50 pl
of the respective alkaline phosphatase-conjugated anti-immuncglobulin serum
(goat anti-rabbit immunoglobulin G or goat anti-mouse immunoglobulin G {di-
Juted 1:1.500]: Kirkergaard and Perry) per well was incubated for 1 b at 37°C, and
then Sigma 104 phosphatase substrate, dijuted in diethanolamine buffer (100
mM dicthanolamine [pH 9.4] 1 mM MgCl,. 5 mM sodium azide), was added, and -
the absorbance at 405 nm was recorded in a Microplate Autoreader EL313
(Bio-Tek Instruments).

Clonmg, expression, and purlﬁcdtion of GST fusion proteins. The cloning and
expression of the RRY VP8 protein as a fusion protein with GST has already
heen described (21). The DNA fragment encoding VP35 was obtained from the
cDNA clone of RRV VP4 (6) by digestion of the gene with BanlI and Xbal: the
ends were made biunt with T4 DNA polymerase and the Klenow [ragment, and
the DNA fragment containing nucleotides 749 to 2347 of the RRV VP4 gene was
cloned into the Smal site of the pGEX 4T-2 vector (Pharmacia). The resuliant
fusion protein, GST-VPS3. contained 226 amino acids from the GST protein, the
thrombin recognition site. 3 amino acids resulting from translation of part of the
vector polylinker, and 529 amino acid residues of the VP4 protein (from amino
acid 248 1o 776), resubing in a fusion protein of approximately 84 kDa. The
expression and purification of the GST-fusion proteins were performed essen-
tinlly as described by [sa et al. (21).

RESULTS

Binding characteristics of RRV and nar3 to MA104 cells,
The binding of RRV and nar3 to MA104 cells was determined
by a direct, nonradioactive assay, in which increasing amounts
of CsCl gradient-purified viruses were incubated with a con-
stant number of MA104 cells in suspension for 1 h at 4°C. The
cell-bound virus was separated from free virus by three washes
with PBS-0.5% BSA and detected in the final cell pellet by an
ELISA with a goat polyclonal anti-rotavirus scrum as the cap-
ture antibody and a rabbit polyclonal anti-rotavirus serum as
the detecting antibody. Similar nonradioactive binding assays
have been described previously (17, 19, 20).

The binding of purified RRV and nar3 to MA104 cells as
measured by this direct assay was dosc dependent and satura-

“hle (Fig. 1A)., To show that the saturation obscrved in the

+ nrriadtin
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FIG. 2. Binding of RRV and nard in the presence of antirotavirus MAbs.
Purified RRY {A) or nar3 (B) viral particles (300 ng) were preincubated for 1 h
at room temperature with the indicated concentrations of the MAbs (see below)
in a final volume of 100 pl. After incubation with the MAbs, the virus-antibody
mixture was added to a suspension of MA104 cells (5 % 10* cellsbinding assay)
and incubated for 1 h at 4°C with gentle shaking. The amount cf cell-bound virus
was determined by an ELISA as described in Materials and Methods, Data are
expressed as the percentage of the virus binding obtained when the virus particles
were preincubated with PBS as a coniro (w/o MAb), The arithmetic means and
standard deviations for two independent experiments performed in duplicate are
shown. The concentrations of MAbs used were as follows: 255, 159, 2G4, 1A9.
and 7A12, 75 pg/ml; M11, 30 pg/ml; and M14, 100 pgml

binding curves for both viruses was due to saturation of the
attachment sites in the cell surface and was not the result of
saturation of the detection system, a direct ELISA of the
purified viruses was performed in parallel 10 the binding assay;
the optical density (OD}) readings of the direct ELISA kept
increasing up to 1.2 (Fig. 1B). No virus was detected in.the
ELISAs of control experiments where no cells were added
during the binding assay (data not shown), -

MAbs to VP5 and VP8 differentially prevent the binding of
nar3 and RRV. We have previously shown that in contrast to
wt RRV, the SA-independent variant nar3 is not neutralized by
MADbs directed to the VP8 domain of VP4 (MAbs 7A12, 1A9,
M11, and M14), even though these MAbs bind to the variant as
efficiently as to the wt virus, as judged by HA inhibition and
ELISA (31). On the other hand, MAb 2G4, which is directed
to the VPS5 domain of VP4 (29}, inhibits the infectivity of both
wt and variant viruses (31). It has been shown that MAbs
directed to VP8 are able to neutralize the infectivity of RRV by
preventing the initial attachment of the virus to the cell (36)
while MAb 2G4 inhibits its infectivity at a not yet defined
postbinding step. _

Since RRV and the variant nar3 apparently have distinct
requirements for cell binding, we characterized the effect of
MADbs directed to the outer-shell proteins VP7, VP8, and VP3.
on the attachment of these viruses to MA104 cells. We also
used, as control, a MAb directed to the inner-shell protein,
VP6. In thesc assays, a fixed amount of purified virus (300 ng)
was preincubated with the differcnt MAbs for 1 h at room
temperature, this mixture was added to cells in suspension. and
the cell-bound virus was quantitated by ELISA, as described
above. Figure 2 shows that while MAbs 255 and 159, directed
to VP6 and VP7, respectively, did not affect significantly the
binding of cither nar3 or RRV, the MAbs directed to VP8 or
VPS5 did have a differential effect, depending on the virus
tested. While the VP8 MAbs reduced the attachment of RRV

10 cells, as previously reported (36), the binding of the SA-
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independent variant nar3 was not affected. In contrast, the VF$§
MAD 2G4 prevented the binding of the riar3 variant, although
it did not affect the binding of wt RRV. To discard the possi-
bility that the MAbs bound to the virus affected its recognition
by the capture antibody in the ELISA, a fraction of the virus-
antibody complexes was added directly to the detection
ELISA, No differences in the OD readings between the virus-
MAb mixtures and the. controls viruses without MAbs were
observed (data not shown).

Since MADbs 7A12, 1A9, M11, M14, and 2G4 are able to bind

equally well to RRV and its variant nar3 (31), these results

confirm that wt RRV binds to the cells through the VP8 do-
main of VP4 and strongly suggest that the variant nar3 does so
through VPS5,

Binding of the recombinant VP5 and VP8 GST fusion pro-
teins to MA104 cells. To confirm that both domains of VP4 are
able to interact with the surface of the cells, we expressed wi
RRV VP35 and VP8 in bacteria as fusion proteins with GST.
Both fusion polypeptides, as well as the GST moiety alone,
were purified by affinity chromatography with glutathione-aga-
rose beads (inset in Fig. 3B) and tested for their ability to bind
10 MA104 cells. In this case, the cell-bound recombinant pro-
teins were detected by ELISA with a goat antirotavirus serum

- {or goat anti-GST serum for the GST control protein) as the

capture antibody and a rabbit anti-GST serum as the detection
antibody for all three proteins: » -

In these binding assays, we found that both GST-VP8 and
GST-VP5, but not the control protein GST, were able to bind
10 the surface of the cells in a dose-dependent and saturable
manner (Fig. 3A). A direct ELISA of the recombinant proteins
showed that this assay was not saturated up to an OD reading
of 1.5 (Fig. 3B). No protein was detected in the control
ELISAs where no cells were added to the binding assay mix-
tures (data not shown).

To confirm the specificity of binding of GST-VP5 and GST-
VP8 to MA104 cells, the recombinant proteins were preincu-
bated with MAbs directed to both domains of VP4 and to VP7.
The binding of GST-VP5 and GST-VP8 was decreased by
incubation enly with the MAbs. directed to the corresponding
VP4 domain and not by incubation with other MAbs (Fig. 4).
Also, to discard the possibility that the MAbs bound to the
fusion proteins affected their recognition by the capture anti-
body in the ELISA, a fraction of the recombinant protein-
antibody complexes was added dircctly to the detection
ELISA. Again, no significant differences in the OD readings
between the recombinant protein-MAb mixtures and the con-
trols GST-VP5 and G8T-VP8 without MAbs were observed
(data not shown).

These results indicate that the attachment of these proteins
10 MA104 cells is specific and also show that GST-VP5 and
GST-VP8 are correctly folded, since the MAbs used in these
assays are known to be sensitive to the protein conformation
(21, 29, 30).

The attachment of nar3 and RRY is differentially prevented

by the VP35 and VP8 domains of VP4, Since both fusion pro-
teins were able to bind specifically to the cells, we next asked
whether their attachment to the cell surface would prevent the

binding of nar3 and RRV. For this, MA104 cells in suspension

were preincubated with the bacterially expressed proteins, a
fixed concentration of the purified viruses was added, and the
virus binding assay was performed as described above. In the
ELISA used for these competitions, the VP7 MAD 139 was
used to detcet the viruses; in this way we were able to distin-
guish between the bound viruses and the bound GST-VPS,
GST-VP5, and GST proteins. To monitor the binding of the

recombinant proteins in this assay, a paralle] ELISA in which
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FIG. 3 Binding 0 of ‘the recombinant proteins GST-VP8. GST-VPS5, and GST 1o MA104 celis. (A) The indicated amounts of affinity-purified GST- VP5 (a), GST-VP8
{b), and GST (&Y Were incubated with 5 X 10° MA104 cells in suspension for 1 h at 4°C. The amount of cell-bound protein was determined by an ELISA as described
in Marerials and Methods. The total amount of recombinant protein added 19 each assay mikture. is plotted against the QD reading obtained in the ELISA plate,
(B) OD readings obtained when the indicated amoums of recombinant proteins were directly assaved in an ELJSA. The inset shows the SDS-PAGE analys1s of the
affinity-purified fusion proteins wsed in the ELISA and binding assays, MW, molecular weight i in thousands.

the detection antibody was a rabbit anti-GST antibody was
_ performed (data not shown).

The recombinant proteins were found to compete the bind-
ing of RRV and nar3 in a selective manner (Fig. 5). GST-VP§
decreased the binding of RRV by 75% compared to the bind-
ing of the virus in the absence of the recombinant protein.

W GST-VPS
fd GST-VPs

1A9 B .
L

7A]2»
A o

0 25 50 7% 1do 135
protein binding (%)
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FIG. 4. Binding of the rccombinant proteins GST-VPS. GST-VP8, and GST
in the presence of anti-rotavirus MAbs. Afllinity-purified GST-VP5. GST-VP§. or
GST alone (1.5 pg of each) were preincubated for 1 h at room temperature with
the indicated MAbs (75 pg/ml) in a final volume of 100 pl. After incubation with
the MADbs, the fusion protein-anlibody mixture was added to a suspension of
MA104 cells (5 X 10 cellsinding assay) and incubated fos | b at 4°C with gentle
shaking. The amount of cell-bound protein was determined by an ELISA as
described in Materials and Methaods. Controls of protein binding without cells
were used in cach experiment {resuits not shown). Data are expressed as the

" percentage of the recombinant protein binding obtained when the fusion pro-
1eins were preincubated with PBS as a cantrol {(w/o MAD). The arithmetic means
and standard deviations for two independent experiments performed in duplicae
are shown, The specificity of 1the MAbs used is shown on the left.

whereas it did rot alter the attachment of the nar3 variant,
Conversely, GST-VP3 was able to displace the binding of nar3
but had no effect on the binding of RRV. Preincubation of the
cells with a mixture of GST-VP3 and GST-VP§ fusion proteins
did not increase the inhibitory effect observed with the indi-
vidual proteins. The GST protein, used as a control, did not

B RRV
F3 nar3

GST_-FVPS
GST-VP3

GST-VP5~7

GST-VP§

50 75
virug binding (%)

106 125

FI1G. 3. Effect of the recombinant proteins GST-VPS. GST-VPS. and GST on.
the binding of RRV and nar3 viral particles to MA104 cells, Affinity-purified
fusion proteins (1.5 pg of each) were preincubated with 5 X 10" MA04 cells in
suspension for T h at 4°C. The excess unbound protein was removed. and then
300 ng of either RRV or natd viral particles was added, and the mixiure was
further incubated for 1 h at 4°C. The amount of virus or fusion protein bound to
cells was determined by an ELISA as described in Materials and Methods. Data
are expressed as the percentage of the virus binding obained when 1he cells were
preincuhated with PBS as a control, The arithmetic means and standard devia-
tions for two independent cxm‘rlmems performed in duplicate are shown. In the
EL1SAs. where the fusion proteins were detected, no significant differences in
the bmdmg of the recombipant proteins to the ¢ells were found {resulis not
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modify the binding of either virus. Taken together, these re-
sults indicate that nar3 and RRV bind to MA104 cells through
two different domains of VP4. The fact that the mixture of the
two fusion proteins did not further decrease the binding of
efther virus suggests that wt RRV binds initiaily to the cell
mainly through VP8 while nar3 does so mainly through VP3.

The infectivity of nar3 and RRYV is decreased by the recom-
bipant VP5 and VP8 proteins. Since the GST fusion proteins |

specifically and selectively inhibited the binding of nar3 and
RRYV, we evalvated how these recombinant proteins influ-
enced the infectivity of these viruses. To do this, MA104 cells
in 96-well plates were preincubated with the recombinant pro-
teins or PBS as control and then a fixed amount of the virus
was added. After 1 h of binding at 4°C, the nonbound virus was
removed and the infection was left to proceed for 16 h, at
“which time the cells were fixed and stained for the presence of
viral antigen.

The GST-VP8 protein was found to reduce the infectivity of
RRYV by 60%, while it did not affect that of nar3, as compared
to control wells where no protein was added (taken as 100%
infectivity) (Fig. 6A). When GST-VP5 was tested in this assay,
the reverse was found; the infectivity of the SA-independent
variant was reduced by 50% whereas that of RRV was not
significantly affected. Preincubation of the cells with a mixture
of the two recombinant proteins resulted in an inhibition of
infectivity similar to that observed when either the GST-VP3
for nar3 or the GST-VP8 for RRV was individually tested.
Preincubation of the cells with GST did not affect the infec-
tivity of either virus. These results suggest that VP8 and VP3
block the infectivity of RRV and nar3. respectively, by blocking
their binding to the cell surface.

The recombinant VP5 protein decreases the infectivity of
RRYV in NA-treated cells. We also characterized the effect of
the recombinant proteins on the infectivity of RRV and nar3 in
MA104 cells that had been treated with NA, Since the infec-
tivity of RRV decreases up to 80% in NA-treated cells com-
pared to that in untreated cells (31), the amount of RRV used

. In these experiments was increased sixfold to maintain a sim-
ilar number of FFU per well (~2,000 FFU/well) under both
conditions. MA104 cells in 96-well plares were treated with NA
as described in‘Mfaterials and Methods and then preincubated
with the recombinant proteins. Under these conditions, GST-
VPS5 reduced the infectivity of both nar3 and RRV by 73%
{Fig. 6B). The GST-VPS§ protein had a less pronounced effect
on RRYV, reducing its infectivity to 65% of that observed in
controls, whereas it did not significantly affect the infectivity of
nar3 compared to the GST control protein. When a mixture of
GST-VPS and GST-VP8 was added to the cells, the infectivity
of RRV was reduced to 135 while that of the SA-independent
Yariant nar3 was reduced to about 50¢%. findings not signifi-
cantly different from those obtained when the individual pro-
teins were tested. Taken together, these results indicate that on
cells treated or not treated with NA. the SA-independent vari-
ant binds preferentially through the VP2 domain of VP4 while
RRYV binds to untreated cells through VP8 and to NA-treated
cells mainly through VPS5, '

DISCUSSION

The attachment of a virus to its cellular receptor is the first
step in infection and may control the efficiency of virus entry.
A detailed understanding of the molecular interactions be-
tween the viral attachment proteins and the ccllular proteins
involved is a prerequisite for understanding the translocation
of the virus into the cytoplasm of the cell.

* In this work we have studicd by a direct, nonradicactive
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MA]104 cells . A

B RRV
fA nar3

Virus infectivity (%)

GST- ~ GST- GST;VPE
VP35 VP8 GsTvPS

FIG. 6. Effect of the recambinant proteins GST-VP8, GST-VPS, and GST on
the infectivity of RRV and nar3 viral panticles. Affinity-purified fusion proteins
(35 wl of a 30 ng/ul solution) were added to monolayers of MA104 cells in-
96-well plates, either treated (B) or not treated (A) with NA, for 30 min at 3°C.
Then. 2 X 10° FFU of RRV or nar3 {A} or 1.2 % 10* FFU of RRV, or 2 x 10°
FFU of nar3 (B) was added per well, and after a 30-min adsorption period a1 4°C. -
1he inoculum was remeved and the infection was left to proceed for-16 h a1 37°C.
At this time, the cells were fixed and immunostained as described in Materials
and Methods. Data are expressed as the percentage of the virus infectivity
obtained when the cells were preincubated with PBS as a control. The arithmetic
means and standard deviations for three independent experiments performed in
duplicate are shown.

" binding assay the cell attachment characteristics of the SA-
dependent rotavirus RRV and of its variant nar3, which no
longer requires SA-to infect the cell. The binding of these
viruses t6 NA-treated cells could not be evaluated by this kind -
of assay, since the treated cells in suspension tend to aggregate,
giving unreliable results. _

We found that these two viruses initially attach to the cell
surface of untreated MA104 cells through different domains of
VP4, It has been previously shown (13, 21, 26) that RRV binds
10 a SA-containing molecule through VP8, while here we re-
port that the SA-independent variant binds to an asialo recep-

-tor through VP5. We have previously shown that although this
vatriant does not need SA to infect the cells, it retains its ability
t0 agglutinate crythrocytes in a SA-dependent manner (31).
However, apparently the variant binds to & SA-independent
ccll surface molecule even in normal, untreated cells, since the
attachment of these viruses to untreated cells is blocked by
preincubation of the cells with GST-VP5 and not by preincu-
bation with GST-VP8&. In addition, MAbs to VP8, which effi-
ciently block the RRV cell attachment, do not block nar3
binding, while the reverse was observed with the VP5 MAb
2G4. Thesc results also suggest that the binding to SA on the
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surface of erythrocytes and the surface of MA104 cells might
not represent the same type of interaction.

While in VP8 the amino acids that might be in contact with
the SA moiety of the receptor have been located (21), the
region of VPS5 that interacts with the cell surface has not been
determined, The putative fusion region between amino acids
384 and 404 (29) and the integrin binding site located between
amino acids 308 and 310 (4) might be good candidates to play
this role.

Sequence analysis of the VP4 gene of the SA-mdependent

- variants showed that the gene product had three amino acid
changes, at positions 37 (Leu-Pro), 187 (Lys-Arg), and 267
(Tyr-Cys), with respect to the parental RRV gene product
(32). Recently, we reported that the new Cys at position 267 is
involved in the formation of an alternate disulfide bridge with
_the Cys at position 318 in the VP4 of a SA- mdependent vari-
ant, and we proposed that this alternate disulfide bond, by
altering the conformation of the VPS5 protein, might allow the
variant virus to directly interact with an asialo molecule in the
cell membrane, superseding the initial interaction with the
SA-containing receptor (6). In the assavs reported here, we
used a. VP35 fusion protein derived from the wt virus; never-
theless, this fusion protein was able to efiiciently attach to the
cell surface, and block the binding and infectivity of the variant
virus. These results suggest that the recombinant wt VP35 pro-
tein, when expressed out of the context of the virus structure,
can adopt the proper conformation needed 10 interact with the
SA-independent receptor on the surface of MA104 cells.

Since the recombinant GST-VP8 and GST-VP5 proteins
were able to compete for the attachment of RRV and nar3.
respectively, we investigated whether these fusion proteins

. were able to block their infectivity; we found that in untreated

cells, GST-VP8 was able to decrcase the infectivity of RRV.

while the GST-VP5 protein decreased the infectivity of nar3,
consistent with our findings in the binding assays. On the other
“hand, in NA-treated cells, the recombinant proteins had a
different effect; GST-VP5, which in untreated cells inhibited
the attachment and infectivity only of nar3, was now able to
teduce by 75% the residual (209 of that observed in untreated
cells) infectivity of RRV (Fig. 6B). These results suggest that
RRYV is able to interact, through VPS5, with the asialo receptor
in NA-treated cells, albeit with lower efficiency than that of the
variant par3. The inhibition of GST-VP35 on the variant was

consistent, although slightly more pronounced than.in un--

" treated cells. The GST- VP8 fusion protein blocked about 35%
of the infectivity of RRV, indicating that the tr&¥tment of the
cells with NA might leave a small amount of SA on the surface
of the cells that might be resistant to this treatment and that
this SA can still be used by the SA-dependent strain to attach
and infect the cell As expected, GST-VP8 did not inhibit
significantly the infectivity of nar3. Taken together, these re-
sults suggest that the residual infectivity observed for SA-de-
pendent strains in NA-treated cells (2. 31) might be the con-
sequence of the interaction of the viruses with residual S$A left
on the cell surface, in addition to a direct interaction of VP35
with an asialo receptor. which would scem to be less efficient
for these strains than the VP8-SA interaction.

The observation that the MAb 2G4, which binds to VP3,
blocks the binding of the variant without altering the binding of
wt RRV, while it is able to neutralize the infectivity of both
viruses, together with the finding that GST-VP5 blocks the
infectivity of both viruscs in NA-treated cells, gives further
support to the idea that there are at least two sequential in-
teractions of aninial rotaviruses with cell surface molecules.
The first, which involves the initial binding of the virus, through
the VP8 domain of VP4, to a SA-comaining compound. fol-
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FIG. 7. Model for the early interactions of animal rotaviruses with MA104
cells. wt RRV interacts primarily with a SA-containing cell receptor through the
" VP8 dormain of VP4 (thick arrow). After this initial interaction, which might
induce a conformational change in VP4, the virus interacts with a second,
SA-independent cell receptor, through the VP35 domain of VP4, This interaction
might (?) facilitate the entry of the virus into the cell. A small proportion of the
wt RRV virus can interact directly through VP5 with the SA-independent moi-
ecule (dashed arrow; see the text). The SA-independent variant nar3, due to the
amino acid changes in its VP4 protein, interacts directly through VP35 with the
asialo receptor. For the sake of clarity, the SA-containing and asialo cellular
receptars are depicted in this model as two separate entities: however, they could
be rwo domains of the same receptor molecule; this point remains to be clarified
(see the text}).

lowed by -a second virus-cell interaction step which involves
VP5 and a SA-independent molecule. The SA-independent
variant nar3 apparently does not require the first interaction,
since it is able to efficiently interact directly through VPS5 with
the second asialo molecule in the cell membrane (Fig. 7).
The results presented in this work also suggest that the two
contacts of the virus with the cell surface are sequential, such
that in wt RRV the initial contact with the SA-containing
molecule might “facilitate” the interaction with the second,
- SA-independent molecule. In. the  variant, the amino acid
changes in VP4 probably induce a conformational change in
the protein, such that jts VP35 domain can interact directly with
the SA-independent molecule, surpassing the initial contact of
VP8 with SA. Therefore, one would expect that GST-VPS,
which binds to the asialo receptor, should be able to compete
the secondary interaction of RRV with this molecule and thus
block its infectivity. This inhibition was not observed; however,
it could be explained if RRV, once attached to the cell through
VP8, were able to efficiently displace the already bound re-
combinant VP5. This would not be the case for the nar3 variant

for for RRV in NA-treated cels). since the initial interaction

- of this virus is with the asialo receptor, and so when GST-VF5
is blocking this molecule, the vaniant cannot bind. In further
support of the sequential interactions of RRV with two cell
molecules is the finding that a MAD directed to the cell surface
of MA104 cells, which blocks the cell binding of nar3 but not
that of RRV, is able to inhibit the infectivity of both viruses (8.
Lopez, R. Espinosa, P. Isa, S. Zarate, E. Mendez, and C. F.
Arias, unpublished results).

Although the present data strongly support the existence of
two different interactions between wt RRV and the cel] sur-
face, at this point it is not possible to cstablish whether two
sites in the same cell surfa¢e molecule or two cell melecules are
involved in the interactions with VP8 and VP3. The fact that in
infection compctition assays the wt and variant viruses com-
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pete with each other reciprocally (33) suggests that if it is not
* the same cellular entity, the two cellular molecules might be in
close proximity.

Recently, it was reported that a recombinant RRV-VP3
protein produced in bacteria is able to specifically permeabilize
liposomes (8). The GST-VP3 protein used in our assays was
not able to promote the coentry of a-sarcin into MA104 cells,
which has been shown to correlate with virus entry (7, 25)
thus, the two activities that have been reported for VPS5 (ref-
erence 8 and this work) might represent two different functions
of this protein and might reside in two different domains of this
529 amino acid polypeptide, This issue is currently under in-
vestigation.

The list of examples of viruses that have more than one
interaction with the surface of the host cell is accumulating (16,
18, 34, 35), suggesting that virus attachment is a multistep
process, more complex than the bimolecular virus-cell interac-
tion previously envisioned. Multiple viral attachment proteins

- can bind to different cell receptors, or different binding sites in
either the viral protein or the cell receptor. may act together to
modulate each other or 10 contribute in complementary func-
tions. The cell receptors that bind to different virus ligands
might act sequentially; thus, binding of the virus to the first
cellular component could cause conformationa.-changes in the
virus or in the host cell that are necessarv before the second
interaction can take place.

For rotaviruses, recent competition experiments with strains
of human and animal origin together with the SA-independent
variants suggest that there might be at least one other inter-
action, in addition to the two described in this work, between
the virus and the cell surface {33). Further studies to charac-
terize the cellular molecules and the viral protein domains

" involved in these interactions should provide insight into rhe

highly selective tropism of rotaviruses.
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2. La integrina o2[31 es el receptor inicial del. virus nar3.

Como mencionamos anteriormente, encontramos que la variante nar3 se une a la
superﬁcie de la célula a través del dominio VPS5 de la prdtefna VP4. Para definir cual es la
regién de VP35 responsable de la unidn de nar3 a la célula, e identificar a la molécula écl-ular
que utiliza el virus nar3 como receptor inicial, realizamos el siguiente trabajo, cuybs resultados
fueron publicados en el articulo, “Integrin 2B 1 mediates the cell attachment of the rotavirus.
neuraminidase-resistant variant nar3”; las figuras mencionadas en el texto a-continuacién se
encuentran en el articulo anexo. |

Como se menciond en ia introduccién, previamente habian sido descritas dos
regiones de VP5 que podrian estar involucradas en los primeros contactos del virus con la
célula huésped, una de ellas es una regién hidrofébica que es similar a los péptidos de fusién
de la familia de los alphavirus (53), y la otra el tripépfido DGE que puede funcionar como
motivo de unidn a integrinas de tipo 0:2B1 (8).

Anteriormente habfamos encontrado que la protefna VPS5, ekpreééda como fusién a
GST, es c‘apaz de competir con nar3 por la unién a su receptor (ver .fig. 6, art. 1), Para |
determinar si la regién DGE o la regién hidrofébica estaban involucradas en la unién mediada
por VP35, construimos dos proteinas VP5 mﬁtantes. En una de ellas cambiamos el aspartato
308 por alanina (VP5”*®*)_ ya que se ha reportado cjue el cambio del tripéptido DGE por AGE
. elimina la capacidad de los ligandos para unirse a la integrina o231 (72). En la otra
construccién cambiamos la glicina 400 por aspartato (VPSG“dOD), pues en alfavirus se ha visto
que un cambio equivalente dentro del péptido de fusién elimina por completo la actividad dg
fusién de estos virus (44), Las proteinas recombinantes se produjeron en E. coli, como
fusiones 'a GST y se purificaron por cromatografia de afinidad. Posteriormente eﬁluamos la
capacidad de estas proteinas para unirse a la superficie de la célu]as y de competir Ia unién dei |
virus nar3 en comparacién con la proteina VP5 silvestre. |

Encontramos que ambas proteinas mutantes se unen a la célula de manera similar a
como lo hace la prdlcfna silvestre (datos n()-nm.x'U'u(.!os}. También encontramos que la proteina
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mutada en la regién hidrofébica (VP55

) compite la unién del virus nar3 al mismo nivel que
lo hace la protefna silvestre, mientras que la protefna mutada en el dominio de interaccién con
la integrina 02B1 (VP5™®*) no es capaz de competir esta unién (Fig. 2, art. 2); esto indica que
la proteina VP54 10 es capaz de unirse al receptor de nar3 y por lo tanto este virus se une a
su receptor atin en prcsencia.de esta protefna mutante. Sin embargo la proteina VP5”*%4 se une
a la superficie celular, indicando la posible presencia de otro dominio de unién a la célula,
presente en VP35, | |

Anteriormente se habfa rcportédo que las integrinas a2B1, a4f1l y axp2 estan
involucradas en la infectividad de los rotavirus (8, 33), por lo que probamos el efecto de
anticuerpos dirigidos contra diferentes subunidades de las integrinas en la infectividad de los

.

rotavirus RRV y nar3. Encontramos que los anticuérpos dirigidos contrgllasmintegrinas a2, B2
y a4 disminuyen entre 25 y 40 % la infectividad tanto de nar3 como de RRV (Fig. 1A, art. 2);
a pesar de que el bloqueo observado es parcial, estos datos son consistentes con los que habian
~sido reportados previamente, indicando que el proceso de union y entrada de Jos rotavirus
involucra multiples interacciones y la posibilidad de que algunos virus puedan utilizar rutas
alternativas en este proceso.
Posteriormente, decidimos probar si Jos AcM dirigidos contr'a las diferentes integrinas
~ tienen élgﬁn efecto sobre la unién dé los virus RRV y nar3. Co};xo se muestra en la figura 1B
del articulo 2, los anticuerpos dirigidos contra las subunidades de integrinas 32 y 04 no tienen
ningun efecto sobre.“fzwunic’m de ninguno de los dos virus, mientl;as que.gl anticuerpo dirigido
~contra la subunidad o2 disminuye—en un 50 % la unién de nar3 sin afectar la uni6n de RRV.
Esfos datos sugirieron que la integrina 0281 es el receptor inicial de la variante nar3, y que
esta molécula celular es utilizada por el virus RRV en ﬁn paSo posterior a la unién a la célula. .
Finalmente, para confirmar estos datos utilizamos péptidos sintéticos que representan
c.iiferen'tes regiones de VP5 para evaluar su efecto sobre la infectividad y la unién de los
rotavirus RRV y nar3. Se utilizaron tres péptidos, uno que llamamos DGE, comprendé la
posible regién de interaccién con la integrina 2B 1, el segundo, llamado FP, contiene la

40



region hidrofébica postulada como péptido de fusién, y un péptido que llamamos COOH que
representa una régién en el extremo cérboxilo de la proteina VP5 (ver tabla I y figura 3B de la
tesis). Como se muestra en la figura 3A del articulo 2, la inféctividad, tanto de_ nar3 como de
RRYV, comparada con la obtenida en ausencia de péptido, se ve afectada entre un 45 a un 70 %
por los péptidos DGE y FP, indicdndo que estas regiones pod:fan ser importantes en los
primeros eventos de la infeccién por rotavirus. Por otro lado, el péptido COOH no tiene
ningtin efecto sobre la infectividad de estos virus. |
Ya que los péptidos sintéticos DGE y FP son capaces de inhibir la infectividad de los
fotavirus RRYV y nar3, probamos su efecto sobre ]a unién de los virus a la superficie celular.
En la figura 3B del articulo 2, podemos observar que ninguno de los péptidos afectd 1a unién
del virus RRV, lo que estd de acuerdo con el hecho que este virus se une inicialmente a una
mélecula que contiene AS, a través del polipéptido VPS8. Por otro lade encontramos que el
péptido DGE bloquéa la unién del virus nar3 en un 60 %, mientras que el péptido FP tuvo un
efecto marginal y el péptido COOH no tuvo ﬁingﬁn efecto.
- Los resultados anteriores nos permitieron identificar a la integrina o231 como el
receptor inicial del rotavirus ﬁar3, el cudl se une a ella a través del dominio DGE de la

proteina VPS5 (79).
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It was previously reported that integrins o231, a4ﬁ1. and «XpB2 are involved In rotavirus cell infection, in this work we
studied the role of integrin subunits a2, a4, and B2 on the attachment of rotaviruses RRV and nar3 to MA104 cells. Integrin
a2f31 was found to serve as the binding receptor for the neuraminidase-resistant virus nar3, whereas the neuraminidase-

|
|- . involved In the initial cell binding of either virus.
| .
} Rotaviruses have a genome of 11 segments of double-
itranded RNA contained in a triple-layered protein cap-
id. The smooth external surface of the virus is made of
imers of the glycoprotein VP7, while 60 spike-like struc-
ures, formed by dimers of VP4, protrude from this sur-
ice (6). VP4 has essential functions during the early
tteractions of the virus with the cell; it i3 used as the
irys attachment protein (12, 17), and it is also important
or virus entry, since for the virus to penetrate into the
el's cytoplasm VP4 has 10 be cleaved by trypsin info
o subunits, VPS and VP8 (2).
| The celi attachment of some rotavirus straing isclated
m animals {other than humans)}, including rhesus ro-
wirus RRY, is greatly diminished by treatment of cells
iith neuraminidase (NA), indicating the nged for slalic
cid (SA) on the cell surface, However, the interaction of
1ese strains with a SA-containing receptor does not
pem to be essential, since variants which no longer
sed SA to infect the cells have been isolated from RRV
d from the simian rotavirus strain SA11.(3, 12, 14).
The binding of RRV to sialic acids has been shown to
mediated by VP8, and the domain of the protein
valved In this binding was previously described (7 70).
the other hand, the NA-resistant RRY variant nar3
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sensitive strain RRV Intsracted with this integrin at a postattachment step. It was shown that nar3 binds a21 through the
DGE integrin-recognition motif located in the virus surface protein VPS. Integrin subunits o4 and B2 do not seem to be
© 2000 Acadsmic Press ' ‘

was found to attach to cells through the VP5 trypsin
cleavage product of VP4 (17}, although the region of VP5
responsible for this interaction and the cell molecule that
functions as receptor for the virug have not yet been
determined. ‘

Recently, it was reported that the VPG subunit of VP4
contains the tripeptide-sequence motifs DGE and DA,
which are known'to interact with integrins a281 and
a4, respectively, while VP7 contains the oX2 integrin
ligand site GPR, and the a481-binding motif LDV (4, 9). T
was also shown that antibodiss to integrin subunits a2,

-ad, and B2, as well as peptides that mimic the ligand

sites for these integring, blocked the infectivity of the
NA-sensitive simian rotavirus strain SA11 and of the

. NA-resistant human rotavirus strain’ RVB. We recently

described that antibodies to these three integrin sub-
units, and to integrin avB3, are able to block the infec-

tivity of rotaviruses RRV and nar3, as well as that of

human rotavirug strain Wa, and we showed that integrin
avB3 interacts with these tnree rotavirus strains at &
postattachment step (8). In this work we studied the role
of integrins a2, a4, and B2 on the cell attachment of
rotaviruges RRY and nar3. We found that integrin o281
serves as the attachment receptor for the NA-resistant
rotavirus strain nar3, through the interaction with the
DGE maotif present in the VPB protein of the virus. This
integrin was found to interact with RRV at a postattach-
ment step, similar to integrin subunits a4 and 32, which
did not function as primary binding sites for these two
viruses,

The infectivity and cell-binding blocking assays em-
ployed in this work were carried out essentially as de-

|
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scribed (77). For the infectivity assay, MA104 cells in
96-well plates were preincubated with MAbs P1E6 to a2,
MHM23 to B2, PAGY to a4 (Dako, Carpinteria, CA), or
FB12 t0 a1 {Chemicon, Temecula, CA), for 1 h at 37°C
and the cells were then infected with 2000 focus-forming
units (FFUs) of either RRV or nar3 viruses. After a virus
adsorotion period of 1 h at 37°C, the cells were washed
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.and the infection was allowed 10 proceed for 14 h, after
which the cells were fixed and the virus titer was deter-
mined by an immunoperoxidase focus assay (7). For the
cell-binding blocking assay, MA104 cells in suspension
were preincubated with the MAbs to the different inte-
grins for 1 h at 4°C, and after the excess antibody was
removed, 300 ng of CsCl-purified viruses nar3 of RRV
was added to the cells. After an incubation period of 1 h
at 4°C the cells were washed, and the cell-bound virus
was determined by ELISA (77).

© As previously observed (8), the infectivity of RRV and
that of its variant nar3 were found to dacrease 25 t0 46%
when the celis were incubated with MAbs to integrins
o2, a4, and B2, while they wers not affected by MAb
FB12, directed against integrin subunit a1 (Fig. 1A). This
level of inhibition is in accordance with that found by
Coulson et al. (4) and Hewish et al. (9) for SA11 and RV5
rotaviruses.

When the blocking activity of the integrin antibodies on
the binding of the viruses was analyzed, a differential
effect on RRY and nar3 was observed. Although the
binding of RRV was not affected by any of the antibodies
tested, MADL P1E6 10 integrin subunit a2 reduced the cell
attachment of nar3 by about 40%. The MAbs to the other
integrin subunits did not madify the binding of nar3 (Fig.
1B). ] ' ‘

These results suggest that.the MAbL to integrin o2
blocks the infectivity of RRV and nar3 through different

mechanisms. It seems to inhibit the infectivity of nar3 by

preventing its attachment to the cell surface, while RRV
seems to be blocked at a posthbinding step. Antibodies to
o4 and B2 integring apparently inhibit a postattachment
interaction of both viruses.

Wa recently reported that the NA-resistant variant nar3
hinds to the suiface of MA104 cells through the VPB
dornain of VP4 (17). Since VPS5 contains the tripeptide-
recognition motif DGE for integrin «281, and a MAb to
the @2 integrin subunit blocks the binding of nar3 (Fig.
iB), we hypothesized that this virus binds to cells
through the DGE motif, located at VP5 amino acid resi-
Jues 308-310. To demonstrate the role of DGE in the
sinding of VP% to cells, we used a recombinant RRV
38T-VPS fusion protein produced in bacteria, which was
sreviously shown to bind specifically to MA104 cells (17).
n addition, two modified versions of this protein were
jonstructed by site-directed mutagenesis. In one, the
1spartic acid residue in the triplet DGE was replaced by
in alanine residue (GST-VPE™®4), In the second, we
iltered the sequence of the putative fusion peptide

B 1254
100+

754

% binding

254 i

MAD's anti-integrin

FIG. 1. Effect of MAbs to different integrin subunits on the infectivity
and binding of RRV and nar3 viruses. {(A) MA104 cells in 86-well plates
were preingubated for 1 h at 37°C, with MAbs to integrin subunits a2,
B2, a4, or al; after Incubation with antibody the cells were washed
twice with MEM, and then RRV or nar3 viruses (2000 FFUs per well)
were adsorbed for 60 min at 4°C; after the adsorption period the
inoculum was removed and the infection was allowed to proceed for
14 h at 37°C, after which the cells were fixed and immunostained. Data
are expressed as the percentage of the virus infectivity obtained when
the cells were preincubated with MEM as control. (B} MA104 cells in
suspension {6 X 10* cells/assay) were preincubated with MAbs to
integring a2, B2, and 4 for 1 h at 4°C, The excess, unbound antibody
was removed, and then 300 ng of ‘either RRV or nar3 purified virus
particles was added, and the mixture was further incubated for 1 h at
4°C. The amount of virus bound to cells was determined by an ELISA
as dascribed (77). Data are expressed as the percentage ‘of the virus
binding obtained when the cells were preincubated with PBS as a
control. The bars represent the standard error of at least three inde-
pendent experiments performed in duplicate. The antibodies used
were MAD P1EB (3.2 pg/ml) to a2, MHM23 (41 ug/ml) to 52, P4GS (8.1
pg/ml) to o4, and FB12 (10 ug/mi) to a1,

present in VPE (73); the glycine residue at amino acid
position 400 was replaced by an aspartic acid, to vieid
the mutant protein GST-VP5S4%®,

Wild-type (wt) GST-VPE and the mutant proteins were
expressed in bacteria and affinity-purified essentially as
described by Isa et a/. (70). To assay the ability of these
polypeptides to bind to the cell surface, different
amounts of each fusion protein were incubated with
MA104 cells for 1 h at 4°C, and the protein bound to cells
was determined by ELISA (77}, The inset to Fig. 2 shows
that the binding to the cell surface of both mutant pro-

CTESISCON | o

FALLA DE ORIGEN

| S —



52 ' RAPID COMMUNICATION

OD 405nm

—— GST-VPS
e (GST-YP§T400D

eeeere GST-VP5DI0EA

1
P

% binding

0 05 1 L5
Protein added (pg)

FIG. 2. £ffect of recombinant proteins GSTVPE, GSTVP5E%™C, and
GSTVPE™™* on the binding of RRV and nar3 viral particles to MA104
cells. The indicated amounts of affinity-purified fusion proteins were
preincubated with 5 X 10* MA104 cells in-suspension for 1 b at 4°C.
After the excess protein was removed, 300 ng of sither RRV {closed
symbols) or nar3 (opeh symbols) purifiad viral particles was added, and
the mixture was further incubated for 1 h at 4°C. The amount of virus

or fusion proteins that remained bound to the cells was determined by

an ELISA, The total amount of recombinant protein added to each
assay is plotted against the OD s readings ottained in the ELISA plate
(shown in the inset). The amount of ¢ell-bound virus particles is ex-
pressed as the percentage of the virus binding obtained when the cells
were prelncubsted with PBS as a control, The erithmetic means =
standard error.from two independent experimants performed in dupli-
cate are shown. For RRV virus only the highest amount of each recom-
binant protein was tested.

teins was very similar to that found for wt GST-VPS5,
indicating that the changes introduced did not impair the
ability of the mutagenized polypeptides to attach to
MA104 cells, ,

We previously described that the wt G8T-VPS protein is
able to efficiently compete the binding of nar3, but not
that of RRV (77); thus, we assayed the ability of both
mutant proteins to compete the binding of RRV and nar3.
For this, purified viruses were added to MA104 cells,
which were previously incubated with different amounts
of each recombinant protein for 1 h at 4°C. The virus that
remained bound to the cells was determined as de-
scribed above, While the GST-VPE®® protsin competed
the binding of nar3 as efficiently as did wt GST-VPB, the
GSTVP5™™* polypeptide did not affect the attachmerit of
the virus at any of the concentrations ‘used (Fig. 2). As
expected, the attachment of RRY was not affected by any
of the recombinant proteins tested (Fig. 2, shown only for
the highest concentration of the proteins), These results
suggest that binding through the DGE integrin motif Is
required for the GSTVPS protein to compete the attach-
ment of the variant nar3, On the other hand, the fusion
peptide region of VPb does not'seém 1o be important for
the binding of this virus, since the mutant GST-VP5%<*°
retained its ability to block the attachment of the virus.
The fact that the GST-VP5™® recombinant protein was
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not able to compete the binding of nar3, even though it
hinds to the cell surface as efficiently as wt GST-VPS,
suggests the existence of an additional attachment site
in VPB, independent of the DGE motif, and.also probably
independent of the integrin-recognition motif IDA present
at residues 538-540 of VPE {4), since the MAD o o4 did
not affect the binding of nar3 (Fig. 1B). The possibility that
GST-VP5®™ might bind to the cell surface in a nonspe- .
cific manner, however, cannot be ruled out,

We also studied the effect of synthetic peptides that
mimic different regicns of VP6 on the infectivity and
binding of nar3 and RRV. The peptides tested comprised
aminc acids 2987 to 318, which contain the a2 integrin-
binding site {peptide DGE);, amino acids 380 to 401, which

- contain the putative fusion region of the protein (peptide

FP); or amino acids 738 to 754 from the carboxy-terminal
region of VP5 (peptide COOH}. The ability of these pep-
tides to block the infectivity and binding of the viruses
was tested by preincubation of MA104 cells with 8 ug/mi
of each peptide before addition of the virus. As shown in
Fig. 3, peptide DGE was found to block the infectivity of
both RRV and nar3 by about 40 and 70%, respeciively,

~ although It inhibited the binding only of the latter virus.

Peptide FP also blocked the infsctivity of bath viruses,
although to a lesser extent than did peptide DGE, and it
did not affect, or only slightly affected, the binding of nar3
and RRV. Peptide COOH, which was used as a negative
control, did not affect either the infectivity or the binding
of the virusas. These results are conslstent with the idea
that the DGE motif present In VP5 is relevant for the initial
binding of the nar3 variant, while it is not used by wt RRV
o initially attach to the cells, The block in the infectivity
of RRV caused by peptide DGE is again, most probably,

- at a postattachment step.

- The Inhibitory effect that peptide FP has on the viral
infectivity of both RRV and nar3 viruses could be the
result of a direct interaction of the peptide with the cell
membrane, which in turn interferes with the virus infec-
tion at some point after the initial binding of the viruses

" 1o the cell surface. Recently, Dowling et a/. (5) showed

that mutations in this region of VPS abrogate the mem-
brane permeabilization activity of the protsin. Our obser-
vation that a peptide that mimics the fusion peptide of
VPS5 is able to block the infectivity of rotaviruses at a
postbinding step is in accordance with their findings.

- Taken together, these results indicate that the NA-
resistant variant nar3 binds to the surface of MA104 cells
by interacting with the «2B1 integrin threugh the DGE
motif of VP5, while RRV interacts with this integrin after
its initial binding to the cell surface with an as yet
undetermined SA-containing receptor.

Recently, Hewish et al. (9) found that KB62 cells, trans-
fected with the genas for either a2 or a4 integrin sub-
units, bound more rotavirus SA11 than did uniransfected
cells, and this increased binding was blocked by anti-
bodies to a2 and a4 integrins. In that work, an indirsct
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FIG. 3. Effect of synthetic peptides on the infectivity and binding of
\RY and nar3 viruses. (A) MA104 cells in 38-well plates were preincu-
iated for 1 h at 37°C with 8 pg/ml of each peptide, and then RRV or
iard viruses (2000 FFUs per well) were adsorbed for i h at 4°C; after
1e adsorption pericd the inoculum was remaved and the infection was
llowed to proceed for 14 h at 37°C, after which the célls were fixed
ind immunostained. Data ars expressed as percentage of the virus
factivity obtained when the cells were preincubated with MEM as
ontrol. The bars represent the standard error of two independent
xperiments performed in duplicate. (B) MA104 cells in suspension
5 X 10* cells per assay) were preincubated with 4 ug/ml of each
ieptide for 1 h at 4°C, The excess peptide was removad, the calls were
vaghed, and 300 ng of either RRV or nar3 viral particles was added:
‘he mixture was incubated for 1 h at 4°C and the amount of virus
iound to the cell was determined by an ELISA. Data are expressed as
e percentage of the virug bound to the celis when they were prain-
ubated with P8BS as a control. The bars represent the standard error
f two independent experiments performed In duplicate.

yinding assay, in which the K562-cell-hound virus was
ecovered by freeze—thawing of the cells and subse-

juently titered in MA104 cells, was used. In contrastto . .

hose results we found that antibodies to either a2 or a4
vere not able to prevent the binding of the simian rota-
trus RRV, which shares with SA11 not only the VP7
ierotype but also its dependence on SA to infect cells.
"his discrepancy in the role of integrin subunits a2 and
v4 as attachment receptors for SA-dependent viruses
night be explained by the different binding assays used,
he different cell lines employed, or the different rotavirus
trains characterized. ‘ ‘

We recently described that the binding of both the

varfant nard and the wt GST-VPB protein is partially in-
hibited by monoclonal antibody 209, which is directed to
an as yet unknown molecule on .the surface of MA104
ceils {77). Even though the behavior of MAb 2D9 is
similar 1o that of the a2 integrin antibody, 2D8 is probably
not directed to this integrin, since its pattern of staining
of mouse small intestinal cells is quite different from that
obtained with a MADb to a2 (unpublished data). Never-
theless, the cell structure recognized by 2D2 must be in
close proximity to integrin @231 on the surface of MA104
cells, since MAbL 2D9 displaces the binding of antibodies
to a2 by flow cytometry (Isa et al, unpublished results).
Thus, the antigen recognized by 209 might serve as an

. alternative cell receptor for the variant nar3, since cells

that lack a231 but are 209-positive, like L or CHO cells
(11), can be infected by this virus, albeit with much lower
efficiency.

We proposed a model for the early interactions of
animal rotaviruses with MA104 cells, in which we sug-
gested that RRV initially binds to an as yet unidentified
SA-containing compound in the cell membrane through
the VP8 domain of VP4, Subsequent to this initial inter-
action we proposed that the virus interacts with a sec-
ond, 8A-independent, celt receptor through the VPS5 do-
main of VP4, and we also hypothesized that the NA-
resistant variant nar3 interacts directly through VP5 with
the second receptor {17). In this work we identified this
second receptor as integrin a2pt,

The results reported here further support our hypoth-
esis that the interaction of rotaviruses with their host cell
is @ multistep process in which seguential contacts of
the viral capsid with the cell surface take place (75).
These multiple interactions of viruses with cell receptors
have been observed for different viruses, such as HIV,
adenovirus, measles virus, and herpes simplex virus {78).
In the case of rotaviruses, how many more contacts the
virus has with the celi surface before it reaches the cell's’
cytoplasm and which cellular and viral partners are in-
volved in these interactions remain to be determined.
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3. El extremo carboxilo_de VP5 media la interaccién de los rotavirus con la proteina de
choque térmico hsc70

Ahora bien, durante la caracterizacién del dominio de unién del virus nar3 ala
superficie celular encontramos que a pesar de que la protefna mutante GST-VP5P3%4 ¢g
incapaz de bloquear la unién del virus nar3 a la célula, sigue uniéndose a la superficie celular;
en este trabajo nos propusimos determinar si esta otra interaccién de la proteina VPS5 con la
superficie de la célula es especifica, ¢ identificar al receptor. Los resultados de este trabajo se
encuentran en el artfculo “Molecular characterization of rotavirus interaction with its receptor
hsc70”, que ha sido sometido al Journal of Virology, para su publicacién. Las figuras
mencionadas en el texto a continuacién se encuentran en el manuscrito anexo.

Como una estrategia para identificar otros dominios de VP53 que estuvieran
involucrados en las interacci_ones iniciales del virus con su célula huésped, se mandaron
sintetizar quimicamente péptidos que representan distintas regiones de VPS5 y se probé el
efecto de estos péptidos en la infectividad de los rotavirus nar3 y RRV. En la figura 1 del
articulo 3, se muestra ‘la distribuci6n de estos péptidos en la secuencia de VPS5 (numerados del
2 al 7). En esta caracterizacién también se incluyé al péptido DGE, como control, cﬁyos
efectos sobre la infecfividad y la unién ya han sido caracterizados previamente (79).
" Encontramos que los péptidos denominados 4, 5 y DGE fueron capaces de bloquear la
infectividad de los rotavirus RRV y nar3 (Fig. 24, art. 3), indicando que la regién
comprendida entre los aa 594-670 podria estar involucrada en la entrada de los rotavirus a su
célula huésped. Ademds, los péptidos 3 y 6 dis,inuyen la infectividad de nar3, pero no la de
- RRV. Cuando probamos el efecto de estos péptidos sobre la unién de RRV y nar3,
encontramos que ninguno de los péptidos 4, 5, 6 6, afectaron la unién de estos virus (fig 2B,
art, 3); lo que es consistente con nuestros resultados previos, pues habfamos encontrado que
RRYV se une a la célula a través de VP8 y que la variante nar3 se une a través de la regi6n en

DGE presente en la proteina VPS5. En este trabajo cambiamos el protocolo de los ensayos de
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unién; en vez de utilizar células en suspensién, los ensayos se hicieron directamente sobre la
monocapa de células, ya que el método es mds sencillo y nos permite hacer més experimentos
simulténeamente; este protocolo estd descrito en Materiales y Métodos.

Considerando que los péptidos sintéticos 4, 5, y 6 bloguearon la infectividad de los
rotavirus, pero no su unién, evaluamos el efecto de estos péptidos, as{ como el del iaéptido

DGE, en la unidn, tanto de la proteina GST-VPS5 silvestre, como en la unién de la mutante

GST-VP5™%4 31a superficie celular. En la figura 3A del articulo 3, se muestra que el péptido -

DGE bloques la unién de la protefna GST-VP5, pero no la unién de: GST-VP5™*%4; por otro
lado, el péptido 5 fue capaz de bloquear la unién de ambas proteinas, lo que sugiere que en el
extremo carboxilo terminal de VP5 se encuentra un dominio de unién a la superficie de la
célula, que participa en un paso posterior a la unién inicial de los virus RRV y nar3.

Para caracterizar este dominio de uhié'n a la célula, utilizamos doé .AcM dirigidos
contra la proteina VP5: el anticuerpo 2G4 es un AcM neutralizante de la infeccién viral, que
reacciona en una regién alrededor del aminoécido 393 de VPS5, y el AcM HS2, que es un
anticuerpo no neutralizante, que reconoce a la proteina VPS5 en la regién alrededor de los
amino4cidos 540 al 593. Al evaluar el efecto de estos AcM en la uniéﬁ de las proteinas GST-
VPS5 y GST-VP5™%* a la superficie de la célula, encontramos que el AcM 2G4 fue capaz de
bloquear 1a unién de 1a protefna silvestre, pero no la unién de la mutante, mientras que el
AcM HS2 inhibid la unién de ambas proteinas (Fig. 3B, art. 3). Ademds, la mezcla de estos
AcM tﬁvo un efecto ligeramente mayor sobre la unién de la proteina VP35 silvestre, indicando
que esta proteina es capaz de utilizar ambos_ dominios para unirse a la superficie dé la ;:élula.
Por otro lado, en ¢l caso de la proteina mutante, la mezcla de anticuerpds da el mismo nivel de
inhibicién que el obseﬁado para el AcM HS2, esto copfirma que el AcM 2G4 no tiene ningtin
efecto sobre la unién de esta proteina. Estos resultados confirmaron que la protefna VP35

posee dos dominios de unién a la superficie celular.
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Péra estudiar si estos dominios de unién a la célula, presentes en VPS5, son
independientes, se hicieron dos construcciones de VPS5, La construccién NH,-VPS contiene la
regién amino de VP5 (aa 248-474), donde se encuentran ¢l dominio. DGE (de unién a la
integrina o2PB1) y el sitio de reconocimiento del AcM 2G4. La otra construccién, llamada
VP5-COOH (aa 474-776), comprende el sitio de reconocimiento del AcM HS2 y la regién
representada por los péptidos 4, 5 y 6 (Fig. 3C, pag. 17); ambas construcciones tienen seis
histidinas en el extremo COOH terminal, lo que facilita su purificacién mediante
cromatografia de afinidad. En ensayos de unién encontramos que tanto la proteina NH,-VP5,
como la VP5-COOH fueron capaces de unirse a la superficie de la célula (datos no
mostrados) y que el péptido DGE bloqued solamente la unidén de la proteina NH,-VP5,
mientras que el péptido 5 inhibi6 Unicamente la unién de VP5-COOH (Fig. 4A, art. 3), el -
péptido S5, un control con la misma composicién de aminodcidos que. el péptido 3, pero con
diferente secuencia, no afect la unién de ninguna de las dos proteinas, lo que sugiere que las
regiones amino y carboxilo de VP35 se unen de manera especifica a dos moléculas distintas en
1a superficie de la célula. Ademés en ensayos de competéncia encontramos que laé proteinas
NH,-VP5 y VP5-COOH no coxhpiten entre si por la unién a la superficie de 1a célula (datos
no tnostrados), lo que confirma la independencia de estos dos dominios de unidén presentes en
.la proteina VP5.

Como ya se ha mencionado, existen varias moléculas en la superficie de la célula que
han sido propuestas como posibles receptores para los rotavirus. Para tratar de identificar la
molécula celular con la cual interacciona el extremo carboxilo de VPS5, se utilizaron
anticuerpos dirigidos contra las integrinas 021 y a4B1, dado que en VP5 se encuentran llos
tripéptidos DGE e IDA que son capaces de mediar la interaccién de ligandos con estas
integrinas (59, 72); también se utilizé un anticuerpo dirigido contra la proteina de choque
térmico hsc70, que interacciona con los rotavirus en un paso posterior a la unién inicial de

éstos a la superficie de la célula (28).
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En estos ensayos encontramos que el AcM dirigido contra la integrina 041 no afecté
la unién de ninguna de las dos prot'einas recombinantes; el AcM anti 21 integrina bloqueé
la uni6n de la proteina NH,-VP5 como era de esperarse (ver capitulo 2 de Resultados), pero
no afect6 la unién de la proteina VP5-COOH. Encontramos que ¢l anticuerpo dirigido‘contra
la proteina de choque térmico hsc70 fue capaz de bloquear especificamente la unién de la
proteina VP5-COOH, sugiriendo que la interaccién de los rotavirus con la proteina hsc70
podria ser mediada por el dominio carboxilo terminal de VP35 (figura 4B, art. 3).l

En estudios previos habiamos encontrado que los rotavirus son capaces de unirse de
manera especifica a la proteina hsc70 inmovilizada en placas de ELISA (28). Utilizamos este
mismo tipo de ensayo para determinar si las proteinas NH,-VP5, VP5-COOH v la proteina
VP5his completa son capaces de unirse a la proteina hsc70 recombinante. Encontramos que
mientras la protefna VP5his y la proteina VP5-COOH se unieron a hsc70 de manera saturable,
la proteina NH,-VP5 no se unié a hsc70 (datos no mostrados); lo que sugiere que la protefna
VPS5 es capaz de unirse a hsc70 y que probablemente la regién que media esta interaccion se
encuentra en la regi6n carboxilo terminal de la protefna.

Dado que las proteinas ‘VP5 y VP5-COOH se unen a la protefna hsc70, probamos si
éstas son capaces de bloquear la uni6n del virus a la proteina hsc70. Como se puede observar
en la figura 5 del articulo 3, las proteinas VP5-COOH y VP5his bloquearon la uni6n del
rotavirus RRV a hsc70, mientras que la proteina NH,-VP3 no tuvo ninglin efecto sobre la-
unién dél virus a la placa de ELISA. Estos datos sugieren que el dominio de unién a hsc70 de
los rotavirus se encuentra en la protefna VP5. Ademds, encontramos que el péptido 5 fue
capaz de bloguear la unién del virus RRV y de las protefnas VP5his y VP5-COOH a la
proteina hsc70, mientras que el péptido S5, utilizado como control, no tuvo ningin efecto
sobre esta interaccién (Fig. 6, art. 3). Estos datos indican que la regién contenida en el péptido

5 es la responsable de la interaccion entre hsc70 y los rotavirus.
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En conjunto, los resultédoé obtenidos en este trabajo nos permitieron confirmar que
existen al menos dos sitios de unién en la proteina VPS5 de los rotavirus, el primero
corresponde al motivo DGE responsable de la interaccién de los rotavirﬁs con la integrina
o2B1 (79), y el segundo sitio, que encontramos en este trabajo, se encuentra ubicado hacia el
extremo carboxilo de la proteina, e interacciona con la proteina hsc70; pensamos que muy
probablemente esta segunda interaccién ono ests relacionada con la unién inicial de los
rotavirus a su célula huésped, sino que ocurre en un mormento posterior y es importante para

la ifectividad de estos virus. -

51



ARTICULO 3

Molecular Characterisation of Rotavirus Interaction with its

Receptor Hsc70.

Running title: Rotaviruses’ hsc70 binding site

- Selene Zérate, Rafaela Espinosa, Karla Judrez, Carlos F. Arias and Susana Lépei*

Departamento de Génetica y Fisiologia Molecular, Instituto de Biotecnologfia,

Universidad Nacional Auténoma de México, Cuernavaca, Morelos 62259, México.

*Corresponding authof: Susana Lépez

Mailing address: Departamento de Génetica y Fisiologia Molecular, Instituto de
Biotecnologfa, Universidad Naciongl Auténoma de México, Apartado Postal 510—3,
Cuernavaca, Morelos 62250, México.

Phone number: (52) (777) 3 29. 16 12 |

Fax number: (52) (777)3 17 23 88

E-mail: susana@ibt.unam.mx

52



ARTICULO 3

Abstract _ : -
Rotaviruses are the leading cause of severe dehydrating gastroenteritis in children
under three years of age. These viruses selectively infect the mature enterocytes located
on the tip of intestinal villi. Rotavirus infection seems to be _é multistep process involving
at least two viral proteins and three cellular receptors which include gangliosides,
. integrins, and hsc70, a constitutive member of the heat shock-induced hsp70 protein
family. We have shown that the virus particle interacts with this chaperone on the cell
membrane, at a post-binding step, probably penetration. The blocking of this interaction
inhibits viral infection. Using an in vitro enzyme immunoassay we have determined that
VP4, the virus spike protein, is responsible for the interaction with hsc70, The use of
fragments of VP4 expressed in E. coli, and of synthetic peptides that mimic regions of
this protein, has allowed us to show that VP4 interacts with hsc70 through a region
located at the carboxy terminal region of the viral protein.

Rotaviruses cell entry is a multistep process; we have characterised the binding of -
two rotavirus strains, which differs in their susceptibility to neuraminidase cell treatment.
RRYV is a simian rotavirus strain, which infectivity is sensitive to neuraminidase, and nar3
is a variant derived from RRV which is resistant to such treatment. We have pr,evious_ly'
found that both viruses bind to the cell surface through the spike protein VP4, which is
cleaved by trypsin into polypeptides VP8 and VP5; RRV binds to a sialic acid containing
receptor through the VP8 domain of VP4, while the variant nar3 binds to the integrin
o2B1 through VP5. Other interactions between rotaviruses and cell surface molecules
take place during virus entry. In this work we have found that the interaction between
rotaviruses and hsc70 protein, which is involved in the infectivity of these viruses, is
mediated by VP3, since the binding of VPS5 to the cell surface could be blocked with
antibodies to hsc70, and VPS5 is able to block the binding of rotaviruses to hsc70. The
region of VP5 that mediates this interactions is located on the COOH-terminal of the
protein, and it is independent of the binding domain to the integrin o231, which is also
present in VP5. A synthetic peptide derived from VPS5 can block the infectivity of
rotaviruses, the binding of VPS5 to the ceil surface, and the binding of rotaviruses and
VPS5 to hsc70. All these data implies that there are two cell surface binding domains in
VP35, one of them could mediate the initial binding of rotaviruses to the cell surface,to the
integrin 0:2B1, while the other is involved on the post-attachment binding to hsc70.
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Iﬁtroduction

Rotaviruses, the leading cause of mortality and morbidity due to severe
gastroenteritis in children all over the world, belong to the Reoviridae family (17) . The
genome of these viruses is composed by eleven segments of double-stranded RNA which
is surrounded by a capsid formed by three concentric layers of proteins. The outermost
layer, which is responsible for the initial interactions of the virus with the cell surface,
consist of two proteins; VP7, a giycoprotein that forms the smooth surface of the virion,
and VP4, which forms the spikes that extend form the surface of the particle (8). This last
protein has essential functions in the eatly interactions between the viral particle and the
cell surface, including receptor binding and cell penetration (3, 6, 18, 20, 26, 32). To be
infectious rotaviruses depend on a proteolytic activation by trypsin, which cleaves VP4,
the viral attachment polypeptide, into subunits VP5 and VPS8; this cleavage does not
affect cell binding (5, 9, 16), and has been associated with the entry of the virus by direct
cell membrane penetration (35, 9, 16, 22, 27). The role of VP7 during the early
interactions of the virus with the cell is not clear, although it has been shown that it can
modulate some of the VP4-mediated virus phenotypes, including receptor binding (21).

Rotaviruses have a specific cell tropism, infecting primarily the mature
enterocytes at the tip of intestinal villi, and the susceptibility of these cells seems to be
limited to a narrow age window (17). In cell culture, the infectivity of some rotavirus
strains has been shown to be sensitive to the neuraminidase (NA) treatment of the cells,
indicating that the presence of sialic acid (SA) on the cell surface is relevant for virus
infectivity. However, it has been established that the interaction with SA is not essential
for rotavirus infectivity since variants of a NA-sensitive rhesus rotavirus (RRV) which
are NA resistant have been isolated (20); in addition, some animal and most human
isolated rotaviruses are naturally NA-resistant (4). _

It has become evident that the entry of a virus to its host cell is a multistep process
where more than one interaction of the virus with the cell surface is involved (28).
Rotaviruses are not the exception, and at least four different cellular molecules have been
identified to play a role as receptors for this virus. The rotavirus strains that are sensitive
to the NA-treatment of the cells bind in first place to a sialic acid (SA)-containing
receptor, probably the ganglioside GM3 (25). After this initial interaction, a second
interaction, which apparently is shared by the NA-sensitive and -resistant strains, with
the integrin 0:2P1 takes place (31). Besides these two interactions, we have found that the
integrin owv33 and the heat shock protein hsc70 are also involved in rotavirus cell entry,
most probably at a post-attachment step (1, 10, 11).

We have previously characterized the binding of two rotavirus strains to the
surface of MA104 cells: RRV, a rotavirus strain of simian origin, which is sensitive to
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NA treatment, and nar3 a NA-resistant variant of RRV (20) which no longer requires SA.
to bind to and infect MA104 cells. We found that RRV binds to a SA-containing
‘molecule present in the cell surface through the VP8 domain of VP4, while nar3 bound to
the cell through the VP35 domain of VP4 (32). Integrin oi2pf1 was found to serve as the
binding receptor for the neuraminidase resistant virus nar3, while the wild type RRV
interacted with this integrin after its initial interaction with a SA-containing compound.
We also showed that nar3 binds to a2]31 through the DGE integrin recognition motif
located at amino acid residues 308-310 in the virus surface protein VP4 (32). These
studies were performed using a recombinant VP35, expressed as a GST-fusion protein in
bacteria, which was able to bind specifically to the surface of MA104 cells, and which
was able to block the binding of the nar3 variant. However, a mutant GST-VP5 protein in
which the integrin binding motif DGE was replaced by AGE, and was no longer able to
block the binding of nar3 rotavirus, was still able to bind to the cell in a dose dependent
manner, although this binding was not blocked by antibodies to the integrin o281,
suggesting that the recombinant protein VPS5 could have a region, different from the
integrin binding site, that allowed it to interact with a different cell molecule (31). In this
work we found that indeed, there is another cell surface binding domain present in the
VP35 protein of rotaviruses. We also found that this domain mediates the interaction of
these viruses with the heat shock protein hsc70.
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Materials and Methods
Cell and viruses. MA104 cells were cultured in Eagle’s minimal essential medium
(MEM) supplemented with 10 % fetal bovine serum. RRV was obtained from H. B.
Greenberg, Stanford Un1verS1ty, Stanford, Calif., and rotavirus variant nar3 has been
described previously (20). RRV and nar3 were propagated in MA104 cells as described
(7). Purified viral particles were prepared by CsCl gradients as previously described (32).
Antibodies. The monocional antibodies (MAbs) 2G4, specific for VP35, and 159, directed
against VP7, were provided by H. B. Greenberg. Non-neutralizating MAb HS2 directed
to VP5 was described by Padilla-Noriega et al. (24). MAbs to integrins 0:2B1 (P1E6) and
04P1 (P1H4) were obtained from Chemicon and were used at 10 pg/ml. The antibody to
hsc70 protein used in this work is a rabbit polyclonal serum described by Guerrero et al
(10), this serum was used at 80 pg/ml.
Proteins and peptides. The cloning of RRV VPS5 protein, and the mutant VP5™% a5
fusion proteins with GST has been previously described (31, 32). These fusion proteins
were expressed in E. coli and were purified by affinity chromatography as previously
described by Isa et al. (14). The following proteins: VPS5 his (aa 247-776), NH,-VP35 (aa
248-474), VP5-COOH (aa 474-776) and hsc70 of human origin, were cloned as fusions
with a 6 histidine tail at their carboxy terminus, in the pET 28 expression vector
(Novagen), and were affinity purified with the AKTA system using HiTrap chelating
columns (Pharmacia). Peptides were chemicaly synthesized by Research Organics and
used at the concentrations indicated in each figure legend. The aminoacid sequence of the
peptides used in this work is shown in Table I
Infectivity Assay. MA104 cells grown in 96-well plates were washed twice with MEM,
and then 2000 focus-forming units (ffu) of RRV or nar3 viruses (previously activated
with trypsin ‘[10 mg/ml] for 30 min 37 °C) were adsorbed to the cell surface for 1 h at
37°C. After the adsorption period, the virus inoculum was removed, the cells were
washed twice with MEM, and culmres were maintained for 14 h at 37 °C. Infected cell
cultures were fixed and immunostained as previously described (2). The ffus were
counted by using a Visiolab 1000 station (12).
Binding Assay. MA104 cells grown in 48-well plates were washed twice and incubated
‘with MEM without serum for 30 min at 37 °C. After this time the MEM was removed
~and 500 pl of a solution of 1% of bovine albumin (BSA) in PBS were added to avoid
non-specific binding, the cells were incubated with this solution for 1 h at room
temperature. The cells were then washed with an ice-cold solution of 0.5 % BSA/PBS,
and incubated with the indicated amount of virus or protein, diluted in ice-cold MEM, for
1 h at 4 °C. After this time the cells were washed thrice with ice-cold PBS, and finally
120 pl of lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1 % TritonX-100)
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were added. The cells were frozen and thawed twice and the amount of virus or protein
present in the lysate was determined by an ELISA.
Capture ELISAs for rotavirus and rotavirus recombinant proteins. To detect the
virus, goat and rabbit sera to rotavirus were used as capture (diluted 1:10,000) and
detection (diluted 1:1,500) antibodies, respectively. The GST fusion proteins were
captured with a goat anti-rotavirus sera and detected with a rabbit polyclonal sera to GST
(diluted 1:1,500). His-tail proteins were captured with a goat anti-rotavirus sera and
detected with MAb 2G4 for NH,-VPS or MAb HS2 for VP5 and VP5-COOH (both
diluted 1:1,000). The corresponding alkaline phosphatase-conjugated anti-
immunoglobulin was used (Kirkergaard and Perry, diluted 1:1,500), and finally the -
substrate Sigma 104 (1 mg/ml) diluted in diethanolamine buffer (100 mM diethanolamine
[pH 2.4], 1 mM MgCl,, 5 mM sodium azide) was added. The absorbance at 405 nm was
recorded in a Microplate Autoreader EL311 (Bio-Tek Instruments). :
‘Binding to hsc70. To study the interaction between rotavirus virion and hsc70, ELISA
assays were carried out essentially as described by Guerrero et al. (10). Briefly, 96-well
ELISA plates (Costar) were covered with 500 ng/well of purified recombinant hsc70
protein in PBS for 2 h at 37 °C. To avoid non-specific binding, 200 pl of a solution 1%
BSA-PBS were added to the plate, and incubated for 2 h at 37 °C. Then, the plates were
washed twice and incubated with the indicated amount of peptide, protein, or virus, for 1
h at 37 °C, and the presence of the recombinant protein or virus was determined by using
specific antibodies. To detect RRV a rabbit polyclonal sera was used (diluted 1:1,500).
The NH,-VP5 protein was detected with MAb 2G4 (diluted 1:1,000). The VP5his and
- VP5-COOH proteins were detected with MAb HS2 (diluted 1:1000). The correspondirig
alkaline phophatase-conjugated antibody and substrate were added (see above).
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Results

Synthetic peptides that mimic discrete regions of VPS5 are able to block the
infectivity of rotavirus. To find out if there was a region of VP35, different from the DGE
integrin binding domain, that allowed the GST-VP5 recombinant protein to bind to the
surface of MA104 cells, and since the number of monoclonal antibodies directed to the
VP5 of animal rotaviruses is reduced, we decided to chemically synthezise a set of
peptides representing different discrete regions of VP5 (Fig. 1). The effect of these
peptides on the infectivity of RRV rotavirus and its variant nar3 was tested by
preincubating a monolayer of MA104 cells with the peptides, and then infecting the cells
with a fixed amount of virus (2000 ffus/well). Figure 2A, shows that peptides 4 and 5
were able to decrease the infectivity of both, RRV and nar3 viruses, by about 45 to 55 %,
peptide 6 decreased the infectivity of nar3, but not that of RRV, while peptides 2, 3, and
7 did not have a signifficative effect on the infectivity of either virus, A peptide
containing the a2PB1 integrin binding motif, DGE, was used as a control since we have
already shown that this peptide is able to block the infectivity of RRV and nar3 viruses
by about 50 and 40 %, respectively (31). :

~To determine the level effect (attachment or post-attachment) at which pepudes 4,
5, and 6, affected the infectivity, we performed a binding assay in which MA104 cells
were preincubated with the peptides for 1 h at 4 °C, and then 500 ng of purified virus
were added and incubated for 1 h at 4°C. The amount of virus attached to the cells was
determined by an ELISA (see Material and Methods). We found that none of the peptides
tested had an effect on the binding of either RRV or nar3. The peptide DGE, used as
control, blocked the binding of nar3 but did not affect the attachment of RRYV to the cell
surface, as we have previously reported (31) (Figure 2B). Since peptides 4, 5, and 6,
blocked rotavirus infectivity but did not affect virus binding, these results suggest that the
peptides might be inhibiting an interaction between the virus and the cell surface, that
occurs at a post-attachment level. | '

The VPS5 protein contains two independent domains of interaction with the
cell surface. As previously mentioned, we have found that a recombinant GST-VP5
mutant protein in which the integrin binding site DGE was replaced by AGE, no longer
displaced the binding of the variant nar3, but was still able to bind to the surface of
MA104 cells, suggesting the existence of an additional binding site in this protein, To
study if this additional site was represented by the synthetic peptides used in the previous
assay, we performed a binding assay in which the wild type recombinant GST-VP5, and
the mutant GST-VP5;;,,, proteins, were added to cells that were previously incubated
with peptides 4, 5, 6 and DGE, and the amount of recombinant protein that remained
attached to the cells was determined by an ELISA. We found that while peptide DGE
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blocked only the binding of wt GST-VP5 by about 50%, the synthetic peptide 5 blocked
the binding of both, GST-VP3 and GST-VP5p;y, proteins (figure 3A). Peptides 4 and 6
did not have a significative effect on the binding of either fusion protein. These results
suggest that there could be a cell attachment domain, different from the ®2p1 binding
domain, located in the region around aminoacids 642 to 658 of VP35, represented by
peptide 5. ‘

To further confirm these results we studied the effect of two monoclonal
antibodies directed to VPS5 on the binding of the recombinant VP5 proteins; The MAb
2G4 is a neutralizing antibody that recognizes an epitope that has been mapped to residue
393 of the VP4 protein of rotavirus RRV (19), and that has been previously shown to
block the binding of the virus nar3, and the wt GST-VP5 protein to the cell surface (32);
MADb HS2, is a non-neutralizing antibody, that recognizes VPS5 in a region between aa
540-593 by ELISA, and Western blot analysis (Minerva Camacho, personal
communication). The effect of these antibodies on the binding of the wild type and mutant
GST-VPS5 proteins to the surface of MA104 cells was evaluated. We found that when the
recombinant proteins were preincubated with MAb 2G4, the binding of the wild type
GST-VP5 was blocked by abot 50%, while the attachment of GST-VP5 3044 to the cell
surface was unaffected. In conirast, MAb HS2 blocked the binding of both, wild type and
mutant fusion proteins (figure 3B). Preincubation of the recombinant proteins with a
mixture of both MAbs resulted in a more pronounced inhibition of the wild type GST-
VPS5, while the binding of the GST-VP53054 Was very similar to that obtained when
preincubated with MAb HS2 alone. These results further confirm that there are two
distinct cell surface binding domains present in the VP5 pi‘btein of rotaviruses.

To find out if these two domains were independent of each other, we made two
constructions of VP35 to divide the protein in two separate halves. One of them, called
NH,-VPs5, contains from the trypsin cleavage site (aa 248) to residue 474; this
recombinant protein contains the integrin o2p1-interaction motif DGE, and the epitope
recognized by MAb 2G4. The other construction, called VP5-COOH, includes from
amino acid 474 to the end of the protein (aa 776), it contains the region recognized by‘the
MADb HS2, and the region represented by peptides 4, 5 and 6. Both proteins were
constructed as fusions with a six-histidine tail, and were purified bj/ affinity
_chromatography. In a binding assay, both recombinant proteins were able to bind to the
surface of MA104 cells to a similar extent (data not shown). The binding of these
recombinant proteins in the presence of peptide DGE, peptide 5 or peptide S5 (a
scrambled version of peptide 5) was determined. We found that the DGE peptide blocked
the binding of the protein NH,-VP5 without affecting the binding of the VP5-COOH
protein. Conversely, peptide 5 only blocked the binding of VP5-COOH, and did not alter
the attachment of the NH,-VP5 protein. The peptide S5, used as-a control, did not affect

59 .



ARTICULO 3

the binding of either protein (Figure 4A). These results suggest that the binding of each
_half of VPS5 is specific, and that they probably bind to different molecules in the cell
surface.

The carboxy-teminal domain of VPS5 interacts with the heat shock protein
hsc70. To identify the cell molecule to which the COOH-terminal half of VP35 binds we
tested the effect of antibodies directed to cell surface molecules that have been involved
as rotavirus receptors. In this assay we used antibodies to the integrins 2B1 and o481,
and also an antibody to the heat shock protein hsc70, which has been recently described as
a putative rotavirus receptor (10). Integrin o231 is the cell molecule that is used as the
intial receptor by rotavirus variant nar3, and this interaction has already been
characterized (31). An antibody to integrin a4P1 was included since it has been described

_that the VPS5 protein contains an IDA tripeptide at amino acids 538-540 (13), that could be
responsible for the interaction of the rotaviruses with integrin 04 1. We also tested an Ab
to the hsc70 protein since the interaction between rotavirus and hsc70, and the interaction
mediated by the region represented by peptide 5, seem to take place at a post-attachment
step during rotavirus entry.

In these assays, MA104 cells were preincubated with antibodies directed to
integrins 02P1 and 0:4pB1, and to the protein hsc70 for 1 h at 4 °C. The cells were washed
twice and 200 ng of NH,-VP5 or VP5-COOH were added and allowed to bind for 1h.
The amount of protein that remained bound to the cell surface was determined by an
ELISA (see Materials an Methods). We found that the MAb to integrin a4B1 did not
have a significative effect on the binding of either protein. As expected, a MAD to the.
integrin 02B1 diminished the binding of NH,-VP5, but did not affect the binding of VP5-
COOH. Interestingly, we found that an antibody directed to- hSc70 was able to decrease
the binding of the VP5-COOH recombinat protein while it did not alter the attachment of
the NH,-VP5 (figure 4B). .

We have previously demonstrated that triple layered rotaviruses, but not double
layered partlcles, could bind to purified hsc70 protein that had been immobilized on an
ELISA plate (10). We used the same kind of assay to test if the VPS5 protein of
rotaviruses was indeed able to bind to hsc70; for these assays the recombinant NH,-VP35,
VP5-COOH proteins, and a full length VP53 protein also expressed with a six histidine
tail (VP35-his) were used. We found that while the NH,-VPS5 protein did not bind to
hsc70, the complete VPS5 protein and the VP5-COOH bound specifically to it; we also
found that the binding of these two recombinant proteins was saturable and concentration
dependent (data not shown).

Given that the VP5-COOH and VPS5-his proteins were able to bind to hsc70, we
tested whether their binding to this protein was able to displace the binding of RRV virus
to the heat shock protein. For this, an ELISA plate covered with hsc70 was preincubated
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with increasing amounts of the recombinant proteins for 1h at 37 °C; after this period the
unbound protein was removed and a fixed amount of RRV was added. The virus bound to
the plate was detected using 2 MAb directed to the VP7 protein. As shown in figure 5,
proteins VP5-his and VP5-COOH blocked the binding of rotavirus RRV to hsc70 in a
concentration dependent maner, while the protein NH,-VP5 did not have any effect, as
expected since this protein did not bind to hsc70.

' The region contained in peptide 5 is responsible for the interaction with
hsc70. The data presented above suggest that rotaviruses bind hsc70 through a region
located on the COOH-terminal half of VP5. To determine if the region of interaction
between the COOH- terminal portion of VPS5 and hsc70 was the region contained in
peptide 5, we performed an ELISA in which peptide 35, or its scrambled version (S5) were
adsobed to ELISA plates precoated with hsc70, and then the VP5-his, the VP5-COOH
recombinant proteins, or the virus RRV were added. The amount of virus or protein
attached to the plate were determined using the appropiate antibodies (see Materials and
Methods). We found that peptide 5 decreased the binding of the proteins VP5-his, VP5-
COOH and the virus RRV, while the contol peptide S5 did not affect the binding of the
proteins or the virus to hsc70 (fig. 6). This result indicated indirectly that the region
represented by peptide 5 was able to interact with hsc70, however the direct binding of
the peptide to the heat shock protein was not detected.

To show this interaction directly, recombinant M13 phages displaying in their
surface protein pIlI the aminoacid sequence of peptide 5 (residues 642-658) or a largef
version comprising aminoacids 636-665 of VP4, were constructed. Three additional
recombinant phages displaying amino acids 161-169 and 141-190 from the VP7 protein,
and a phage displaying aa from the scorpion toxin, were used as a control. An ELISA
assay was performed by coating the plate with recombinant hsc70, then increasing
amounts of the recombiant phages were added. After the incubation period the unbound
phages were washed off and the bound phages were detected using an antibody speciﬁc
for the phage. Fig 7 shows that the phages displaying the aminoacid sequence of VP53 |
were able to bind to hsc70 in a concentration dependent manner, while the recombinant
phages displaying aminoacids from VP7 or the scorpion toxin, used as controls, did not
bound to this protein. ,

Altogether these data indicate that the VP5 protein of rotaviruses contains at least
two regions that interact with the cell surface, the first is the tripeptide DGE at amino
acids 308-310, which mediates the binding of rotaviruses to the integrin o231 (31). In
this work we found a second domain that is capable of interacting with the cell surface,
this region is located toward the COOH-terminal part of VP35 at amino acids 642-658 and
mediates the binding of rotaviruses with the heat shock protein hsc70.. This interaction
apparently takes place at a post-attachment step during rotavirus infection.
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Discussion
The possibility that several cell surface molecules may be involved in'the early
interactions of rotaviruses with the host cell which ultimately lead to the entry of the

virus particle into the cytoplasm of the cell, is not far-fetched. In fact, the need for

multiple receptor binding events to achieve an efficient cell entry is becoming a frequent

observation in virus-host cell interactions. Viruses from different families (e.g.

adenovirus (23), herpes simplex virus (29)) utilize at least two different receptors to

interact with their host cells: the attachment receptors which in general allow the virus to
rapidly bind to the cell surface; and the entry receptors, also known as co-receptors, or
post-attachment receptors, which facilitate the entry of virus into the cell. It has been
observed that this second interaction frequently induces conformational changes of the
viral surface proteins that are essential for the penetration of the virus into the cellular
cytoplasm. ' :

The use of synthetic peptides, which represent different regions of VP35 lead us'to
identify a region between aa 642-659 that mediates binding of VPS5 to the cell surface,
besides the construction of a VPS5 protein which only content the last 300 aa of the
protein let us to establish that this interaction was independent on the binding of the
protein through the integrin a2B1-binding site. Recently Jolly et al, reported several
regions within VP4, which are able to bind to the surface of MA104 cells. These regions
were identified using a phage-display approach. Three of the clones that were azialyzed in
that work represented a region between aa 650-657 (15); this region is also represented
by the peptide 3. The identification of this cell binding domain by two completely
different approaches reinforces the data obtained in this work. ‘

In addition, the peptide which contains the sequence between aa 642- 659 (p5),
block the infectivity of rotaviruses RRV and nar3, but not their binding, which implies
that the interaction with the cell surface, that is blocked by the peptide, ocurrs as a
postattachment step. Our group have found that the heat shock protein hsc70 was
involved duriilg a post-attachment step of rotavirus infectivity. In the present work we

-have found that the protein VP35 of rotavirus bas a region able to mediate this interaction;
this region is located between the aa 642 to 659, since the peptide 5, that contains this
sequence, is able to block this interaction.

The role of hsc70 on rotavirus infection is not clear; one possibility is that hsc70
could act as a contact point of the virus in the cell surface that enable the virus to interact
with other cell molecules that would be the responsibles of virus entry. However, the
chaperone activity of hsc70 let us to speculate that hsc70 could play a more active role on
rotavirus entry, maybe tiggering conformational changes on the particle that allows it to
reach the citoplasm or to trigger the uncoating of the viral particle, which is necessary for
the transcription to begin.
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Recently it has been reported a secondary structure prediction of VP4 protein,
based on cryomicrocopy studies of rotavirus in the presence of the MAbs 7A12 and 2G4,
directed toward VP8 and VPS5 proteins, respectively (30). This work shown that the head
of the spike is formed by VP8, and just beneath it, is located the region recognized by the
MAD 2G4 (aa 393). This mean that the region of interaccion with the integrin 021 is
located near the head of the spike. On the other hand, the region represented by the
peptide 5 should be located at the bottom of the spike, near to the region that contacts
with VP7, |

In the model of consecutive interaccions with the cell surface for rotavirus entry,
we propose that the initial interaction of the NA-sensitive strain RRV involves a first
interaction with sialic acid, and a second one with the integrin o231, Both interactions
would be mediated by the top of the spike (which means by VP8 and by the tripeptide
DGE present in VP5), and we specultate that this trigger a conformational change in the
viral particule that allows it to interact with hsc70 by using the bootom of the spike.

It is known that the spike is not completely exposed, and a portion of it is found
beneath VP7, VP4 also contact the second layer protein VP6. However, we speculate that
the region represented by the peptide 5 should be exposed, since rotaviruses could '
interact with purified hsc70 in ELISA. This idea fits with the fact that MADb 159, directed
~ to VP7 protein, blocks rotaviruses interaction with hsc70. This probably means that the
region of interaction with hsc70 is located near the interface between VP4 and VP7.
MADbs to VP8 and the NH-terminal of VP5 (7A12 and 2G4, respectively) block the
binding of rotavirus to hsc70 at a lesser extent; since these antibodies map toward the top
of the spike (30), it is logical to suppose that they can only partially block the interaction
of the viral particle with hsc70.

Futher experiments toward understanding the role of hsc70 on rotavirus
infectivity are needed. In the other hand, structural information should also be very useful
in order or fully understand the data obtained in biological assays.
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Figure 1. Distribution and aminoacid sequence of the synthetic peptides derived form the VPS5
protein. The recognition sites for antibodies 2G4 and HS2 are also shown.
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- Figure 2. Effect of the peptides on the infectivity and binding of RRV and nar3 viruses. (A)
MA104 cells grown in 96-well plate were preincubated with 4 mg/ml of the peptides for 1 h at
37 °C. Then, 2000 FEUs of the corresponding virus were added and adsorbed for 1 h at 37 °C.
The excess of virus was removed and the infection was allowed to procced for 14 h at 37 °C.
Finally, the cells were fixed and immunostained as described in Materials and Methods. Data are
-expressed as the percentage of the virus infectivity obtained when the cells were preincubated
with PBS as a control. (B) MA104 cells grown in 48-well plates were preincubated with the
peptides (4 mg/ml) for 1 h at 4°C; then, 500 ng of virus were added and the cells were futher
incubated for 1 h at 4 °C. The excess of virus was removed and the amount of virus attached to
the cells was determined by an ELISA. Data are expressed as the percentage of virus bound to
 the cells when the cells were preincubated with PBS as a control. The arithmetic means and
standard deviations for at least two independent experiments performed in duplicate are shown.
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Figure 3. Binding of GST-VP5 and GST-VP5P3%4 in the presence of synthetic peptides and
antibodies to VP5. (A) MA.104 cells grown in monolayer were preincubated with 4 mg/ml of the
peptides for I h at 4°C, then 1.5 pug of the recombinant protein were added, and the cells were
incubated for another hour at 4 °C. The amount of bound protein was determined by ELISA.
Data are expressed as the percentage of protein bound to the cells when they were preincubated
with PBS as a control. (B) Proteins (1.5 ug) were preincubated with the MAbs for 1 h at room
temperature, the mix was added to MA104 cells grown in monolayer and incubated for 1 h at 4
°C. The amount of bound protein was determined by ELISA. Data are expressed as the
percentage of protein bound to the cells when the proteins were preincubated with PBS as a
control, The arithmetic means and standard deviations for at least two 1ndependent experiments
performed in duplicate are shown. :
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Tigure 4. Effect of the peptides and antibodies directed to cell surface molecules in the binding
of NH,-VP5 and VP5-COOH proteins. MA104 monolayers were preincubated with 4 mg/ml of
peptide (A) or with antibodies against integrins o231 and 041 or against hsc70 (B) for 1h at 4
°C. Then 200 ng of the proteins NH,-VP5 or VP5-COOH were added, and incubated for 1 h at 4
°C. The amount of protein bound to the cells was determined by ELISA. Data are expressed as
the percentage of protein bound to the ceils when they were preincubated with PBS as a control.
The arithmetic means and standard deviations for at least two independent experiments
performed in duplicate are shown. '
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Figure 5. Effect of VPS5 in the binding of rotaviruses to hsc70 protein. A 96-well ELISA plate

covered with hsc70 (500 ng/well) was incubated for 1 h at 37 °C with increasing amounts of
VP5his, NH,-VP5 or VP5-COOH. After removing the protein, 300 ng/well of purified RRV

were added, and the plate was futher incubated for 1 h at 37 °C. The amount of virus vound to

hsc70 was determined by using an antibody to VP7 rotavirus protein (MAb 159). Data are

expressed as the percentage of virus bound relative to the condition without protein.The

arithmetic mean and standard deviation for at least two independent experiments performed in -
duplicate are shown. : '
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Figure 6. Effect of peptide 5 in the binding of VP5 and RRV to hsc70. A 96-well ELISA plate
covered with hsc70 (500 ng/well) was preincubated with 2 mg/ml of peptide 5 or S5, as a
_control, for 1 h at 37 °C. Then 200 ng of VP5his or VP5-COOH, or 300 ng of RRV were added.
The plate was incubated for 1 h at 37 °C. The protein or the virus bound to the plate were
detected with antibodies (see Material and Methods). Data are expressed as the percentage of
protein or virus bound to hsc70 relative to the condition without peptide. The arithmetic mean

and standard deviation for at least two independent experiments performed in duplicate are
shown. ' - .
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4. La unién del rotavirus nar3 no cortade con tripsina es mediada por VP7 y su receptor |
es la integrina ov3
Como se menciond en la introduccion, se ha establecido que al tratar a los rotavirus
con tripsina se incrementa la infectividad de estos virus. Ademds, se ha encontrado que los
| lvirus tratados con tripsina entran mds r4pido a las células, posiblemente por penetracién
directa (40, 42). Otras propiedades de los rotavirus también dependen del corte con tripsina,
por ejemplo el virus tratado con tripsina tiene actividad lipofilica (61, 68) y pﬁede inducir la
fusién de células MA104 a las que se les ha aumentado el colesterol (21, 27). El Mecanismo
“mediante el c1_1a1 el corte con tripsina incrementa la infectividad de los rotavirus atin no ha
sido dilucidado, pero se ha propuesto que los extremos de VP4 recién generados por el corte
con tripsina podrian favorecer la entrada del virus; o bien, que el corte podria inducir un
. cambio conformacional en el virién que le permita exponer nuevos sititos de unién a la
superficie celular, qué pordrian mediar la entrada del virus al citoplasma. En este trabajo nos
propusimos estudiar el efecto del corte con tripsina en la Unién de los virus RRV y nar3 a las
c€lulas. Los resultados de este trabajo serdn incluidos en el articulo: “Identification of a novel
binding motif to the integrin 05v[33 present in rotavirus capsid protein VP7”, que esté siendo
preparado para su publicacion en el Journal of Biological Chemistry.
“ Al evaluar la capacidad de los virus RRV y nar3 cortados o no cortados con tripsina.
(obtenidos seglin se describe en Materiales y Métodos) para unirse a la supgrficie celular,
" encontramos que iﬁdependientementc del corte con tripsina, ambos virus se unen a la célula
de manera saturable y dependiente de la concentracién de virus afiadida (datos no mostrados).
Para determinar si la unién de los virus no cortados conserva las caracteristicas que habfamos
observado para los virus RRV y nar3 previamente, se incubaron monocapas de células
MA104 con las proteinas GST-VP8 o GST-VPS5; posteriormente se afiadié una cantidad fija
de virus cortado o no, y se cuantificé el virus unido a las células mediante un ELISA.
Encontramos que la proteina recombinante GST-VP8 disminuye la unién del virus RRV
cortado o no con tripsina en un 75 %, y no afecta en ningun caso la unién de la variante nar3.
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* Por otro lado, la proteina recombinante GST-VP5 s6lo compite 1a unién del virus nar3 cuando
est4 cortado con tripsina (disminuyendo su unién en un 75 %), mientras que no afecté la
unién del virus nar3 no cortado, ni la unién de RRV (Fig. 5). Estos resultados sugieren que el
virus -nar3 se une é la superficie de la célula a una molécula distinta dependiendo de si esté o
no cortacio con trif)sina, mientras que la unién de RRV (dependiente dé AS) no se ve afectada

por este tratamiento proteolitico.

125+

e |
-I
—_

1004
Virus
unido 75+
(%)

GST- VP8 GST- VP5

Figura 5. Unién de los virus RRV y nar3 cortados o no con tripsina en presencia de las protefnas
recombinantes GST-VP8 y GST-VP5. Monocapas de células MA104 se preincubaron con 1.5 pg
de las protefnas recombinantes GST-VP8 y GST-VPS durante 1 h a 4 °C. Posteriormente se
retir$ el exceso de proteina y se afiadieron 500 ng de virus cortado, o no, con tripsina. Las
células se incubaron por 1 h a 4 °C. La cantidad de virus unido a la células se determiné
mediante un ELISA, utilizando para la deteccién el AcM 159 (diluido 1:1500), dirigido contra la
protefna VP7. Los datos se expresan como el porcentaje de virus unido a la célula, con respecto a
la condicién control en que las células se preincubaron con PBS. Se muestran los promedios y
las desviaciones estdndar de al menos dos experimentos independientes realizados por duplicado.
El cédigo para la leyenda de la figura es el siguiente: RRVT= RRYV cortado; RRV= RRV no
cortado; nar3T= nar3 cortado; nar3= nar3 no cortado.
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Con el fin de determinar qué protefna viral es responsable de la unién del virus nar3
no cortado a la célula, preincubamos los virus con AcM dirigidos contra las diferentes
proteinas de superficie de los rotavirus y posterionnente‘probamos la capacidad de estos virus
para unirse a la superficie celuar. En la figura 5, se muestra que la unién de RRV sé bloquea
en un 45% cuando utilizamos un AcM dirigido contra la proteina VP8 (7A12), sin importar si-
| el virus estaba o no cortado con tripsina. La unidn del virus nar3 cortado se bloquea cuando
este virus se preincubé con un AcM dirigido contra la proteina VP5 (2G4), como ya habfamos
reportado previamente (80). Sin embargo, la ﬁnién del virus nar3 sin cortar no se afectd por el
| AcM 2G4. Cabe destacér que la unién del virus nar3 no cortado sélo disminuy6 entre un 30 ¥

un 45 % cuando el virus se preincubd con los AcM neutralizantes 159 y 57-8, dirigidos contra

la proteina viral VP7.
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Figure 6. Unidn de los virus RRV y nar3 cortados y no cortados con tripsina, Particulas virales
purificadas (500ng) se preincubaron con AcM neutralizantes dirigidos contra diferentes proteinas
virales (dilufdos 1:100 de ascitis) durante 1 ha TA. Posteriormente, esta mezcla se afiadié a una
monocapa de células MA104 y se incubé durante 1 h a 4 °C. La cantidad de virus unido a las
células se determino utilizando un ELISA (ver Materiales y Métodos). Los datos se expresan
como el porcentaje de virus unido a las células con respecto a la condicién control en la que el
‘virus se preincubo con PBS. Se muestra el promedio y la desviacién estdndar de al menos dos
exnerimentos indenendientes realizados nor dunlicado. 75



Los resultados anteriores indican que el virus nar3 no cortado no se une a la superficie
celular a través de la proteina VP35, y parece ﬁtilizar a VP7 como proteina de unién. Para
confirmar estos datos, probamos otros AcM dirigidos contra VP7, un AcM neutralizante
.(41-'*‘8) y dos AcM no neutralizantes (60 y 129). Encontramos que el AcM 4F8 blogue6 la
‘unién del virus nar3 no cortado, mientras que los anticuerpos no neutralizantes no tuvieron
ningtin efecto sobre la union de este virus (datos no mostrados). Para descartar la posibilidad
de que los AcM utilizadbs tuvieran una reactividad diferente con los virus cortados y no
cortados con tripsina, realizamos un ELISA, utillizando los AcM como anticuerpos de captura
y comparando la reactividad de los virus cortados, o no, con tripsina; en este ensayo no -
encontramos diferencias significativas en el reconocimiento de los virus por estos anticuerpos
(datos no mostrados). El conjunto de los resultados anteriores sugiere ‘fuertemente que el virus
nar 3 no cortado se une a la céiula a través de la proteina VP7; sin embargo, es necesario
recalcar que el virus no cortadorno es infeccioso, pero puede ser utilizado como modelo para
estudiar las interacciones de VP7 con la superficie celular.

Para identificar la molécula celular con la cual interacciona el virus nar3 no cortado,
probamos el efecto que pudieran tener anticuerpos dirigidos contra las integrinas o2, B1, B3 y
. ov[33 sobre la unidén de los virus no cortados (Fig. 7). Encontramos que ninguno de .esto'_s
anticuerpos afecta la unién del virus RRV, esté cortado o ﬁo con tripsina, este resultado se
puede atribuir a que en ambos casos lel virus RRV lsé une a AS. Como habfamos mostrado
previamente, el AcM dirigido contra la integrina &2 bloqueé en un 50 % la unién del virus
nar3 coﬁado (79), pero no afectd la unién de este virus cuando no est4 cortado. En estos
Ensayos se probﬁron dos anﬁcuerpos dirigidos contra la iritegrina B3, uno de ellos se une al
sitio de reconocimiento RGD, que se localiza entre las subunidades o y P de la integrina
ovP3, mientras que el otro reconoce solamente a la subunidad B3; encontramos que el

anticuerpo dirigido contra la subunidad B3 bloqueé la unién del virus nar3 no cortado en un
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35 %, mientras que el otro anticuerpo (dirigido contra ov33) no tuvo ningdn efecto. El AcM
dirigido contra la integrina B1, que fue utilizado como control negativo, no afecté la unién de

ningtn virus.
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Figure 7. Efecto de anticuerpos dirigidos contra diferentes integrinas en la unién de virus
cortados y no cortados con tripsina. Monocapas de células MA104 se preincubaron con
anticuerpos dirigidos contra diferentes integrinas por 1 h 4 °C, se lav6 el exceso de anticuerpo y
se afiadié una cantidad fija de virus (500 ng) a las células y se incubaron por 1 h at 4 °C. La
cantidad de virus unida se determiné mediante un ELISA. Los datos se ekpresan como el
porcentaje de virus unido respecto a la condicion en que las células se preincubaron con PBS
como control. Se muestra el promedio y la desviacién estdndar de al menos dos experimentos
independientes realizados por duplicado. Los anticuerpos utilizados fueron: suero policlonal de
cabra contra la integrina B3 (20 pug/ml); AcM P4G11 contra la integrina $1 (10 pg/ml); AcM
LM609 contra la integrina oivB3 (20 pg/ml); y AcM P1ES6 contra la integrina ¢¢2 (10pg/ml).

En conjunto, estos resultados sugieren que la unién del virus nar3 no co.rtado con
tripsina. es independiente de la proteina VPS5, y utiliza un receptor distinto al del vi1;us nar3
cortado. También encontramos que la integrina 33 pudiera ser el receptor celular para la unién
de la ﬁaria-nte nar3 no cortada y que esta interaccién pudiera estar mediada. por la

glicoproteina VP7.
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En un trabajo previd de nuestro laboratorio, Guerrero y col mostraron que la |
interaccién de los rotavirus con la integrina ovB3 ocurre en un paso posterior a la unién
inicial y que esta interaccién es independiente de la secuencia candnica de unién a estas
integrinas (RGD) (29). Un punto interesante de nuestros reulsutados es que mientras el -
anticuerpo dirigido tnicamente contra la subunidad B3 bloguea la unién del rotavirus nar3 no |
cortado, un anticuerpo que estd dirigido contra el sitio de unién del tripéptido RGD (anti
avP3) no tiene el mismo efecto. Lo anterior sugiere la posibilidad de que la interaccién de los
rotavirus con esta integrina ocurra en una regién distinta a la utilizada por los ligandos
conocidos de la'intégrina ovp3.

Los hantavirus también utilizan a la integrina ov33 como recep'tor y se ha dbservado
que esta interaccién también es independienfce del sitio canénico RGD (26). Dado que ambos
virus dependen de este tipo de interacciénl con la integrina ovp3, comparamds‘la secuencia de
la proteina de superficie de hantavirus G1G2 con la secuencia de la proteina VP7 de los
rotavirus y encontramos una regién de nueve amino4cidos en la que las proteinas tienen un

66.7 % de identidad (Figura 8).

759 NSWACNPPD G1G2 Hantavirus L99
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161 NEWLCNPMD VP7 Rotavirus RRV

Figura 8. Alineamiento de la proteina VP7 de los rotavirus (aa 161-169) y la proteina
G1G2 de los hantavirus (aa 759-767). En esta regidn las secuencias tienen una identidad
de 66.7 %. _ - ‘

Para estudiar si esta regién de 9 aminodcidos es relevante para la interaccién de los
rotavirus con la integrina ovf33, se mandé sintetizar un péptido que contiene esta secuencia
(NEWLCNPMD), al que hemos llamado CNP, y como control se sintetizé un péptido con la

misma composicion de amino4cidos pero con una secuencia disitnta, que llamamos sCNP.
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También se sintetizé un péptido que contiene la secuencia derivada de la proteina GI1G2 de
hantavirus, al que denominamos HANTA. Se probé el efecto de preincubar estos péptidos con
las células, sobre la infectividad de los rotavirus. En la figura 9A, se observa que el péptido
CNP bloquea la infectividad de RRV y de nar3 en un 40 y 50 %, respectivamente, mientras
que el péptido control sCNP no afecta la infectividad de ninguno de los virus; el péptido
' HANTA también es capaz de inhibir la infectividad de ambos virus. Estos resultados sugieren
que la regién de VP7 representada en el péptido CNP estd involucrada en la infectividad de

los rotavirus. ‘ _
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Figura 9. Efecto de los péptidos sintéticos en la infectividad y la unién de los rotavirus RRV y nar3.
(A) Células MA104 crecidas en monocapa se preincubaron con 2 mg/ml de los péptidos CNP, sCNP
y HANTA por 1 h a 37 °C; se removid el exceso de péptido y se adsorbié el virus RRV o nar3 (2000
FFUs por pozo) por 1h at 37 °C; después del periodo de adsorcion se removié el indculo y se dejé
proseguir la infeccién por 1h at 37 °C. Las células se fijaron e inmunotifieron como se describe en
Materiales y Métodos. Los datos se expresan como el porcentaje de virus unido respecto a la
condicién en que las células se preincubaron con PBS como control. (B) Monocapas de células
MA 104, se preincubaron con 4 mg/ml de cada péptido durante 1 h at 4 °C, después de la incubacion
se removio el exceso de péptido y se afiadié una cantidad fija de virus (500 ng), y se incubé por 1 h a
4 °C. La cantidad de virus unido se determiné utilizando un ELISA. Los datos se expresan como el
porcentaje de virus unido respecto a las células control preincubadas con PBS. Se muestra el
promedio y la desviacién estdndar de al menos dos experimentos independientes realizados por

cupliade. ESTA TESIS NO SAL ”
DE LA BIBLIOTECA



" Para definir-a que nivel el péptido CNP bloquea la infectividad, probamos el efecto de
estos péptidos en la unién de los rotavirus. Encontramos que ninguno de los péptidos afecta la
unién de los virus cortados con tripsina, as{ como tampoco afectan la upién del virus RRV no
cortado, como se muestra en la figura 9B. Sin embargo tanto el péptido CNP, como el péptido
HANTA, bloquean en aproximadamente un 50 % la unién del virus nar3 no cortado. Dado
.que los péptidos no bloquearon la uniéa de ninguno de los virus cortados, pero s{ disminuyen
su infectividad, suponemds que la interaccién que bloquean los péptidos CNP y HANTA
ocurre en un momento postefior a la unién inicial del virus, y que ésta interaccién se hace
evidente en la uhién del virus nar3 no cortado.

Con el objeto de determinar si la regién representada en el péptido CNP es capaz de
unirse directamente a la int,egriha ovf3, se mandaron sintetizar péptidos CNP y sCNP que
contuvieran los aminoacidos KYG en uno de sus extremos, para facilitar su biotinilacién. Los
péptidos biotinilados se utilizaron en ensayos de ELISA, en los cuales placas det 96 pozos para
ELISA se cubrieron con las integrinas avP3 o a5B1, obtenidas comercialemente, y
posteriormente se afiadieron los péptidos CNP o sSCNP marcados con biotina. Ninguno de los
dos péptidos fue capaz de unirse a la integrina 051, mientras que el péptido CNP se unié a la
integrina av33 de manera saturable y dependiente de.la concentracién de péptido afiadida |
(Fig 10A). Ademds, la uﬁién del péptido CNP a la integrina ocV[33 se desplaza cuando se
utilizan cantidadgs crecientes del mismo péptido no marcado (fig 10B), lo que indica que la
unién del péptido a esta integrina es especifica. |

Para establecer si los rotavirus se pueden unir directamente a la integrina avfB3 se
cubrieron placas de 96 pozos para ELISA con las intégrinas ovf33 o a5B1, y posteriormene se
afiadié el virus nar3 cortado o no con tripsina. En este experimento encontramos éue el virus
nar3 cortado con tripsina no fue capaz de unirse a ninguna de las dos integrinas integrina,.

mientras que el virus nar3 no cortado se une a la integrina 0vB3 de manera saturable y
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dependiente de la concentracién de virus afiadida, pero no se une a la integrina o531 (Fig 11

A).
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- Figura 10. Unidn directa del péptido sintético CNP a la integrina ovB3 purifcada. (A) Una placa
de 96 pozos pafa ELISA, se incubé toda la rioche a 4 °C con 100 ng/pozo de las integrinas avp3
o a5B1, obtenidas comercialmente. Posteriormente se afiadieron cantidades crecientes de los
péptidos CNP o sCNP biotinilados, y la placa se incubé por 1 h a 37 °C. La cantidad de péptido

- unido a la-integrina se determiné utilizando estreptavidina conjugada con peroxidasa (ver

- Materiales y Métodos). Los datos se expresan como la densidad dptica a 490 nm obtenida, contra
la cantidad de péptido afiadida. Se muestra un resultado representativo de dos experimentos
independientes realizados por duplicado. (B) Se afiadieron cantidades crecientes de los péptidos

- CNP y sCNP no biotinilados a una placa de 96 pozos para ELISA, previamente cubierta con 100
‘ng/pozo de la integrina ovB3, durante 1h a 37 °C. Posteriormente se afiadieron 2 mg/ml de
péptido CNP biotinilado, y la placa se incub6 por 1h a 37 °C. La cantidad de péptido biotinilado
unida a la placa se determiné utilizando estreptavidina peroxidasa (ver arfiba). Los datos se
expresan como el porcentaje de péptido biotinilado unido con respecto a la condicién en que la
integrina se preincubd con PBS como control. Se muestra el promedio y la desviacién estdndar
de al menos dos experimentos independientes realizados por duplicado.

Finalmente, probamos si el péptido CNP era capaz de bloquear la interaccion del virus

nar3 no cortado con tripsina con la integrina avf33. Hicimos un ELISA preincubando la
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integrina o33 inmovilzada en la placa con concentraciones crecientes de los péptidos CNP o
SCNP; eliminamos el exceso de péptido 'y afiadimos una cantidad fija de virus nar3 no
cortado. Encontramos que el péptido CNP bloqued la unién de la integrina con el virus nar3
no cortado, mientras que el péptido control sCNP no tuvo ningun efecto sobre la unién del

virus (Fig. 11B).
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Figura 11, Unién del rotavirus nar3 no cortado a la integrina ovf3 ﬁurificada. (A) Cantidades
crecientes de virus nar3 cortado o no con tripsina se afiadieron a una placa de ELISA de 96
pozos cubierta con 100 ng/pozo de integrina ovf3 o 51, y se incubé por 1 h a 37 °C. La
cantidad de virus unida se determinG con anticuerpos especificos contra rotavirus (ver Materiales
y Métodos). Los datos se muestran como la densidad éptica obtenida, contrala cantidad de virus
afiadida en cada caso. El resultado mostrado es representativo de dos experimentos
independientes realizados por duplicado. (B) Una placa para ELISA cubierta con integrina ovp3
se preincubé con cantidades crecientes de los péptidos CNP o sCNP durante 1 h a 37 °C.
Posteriormente, se eliminé el exceso de péptido, se afiadi una concentracién fija de virus (300
ng) y se incubd la placa por 1 h a 37 °C. Los datos se expresan como el porcentaje de virus
unido, con respecto a la condicién en la que la integtina se preincubé con PBS como control. Se
muestra el promedio y la desviacién estd4ndar de al menos dos experimentos independientes

realizados por duplicado. | ‘ ‘

Como se ha mencionado previamente, los ligandos naturales de la integrina ovf3
contienen en su secuencia un motivo RGD, este tripéptido es el responsable de la unién a esta
integrina (34). Para explorar si el sitio de unién del péptido CNP era independiente del que
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utiliza el motivo RGD en la integrina ovf3, preincubamos la integrina av[33, inmovilizada en
placas de ELISA, con los péptidos RGD o HANTA, y posteriormente afiadimos el péptido
CNP biotinilado y se determiné la cantidad de éste que se unia a la integrina ovf3.
Encoﬁtramos que el péptido HANTA fue capaz de bloquear la unién del péptido CNP a la
integrina, y que el péptido RGD no tuvo ningiin efecto sobre la uni6én del péptido CNP
biotinilado (Fig 12A); esto sugiere que tanto el péptido CNP, como el HANTA se unen a la
misma regién de la integrina, y que esta regidn es distinta de la utilizada por el péptido RGD.
Para confrimar este‘resultado, se probé la unién del péptido RGD biotinilado en presencia del
péptido CNP o del péptidd RGD no marcado. Encontramos que la presencia del péptido CNP
no afecté la unién del péptido RGD, mientras que cuando se afiadié el péptido RGD no

marcado sé desplazé el pegado del péptido RGD biotinilado (Fig 12B).

75 75
Unién Unién
- de CNP T de RGD
@ 0 + %)
254 25 1
0 N n 0 - .
RGD  HANTA RGD  CNP

Figure 11. La unién del péptido CNP a la integrina ovB3 es independiente del sitio de unién del
péptido RGD. (A) Se afiadié 1 mg/ml de los peptidos RGD 0 HANTA a una placa cubierta con
integrina oivf33 y se incubd por 1 h 37 °C. Posteriormente, se agregaron 0.5 mg/rnl de péptido CNP
biotinilado y se incub la placa por 1 h a 37 °C. La cantidad de péptido biotinilado se determina
utilizando estreptavidina peroxidasa. Los datos se expresan como el porcentaje de péptido unido,
respecto a la condicién control en la que la integrina se preincub$ con PBS. (B) Una placa cubierta
con integrina avB3 se preincubé con 1 mg/ml de péptido CNP o RGD, por 1 h 37 °C.
Posteriormente se agregaron 0.5 mg/ml de péptido RGD biotinilado y la cantidad de éste unido a la
- placa después de incubarla por 1 h 37 °C, se determiné utilizando estreptavidina peroxidasa. Los
datos se expresan como el porcentaje de péptido RGD unido con respecto al control sin péptido. Se

muestra ¢l promedio y la desviacién estd4ndar de al menos dos expenmentos independientes
‘realizados por duplicado. : 83



Estos datos nos permiten afirmar que hemos encontrado una nueva regién de-
interaccién con integrinas del tipo ov[B3, que es utilizada por los rotavirus y qué es
independiente del sitio de unién utilizado por el motivo RGD. Es posible que esta secuencia
sea también utilizada por los hantavirus en su interaccién con la integrina ovp3, sin embargo
esta posibilidad debe ser confirmada. Ademads este nuevo motivo de unién a integrinas de tipo
ovPB3 podria ser utilizado por otras proteinas virales o celulares; una Iﬁrimera bisqueda en
bancos de secuencias, dio como resultado un conjunto de proteinaé tanto celulares como
bacterianas y virales que poseen regiones similares al péptido CNP, sin embargo es necesatio
evaluar la relevancia de esta fegién en cada caso. Tomando en cuenta solamente las protefnas
virales obtenidas en esta .bﬁsqueda encontramos regiones parecidas al péptido CNP en
protefnas de distintos virus, la comparacién de ellas se muestra en la figura 13. Si bien en
muchos de los casos no se ha demostrado que estos virus interaccionen con la integrina ocirB3,
serfa interesante evaluar el papel que pudiera tener esta integrina en el ciclo replicativo de los
distintos virus, ya sea como rece_ptor, o en la modulacién de procesos celulares que afecten el

proceso de infeccidn.

Hantavirus G162 (L99) ' NSWACNEPD
Coronavirus 229E antireceptor SITPCNPPD
Hepatitis C poliprotein ARPDCNPPL
Ranid herpes virus YWWQCNPPY
Hantavirus GLlG2 (NY) TSWGCNPPD
Rabbit fibroma virus ITRLONPMR
Gibbon ape leukemia virus envelope QYTGWCNPLE
Rotavirus Gl95C VP7 REWLCNPMD
RRV VP7 NEWILCNPMD
consensus | _ w CNPpd

Figure 13. Alineamiento miltiple de las proteinas virales que contiene regiones similares a la
- regién CNP de la proteina VP7 de los rotavirus. La secuencia consenso se determiné utilizando
los programas Clustaw] y Box Shade.
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RESULTADOS ADICIONALES
5. Caracterizacion de la unién de los rotavirus

Ademés de los resultados presentados antériormente, durante mi trabajo de doctorado
participé en otros proyectos rela.cionacios con el estudio de los primeros eventos de la

infeccién por rotavirus. A continuacién se describen brevemente estos trabajos.

A, Caracterizcién de un AcM dirigido contra la superficie de células MA104 que
bloquea la infectividad de los rotavirus, |
En el laboratorio se aislé el AcM 2D9, este anticuerpo se obtuvo utilizando células
MA104 tratadas con NA como inmunégeno y se seleccioné por su capacidad de‘bloqueA‘ar la
infectividad del virus nar3. En este trabajo se utilizaron las cepas de rotavirus RRV y nar3, as{
como la cepa de origen humano Wa, cuya infectividad es resistente al tratamiento de las _ |
células con NA. El AcM 2D9 es una inmunoglobulina de tipo M, que disminuye la
infectividad de las cepas de rotavirus RRV y nar3; adem4s este anticuerpo se une a la
supérficie de la Iinea celular MA104, indicando que el antigeno al cual reconoce se encuentra
presente en la superficie de.estas células, aunque la molécula especifica no ha sido
. identificada. Cuaﬁdo probamos el efecto del AcM 2D9 en la unién de los virus RRV y nar3,
encontramos que al preincubar las células con este anticuerpo, la urﬁén del virus nar3 se
bloque6 en un 80 %, pero la unién de RRV no se afectd. Ademds, se probé el efecto del AcM
2D9 en la unidn de las protefnas recombinantes GST-VP8 y GST-VPS5, y consisténtemente
con los datos encontrados para nar3 y RRV, el AcM 2D9 no afeﬁté la unién de la protéina
GST-VPS, pero fue capaz de bloquear la unién de GST-VP5. Estos resultados, asf como la
caracterizacién del AcM 2D9 fueron publicados en el articulo “Characterization of a
| monoclonal antibody directed to the surface of MA104 cells that blocks the infectivity of

rotaviruses” (49), que se presenta a continuacién .
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Rhesus rotavirus {RRV) binds to sialic acid residues on the surface of target cslls, and treatment of these cells with
neuraminidase greatly reduces virus hinding with the consequent reduction of infectivity. Variants that can efficiently infect
neuraminidase-treated cells have been isolated, indicating that attachment to sialic acid is not an essential step for animal
rotaviruses to infect cells, To identify and characterize the neuraminidase-reslstant receptor for rotaviruses, we have isclated
a hybridoma that secrets a monoclonal antibody (MAb) (2D9) that specifically blocks the infectivity of wiid-type (wt) RRV and
of Its sialic acid-indepsndent variant nar3, in untreated as well as In neuraminidase-treated celis. The infectivity of a4 human
rotavirus was also Inhibited, although to a lesser extent. MAL 2D9 blocks the binding of the variant to MA104 cells, while not
affecting the binding of wt RRY, in additlon, this MAb blocked the attachment of a recombinant glutathione S-transferase
(GST)-VPS fuslon protein, but did not affect the binding of GST-VP8. Altogether these results suggest that MAb 2D9 is
directed to the neuraminidase-resistant receptor. This receptor seems to mediate the direct attachment of the variant to the
cell, through VPS, while the receptor is used by wt RRV for a secondary interaction, after its Inltlal binding to sialic acid,
through VP8. MADL 2D9 interacts specifically with the cell surface by indirect |mmunofluorescence, immunoslectron
microscopy, and FACS. By a solid-phase immunolsolation technique, MAb 2D was found to react with three proteins of ca.

47, 68, and 220 kDa, which.might form a complex @ 2000 Academic Pross

INTRODUCTION

The initial event in the Interaction of a virus with the
host cell is the attachment of the virus to receptors in the
ceil membrane. Attachment is mediated by a variety of
moieties on host cells ranging from the general, such as
sialic acid (SA), to specific extraceliutar integral mem-
brane proteins. Any cell surface entity that mediates this

“attachment is defined as a viral receptor; consequently
the expression of the receptor on specific cells or tissues
in the whole host is a major determinant of the route of
virus entry into the host, the pattern of virus spread, and
the resulting pathogenesis (Haywood, 1894). An under-
standing of the mechanisms of viral cell attachment may
provide insight infe the' tissue tropism of a particular
virus, as well as potential treatments for viral diseases,

Rotaviruses are the leading cause of morbidity and

+ mortality, due to acute gastroenteritis, in children under 2

years of age (Kapikian and Chanock, 1996). These vi-
ruses, members of the family Reoviridae, are nonenvel-
oped and possess a genome of 11 Segments of dsRNA
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contained in a triple-layered protein capsid.. The outer-
most layer is composed of two proteins, VP4 and VP7,
The smooth external surface of the virus is made up of
780 copies of the glycoprotein VP7, while 60 spike-like
structures, formed by dimers of VP4, extend about 12 nm
from the VP7 surface (Estes, 1996; Prasad et af, 1990},

VP4 has essential functions in the virus life cycle,
including raceptor binding and cell penetration (Estes
and Cohen, 1989}). The properties of this protein are
therefore important determinants of host range, viru-
lence, and induction of protective immunity. The infec-
tivity of rotaviruses is dependent on trypsin freatment
of the virus, and this proteolytic treatment results in
the specific cleavage of VP4 1o polypeptides VP8 and
VPE (Arias et al, 1996; Espejo et al., 1981, Estes et a/,
1981). The cleavage of VP4 does not affect cell binding
{Clark et al, 1981; Fukuhara et al,, 1988; Kaljot et al,
1988) and has been associated with the entry of the
virus by direct plasma membrane penetration (Kaljot et
al, 1988; Nandi et a/,, 1892; Ruiz et a/,, 1894}. Recently,
it was shown that the virus uses both VP8 and VP5
proteins to bind to the surface of MA104 cells in a
SA-dependent and -independent manner, respectively
{Zarate et af, 2000). The role of VP7 during the early
interactions of the virus with the cell is not clear,
although it has been shown that it can modulate some

@
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of the VP4-mediated virus phenotypes, including re-

ceptor binding {Méndez &t a/, 19986), .

Rotavirus infection is highly restricted in vivo to the
mature villus tip cells of the small intestine. The infection
in vitro 18 also restricted, being most permissive in a
variety of epithelial cell lines of renal and intestinal origin
(Kapikian and Chanock, 1998). The high degree of selec-
tivity of these viruses suggests the presence of specific
receptors in the surface of susceptible cells, which might
be at [east one of the factors responsible for determining
the virus tropism.

Some rotaviruses of animal origin bind to the cell
surface through a SA-containing cell receptor (Ciarlet
and Estes, 1999; Fukudome et al, 1989; Keljo and Smith,
1988, Méndez et al, 1993). We have isolated variants
from a SA-dependent rhesus rotavirus (RRV) that no
longer depend on the presence of SA to bind and thus 1o

. infect the cell. The characterization of these variants
showed that binding to SA is not an essential step for
infection of cells by SA-dependent animal rotaviruses; it
also showed that the initial interaction with SA can be
superseded by an interaction with a secondary receptor
[neuraminidase (NA)-resistant] that might be responsi-
ble, at least in par, for the tropism of these viruses
{Méndez et al,, 1993). In contrast.to animal rotaviruses,
mosgt, if not all, human rotaviruses do not reguive SA 1o
infect the cells (Ciarlet and Estes, 1999; Keljo and Smith,
1988). ‘

Based on compstition experiments among strains of
human and animal origin, together with a SA-indepen-
dent RRV variant, it was established that the interaction
of rotavirus with its host cell is a2 multistep process in
which a SA-containing component, a SA-Independent
. molecule, and probably a third unidentified molecule are

involved (Méndez et al, 1999). )

Recently, it was reported that VP4 and VP7 contain
integrin ligand sequences, and peptides cortaining

- these ligand motifs and monoclonal antibodies (MAbs) to
_the respective integring inhibited the infectivity of the
 simian rotavirus strain SA11 and of the human rotavirus
' strain RVS, implicating «231 and a4B1 integrins in the
- cell entry of these viruses (Coulson et a/, 1997; Hewish
L et al, 2000). _
' To identify other possible cell surface molecules in-
. volved in the process of rotavirus entry we have gener-
ated MAbs direéted to MAI104 cells. In this work we
report the isolation and characterization of a MAb di-
i rected 1o the surface of these cells that is able to spe-
cifically prevent the infectivity of the SA-dependent RRV
and of its NA-resistant variant nar3.

|
|

RESULTS

i Isolation and screening of hybridomas. We were inter-
; ested in isolating -a MAb directed to the NA-resistant
rotavirus receptor. Thus, hybridomas were prepared from

mice immunized with whole NA-treated MA104 cells.
Approximately 2500 hybridoma culture supernatants
were screened for thelr ability to block the infectivity of
the NA-resistant rotavirus variant nar3 in an immunoper-

oxidase focus reduction assay (Arias et a/, 1987). One

hvbridoma that efficiently inhibited nar3 infection was

- subcloned three times by limiting dilution until a stable

antibody-producing clone was isolated. The MAb se-
creted by this clone, 2D8, was isotyped as IgM. in the
experiments described next, MAb 2D9 was used as a
purified fraction from ascites fluid. .

Virus specificity of monoclonal antibody 2D9. The
gpecificity of MAb 209 was determined by its ability to
biock the infectivity of the wi virug RRY, its SA-indepen-
dent variant nar3, and the human rotavirus strain Wa.
Preincubation of MA104 cells with different dilutions of
MADb 2D9 resulted in the reduction of the focus-forming
units (FFU} by 75% for nar3, by 60% for RRV, and by 25%
for Wa. This reduction in infectivity was dependent on the
concentration of MAb added to the celi monolayer. Pre-
incubation of the cells with a commercial, control mouse
lgM did not affect the infectivity of any of these viruses
{Fig. 1).

Given that the hybridoma secrsting 208 was obtained
by immunizing mice with MA104 cells treated with NA,
we tested the ability of the MAD to prevent the infection
of the same three virus strains on cells treated with this
enzyme. Given the low level of infectivity of RRV under

- these conditions (Méndez et a/, 1993), the amount of

RRY used in this experiment was increased sixfold to
maintain a similar number of FFU per well, The blocking
activity of MADb 2D@ in NA-treated cells for the three virus
strains was essentially that observed in untreated cells
{Fig. 1).

To rule out the possibility that MAb 2D9 protected
MA104 cells by nonspecific masking of the cell surface,
the ability of this antibody to protect MA104 cells against
the infection .of two other nonenveloped viruses was
evaluated. Figure 2 shows that 2D9 did not affect the
infectivity of either paliovirus type 3 or reovirus type 1 in
MA104 celis.

Altogether these results indicaj(e that MAD 209 is able
to specifically block the infectivity of rotaviruses RRV and
nar3, and to a lessar extent that of the human strain Wa,
and that, most likely, the epitope recognized by this MAD
does not involve SA. ‘

MAb 203 prevents the binding of nar3 but not that of
RRV. Since MAb 2D9 was able to significantly block the
infectivity of both RRV and its SA-independent variant
nar3 in MA104 cells, we next asked whether the inhibi-
tion of infectivity was due to the prevention of binding of
the viruses to the cell surface. For this, we used a
nonradicactive binding assay in which the cell-bound
virus was detected by a specific enzyme-linked immu-
nosorbent assay (ELISA) (Zarate st &/, 2000). In this
experiment, a suspension of MA104 ce|ls was preincu-
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FIG. 1. MAb 2D9 blocks rotavirug infectivity in neuraminidase-treated and untreated MA104 cells. The indicated concentrations of purified 209 or
a contro! IgM were added to monolayers of MA104 in 96-well plates that had been either treated ({solid symbols) or not {open symbois) with NA for
1 h at 87°C. After incubation with the antibodias, the cells were washed twice with PBS and then 2 X 10° FFU of RRV, nar3, or Wa viruses was added
per well to beth wreated and untreated cells, with the exception of RRV in NA-treated cells, where 1.2 X 10* FFU was used, since the infectivity of RRV
under these conditions is reduced five- to six-fold, After 1 h of adsorption at 37°C the viral inoculum was removed, and the infection was left to
proceed for 16 h at 37°C, at which time the cells were fixed and immunostained, as described under Materials and Methods. Data are expressed
s a percentage of the virus infectivity abtained when the cells were preincubated with PBS as a control. The arithmetic mean * standard error from

five independent experiments performed in duplicate is shown.
!

bated with different dilutions of either 2D9 or a control
mouse IgM for 1 h at 4°C; after removal of the excess
antibody the cells were incubated with a fixed amount of
either RRV or nar3. We found that while the preincubation
of the cells with 2D9 did not affect the binding of wt RRY,
the binding of nar3 was reduced in a concentration-
Hependent manner up to about 26% of that of the control
cells {Fig. 3). The binding of the human strain Wa, in the
presence of either 2D9 or IgM, was not sugntﬂcantly
aﬁected {not shown).

infectivity (% of control)

0 75 100
2D9 concentration {Lg/ml)

i FlG. 2. Blocking specificity of MAb 209. The indicated concentra-
ions of purified 209 were added to monolayers of MA104 in 96-well
lates for 1 h at 37°C and washed twice with PBS and then, approxi-
nately 2 X 10° FFU of nar3, reovirus type 1, or poliovirus type 3 was
deed per well, After 1 h of adsorption at 37°C, the viral inoculurn was
‘remo_ved. and the infection was feft to proceed for 16 h at 37°C, at
which time the cells were fixed and immunostained, as described
‘Jnder Materials and Methods. Data are expressed as percentage of
he virus infectivity obtained when the cells were preincubated with
PBS as a control. The arithmetic mean * standard error from two
Independent experiments is shown.

We have recently shown that RRV initially binds to the cell
surface through the VP8 domain of VP4, while nar3 binds
through VPS5 (Zarate et al, 2000). Since 2D9 is able-to inhibit
the binding of nar3 fut not that of RRV, we next asked
whether this MAb was able to differentially prevent the
binding of recombinant VP5 and VP8 proteins; which have
been previously shown to bind specifically to the cell sur-
face (Zarate et al, 2000). For this, a suspension of MA104
celis'was preincubated with MAD 2D9, or a mouse IgM as
control, and then a constant amount of either glutathione
S-transferase (GST)-VP5 or GST-VP8 fusion proteins pro-
duced in bacteria was added. The cell-bound recombinant
proteins were detected by ELISA as previously described
{(Zarate et a/, 2000}, Figure 4 shows that while the binding
of GST-VP8 was not affected by preincubation of the cells
with either 2D9 or the 1gM control, the binding of GST-VF5
was reduced to about 30% of the control value with no
antibody. Altogether these results suggest that MAb 2D8
might be recognizing the same molecule used by the NA-
resistant variant nar3 to interact with the cell, through its
VPE protein. ‘

The epitope recognized by 2D8 localizes to the surface

. of MA104 cells. The cellular localization of the epitope
recognized by MAb 209 was investigated by immuna-
electron microscopy of MA104 cells, Figure 5A shows
that MAb 2D9.labeled primarily the surface of the cells as
judged by the deposition of the peroxidase substrate,
DAB, in the plasma membrane, whersas in the conirol
cells, incubated with a mouse IgM, this pattern was not
‘observed (Fig. 5B). The DAB substrate stained only one
face of the cells due to the fact that fixation and immu-
nostaining were done while the cells were still bound to

the surface of the flask.
88
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FIG. 3. Binding of RRV and nar3 viruses to cells in the presencs of
MAB 2D9.. The indicated amounts of MAR 208 or a contral IgM were
preincubated with § X 10* MA104 cells in suspension for 1 h at 4°C,

The excess, unbound antibody was removed, and then 300 ng of either

RAV or nar3 purified virus particles was added, and the mixture was
further incubated for 1 h at4°C. The amount of virus bound to cells was
determined by an ELISA as described under Materials and Methods,
Data ars expressed as percentage of the virus binding obtained when
the virus particles were preincubated with PB3S as a control. The
arithmetic mean £ standard error from two independent expariments
perfarmed in duplicate is shown,

The presence of the epitope recognized by 2D9 on the
cell surface was further confirmed by indirect immuno-
fluorescence of unpermeabilized MA104 celis. MAb 2D8
recognized an epitope that was distributed in a patched
pattern on the surface of the cells, which was maore
clearly observed in the junction between cells (Fig. 5C).
Control cells stained with an IgM did not show this
pattern (Fig. 5D). Also, using flow cytometric analysis, we
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FIG. 4. Binding of recombinant proteing GST-VP8 and GST-VPS to
cells in the presence of MAb 2D9, MADR 209 or a control IgM (100
1g/mly was preincubated with § X 10* MA104 cells in suspension for
1 h at 4°C. The excess, unbound antibody was removed, and then 1.5
pg of affinity-purified GST-VP5 or GST-VP8 was added, and the mix-
ture was further incubated for 1 h at 4°C. The amount of cell-bound
protein was determined by ELISA as described under Matsrials and
Methods. Data are expressed as percentage of the recombinant pro-
tein binding obtained when the fusion proteins were preincubated with
P88 as a control (w/o MAD), The arithmetic mean % standard error from
wo independent experiments perfo_rrned in dupficate is'shown,

‘o, ay

Fluorescence [ntensity {logio}

FIG. 5. Monoclanal antibody 2D8 interacts with the surface of MA104
cells. (A and B) Electron micrographs of immunoperdxidase staining of
MA104 cells. Immunomarking was performed directly on MA104 cell
monaolayers, which were fncubated with () MAD 209 {10 g/mi) or with
(B) a contrel IgM (10 wg/ml} and then stained with peroxidase-coniu-
gated goat anti-mouse IgM and DAB as substrate. The cells were then
detached from the flasks, postfixed with 1% 0s0Q,, and processed for
electron microscopy as detailed under Materlals and Methods. (C and
D} Indirect immunofluorescence of MA104 cells. Cells were incubated
with MADb 209 (10 pg/ml; C) or with a control 1gM {10 pg/ml; D) and then

“stained with affinity-purified goat anti-mouse IgM antibodies conju-

gated to flugrescein isothiocyanate. (E) Binding of MAb 2D9 to MA104
cells as detarmined by flow cytometry. Cells ware incubated either with
MAb 2D89 (20 pg/ml, solid line) or with g (20 pg/mt, dashed line) and
stained with affinity-purified goat anti-mouse IgM antibodies conju-
gated 1o fluorescein isothiocyanate. The amount of IgM bound was
agsayed by flow cytometry as described under Materials and Methods.

found that 2D9 was able to bind to the surface of MA104
cells {Fig. 5E), as predicted if directed to a virus receptor
structure, _

Solid-phase immunoisolation of MA 104 call proteins by
MAb 2D8. Attempts to immunaoprecipitate proteins from a
cell lysate with MAb 2D% were unsuccessful. Thus, to
determine the cell surface protein to which the MAb was
directed, we performed a solid-phase immunaisolation
technigue (SPIT} assay, in which either MAb 2D9 or a
control lgM were adsorbed to wells of an ELISA plate.
Total MA104 cell lysates labeled metabolicaily with **S or
with sulfo-NHS-biotin, which labels proteins exposed in
the cell surface {singce it is @ membrane-impermeable
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FIG. 6. Solid-phase immunoisclation of MA104 cell proteins by MADb

9. Cell lysates metabolically labeled with *8 ([¥*S]Met-abeled pro-
ins) or with sulfo-NHS-biotin {bictintabeled proteing) were added to
itibody {2D9 or tgM)-coated wells. After incubation, the welis wers
ashed, and the proteins that remained bound to the wells were
leased with Laemmii sample buffer. The samples were analyzed by
J8-PAGE and fluorography {for *S-labeled proteins) or by Western
ot (for the biotin-labeled proteins) staining with streptavidin coupled
‘perovidase, as indicated under Materials and Mathods, M\N maolec-
ar weight markers.

.agent), were added to the antibody-coated wells. The
glls were later extensively washed, and the proteins
iat remained bound were released with Lasmmli sam-
e buffer and analyzed by SDS-PAGE and fluorography
w ®S-labeled proteins) or transferred o nitrocellulose
ir the biotin-labeled proteins) and stained with strepta-
1in coupled to peroxidase (Fig. 6). It-can be observed
at MADb 209 captured from the total protein cell lysate
igroup of three proteins of ca. 47, 65, and 220 kDa,
Jich were not recognized by the control IgM. These
-ee proteins must be exposed on the surface of the
1, since the SPIT assay performed with the hiotin-

seled polypeptides showed three proteins with the .

me molecular masses. Again, when the biotin-labeled
iate was’incubated in a well coated with the control
Vv, no biotinylated proteins were observed, These re-
Ite suggest that MAb 2D8 interacts with a cell surface

otein that might be forming a complex of at least three

oteins or that the three proteins that are captured by
13 share a common epitope recognized by the anti-

dy. IS- 3"’“
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DISCUSSION

It has been known for some time that rotaviruses can
interact with the surface of susceptible cells by at least
two different mechanisms; some rotaviruses of animat
origin attach to a sialic acld-containing molecule, while
rotaviruses of human origin kind through & neuramini-
dase-resistant compound {Ciariet and Estes, 1999; Men-
dez et a/, 1993). However, it has been recently shown
that the initial interaction of anirnal rotaviruses with SAis
not essential, since variants that bind and infect cells in
a SA-independent manner have been isolated fram the
SA-dependent RRV (Ciarlet and Estes, 1999; Ludertet al.,
1996; Mendez et af, 1993).

One of the siraiegies that has been suocessful\y used
to identify the cell receptors for viruses belonging to
several different families has been the isolation of hy-
bridomas that secrete MAbs directed to the surface of
susceptible cells, which are able to block virus entry. The
putative recepiors for measies virus {Dunster &f al,
1924), Sindbis virus (Wang et a/, 1992),.enterovirus 70
{Karnauchow et a/, 19986), echoviruses (Bergelson et al,
1994), and vaccinia virus -(Chang et al, 1995), among
other exarples, have been identified following this strat-
egy.

Following this approach, we isolated a hybridoma that
secretes a MAb directed against the surface of NA-
treated MA104 cells, a highly permissive cell line for
rotavirus. This MAb (2D9), of IgM isotype, is able to
specifically block the infectivity of both wt RRV and its
variant nar3, and to a lesser extent, the infectivity of the
human strain Wa. MAb 2D9 also blocks the infectivity of
these viruses in NA-treated cells,

The antigen recognized by 2D9 is present on the
surface of MA104 cells as judged by flucrescence-acti-
vated cell sorting (FACS) analysis, immunofluorescence,
and immuncelectron microscopy. Using the first two
methods we screened several cell lines for the presence
of this antigen. We found that MAb 2D8 specifically
recognized the surface of CV-1, CaCo2, and COS7 cells,
all susceptible to rotavirus infection. However, this MAD
also reacted with the surface of Hep-2, L, CHO, and BHK
cells, which are much less susceptible 1o infection by
rotaviruses (Espinosa et al, unpublished results), indi-
cating that the antigen recognized by 208 is not the only
factor that determines the tropism of these viruses.

A number of glycoconjugates have been shown to
bind ‘10, and to block the infectivity of, SA-dependent
animal rotavirus strains, and some of them have heen
suggested {o play a role as possible receptors, like GM3
gangliosides n newborn piglet intestine (Rolsma et g/,
1998), GM1 in LLC-MK2 cells (Superti and Donelli, 1891),
and 300 to 330-kDa glyccproteins in murine enterocytes
{Bass et a/, 1991). More recently, it was reported that
integrins «2@1 and o431 are involved in the eniry of
rotaviruses (Coulson et al, 1997). The fact that the
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epitope recognized by MAb 2D8 is present on the sur-
face of CHO and L cells, which do not express a2 or a4
integring (Hewish et af, 2000; Zhang and Racaniello,
1997}, and the fact that the reported molecular weight for
thess integrins does not coincide with that of the pro-
teins detected by 2D9 suggest that this MAb recognizes
a molecule different from integrins «2B1 and «4B1.

We have recently reported that wt RRV interacts ini-
“tially with SA residues on the surface of MA104 cells,
through the VP8 domain of its VP4 protein. We proposed
that this initial interaction is subsequéntly followed by a
second intgraction of the VPS5 domain of VP4 with a
NA-rasistant call receptor. We also showed that the SA-
independent variant nar3 is able to interact directly with
the cell surface through VPG5, obviating the first VP8-SA
interaction (Zérate et a/, 2000). In this work we have
found that MAb 209, despite inhibiting the infectivity of
both wt RRV and nar3 viruses, competes only the attach-
ment of the variant, suggesting that it blocks the infec-
tivity of the wt virus at a postattachment step, in agree-
ment with our previous observations. In accordance with
these results, we found that 2D9 blocks the binding of
the GST-VP5 fusion protein, while it does not affect the
attachment of the GST-VP8 recombinant polypeptide
{Fig. 4). Taken together, these resuits suggest that the
epitope recognized by 2D9 is independent of sialic acid
and is probably present in the cell receptor that interacts
with VPB or in a molecule closely associated with it.

Based on an infection competition assay, designed to
detect competition for cell surface molecules at both
attachment and postatiachment steps (Mendez et &/,
1999}, we found that the human strain Wa efficiently
competed the infectivity of the variant nar3 both in un-

treated and in NA-treated cells. This competition was -

nonreciprocal since nar3 did not compete the infectivity
of Wa. The fact that the competition between the two
NA-resistant strains, nar3 and Wa, was not reciprocal
indicates that they bind to different molecules, In addi-
tion, the SA-dependence phenotype clearly differentiates
RRV from nar3 and Wa, suggesting the existence of at
least three cellular structures involved in rotavirus ceil
infection, with at least one being shared by -human,
SA-dependent animal, and NA-resistant variant strains.
The antigen recognized by 2D@ on the surface of the cell
might represent one of these interactions.

The list of viruses that have more than one interaction
with the cell surface during cell entry is growing (Hay-
wood, 1984; Norkin, 1996), indicating that our initial view
that the virus-receptor interactions resembied those of
simple ligands with their receptors was not completely
true, it is bacoming more and more apparent that the
interaction of a virus with the surface of its host cell,
which ultimately leads to the entry of the virus into the
sell's cytoplasm, is a dynamic process in which more
than one virus—cell interaction often takes place and in
which conformational changes of both virat and host cell

proteins might occur {Haywood, 1994; Norkih, 1995; OI-

son et al, 1898}, Furthermore, it has become apparent . -

that some viruses may use more than one receptor to
gain access into their host celts (Baranowski et al,, 2000;
Thoulouze ef af, 1988; Tufano, 1997).

Despite our efforts, it was not possible either to im-
munoprecipitate or 10 detect by Western blots the mole-
cule(s) recognized by MADb 2D9, However, by a solid-
phase immunoisolation technique, 209 specifically inter-
acted with three -proteins that were present on the
surface of the cell, as judged by the fact that they could
be labeled with a reagent that is impermeabie to the cell
membrane, Although it is possible that these three pro-
teins contain a common epitope recognized by MAb 2D,
it seems more likely that the proteins might be forming a
complex, which remains as such under the conditions
used to lyse the cells, with only one of them being
recognized by 2D9. The identity of these proteins is
currently under investigation,

The fact that neither 2D9 nor any of the anti-integrin

antibodies that have been assayed so far are able 10 |
completely block the infectivity of rotaviruses [this work

and Coulson et al, (1997)], together with the finding that
MAb 2D8 reacts with the surface of celis that are poorly

susceptible to rotavirus, supports our idea that the inter-
action of rotavirus with its host cell is a multistep process #

{(Mendez et a/, 1999) that involves interactions with sev-
eral different motecules on the cell surface. The exquis-
ite tropism of rotaviruses, which /n vivo infect only a very
narrow set of cells in the intesting, might be explained if
oniy this type of cell possesses on its surface the appro-
priate combination of the required receptor molecules,
which might be present individually in many different cell
types. It remains to be determined how many cell surface
molecules are involved in the complex process of rota-
virus cell attachment and penetration and the role they

may play.

MATERIALS AND METHODS

Cells, viruses, and monocional antibodies. MA104 and
L2929 cells (L cells) were cultured in Eagle's minimal
essential medium (MEM) supplemented with 10% fetal
bovine serum. Rotavirus strains RRY and Wa were orig-
inally obtained from H. B. Greenberg (Stanford University,
Stanford, CA), and rotavirus variant nar3 has been de-
scribed previously (Méndez et al, 1883). RRV, Wa, and
nard viruses were propagated in MA104 cells as previ-

ously described (Espejo et a/., 1980). Reovirus serotype 1

was abtained from C. Ramos {Instituto Nacional de Salug
Pablica, Cuernavaca, Morelos, México) and was grown
in L cells as described (Cuadras et a/, 1987). Poliovirus
type 3 was obtained from R. M. del Angel {CINVESTAY,
Mexico D.F, Mexico) and was grown in MA104 cells.
Rabbit polyclonal antibody against reovirus type 1 was
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kindly provided by T. Dermody (Vanderbilt Medical
School, Nashville, TN}.

To prepare purified virus, virus-infected cells were
harvested after complete cyviopathic effect was attained,

the cell lysate was frozen—thawed twice, and the virus

was pelleted by centrifugation for 80 min at 25,000 rpm at
4°C in the SW28 rotor {Beckman). The virus pellet was
resuspended in TNC buffer [10 mM Tris~HCI {pH 7.5), 140
mM NaCl, 10 mM CaCl,], extracted with Freon, and
subjected to isopicnic centrifugation in CsCl as previ-
ously described (Espejo ef @/, 1881). The protein content
of the purified triple-layered particles was determined by
the Bradford protein assay (Bio-Rad).

The infectious titer of the viral preparations was ob-
tained by an immunoperoxidase focus assay in MA104
cells grown in 96-well tissue culture plates, as described
{Arias et al, 1987). Titers are-expressed as focus-forming
gnits per milliliter. When indicated, cells were treated
with 20 mU/ml of NA from Arthrobacter ureafaciens (Sig-
ma Chemical Co.) for 1 h at 37°C. After two washes with

PBS [0.2 M NaCl, 2.7 mM KCI, 1.4 mM KH.PC,, 0.8 mM

Na,HPQ, (pH 7.4)], the cells were infected as described
;Méndez et al, 1993).

' Production of monoclonal antibodies. Confluent mono-
layers of MA104 cells were washed and brought into a
lsingle-cell suspension by incubation with 5 mM EDTA in
PBS for 10 min at 37°C and dispersed by gentle pipetting.
Fhe cell suspensions were centrifuged at 1000 rpm for 1
min at 4°C, washed, resuspended into PBS, and treated
with 20 mU of A. ureafaciens neuraminidase (Sigma Chem-
ical Co.) for 1 h at 37°C with gentle rocking. The celis were
then washed twice with PBS and resuspended. in PBS and
their concentration was determined with a hemocytometer.
Inbred female BALB/c mice (8 weeks old) were immunized
intraperitoneally with 756 X 10° whole MA104 cells, pre-
treated with NA, at 2-week intervals (four times total). Anti-
body production was monitored by measuring the ability of
the sera to block the infectivity of nar3 and RRV viruses {see
above). Two days prior to cell fusion, mice were primed by
tail vein injection of 1 X 107 whole MA104 cells in PBS,
pretreated with NA. Splesns from immunized mice were
fused with FOX myeloma cells essentially as described by
Padiita-Noriega et af, (1993). Supernatants from viable hy-

bridoma. cultures were screened for the presence of anti-

bodies that blocked the infectivity of nar3 by an immuno-
peroxidase focus reduction assay, in MA104 cells grown in
96-well tissue culure plates, as previously described (Arias
et al, 1987). Hybridomas producing blocking antibodies
were cloned three times by limiting dilution and their su-
pernatants were retested.

. The blocking activity of one hybridoma, named 2D8,
was confirmed after repeated tests. This MAb was
shown to be of the IgM c¢lass by double immunediffusion
using isotype-specific antibodies {(ICN). For production of
ascites fluid containing MAb 2D9, 8-week BALB/c female
mice, primed intraperitoneally with 200 ut of Pristane,

were inoculated with the 2D9 hybridoma. The ascitic
fluid was collected 2 weeks after the hybridoma immu-
nization, and the IgM fraction was obtained by dialysis of
the ascitic fluid in distilled water as described {(Andrew et

' af, 1997). The protein content of the purified IgM fraction

was determined by the Bradford protein assay (Bio-Rad)
and by ODa, reading.

Binding assays. The binding of purified rotawrus parti- .

cles and of affinity-purified GST—fusion proteins to MA104
cells in suspension was performed by a noenradioactive
binding assay essentially as described by Zarate et al,
(2000). Brisfly, & suspension of 5 X 10* cells preincubated
with the appropriate dilution of MAb 203 or control IgM for
1 h at 4°C was mixed either with purified virus or with
recombinant proteins {previously sonicated and centrifuged
for 2 min in the Eppendorf centrifuge) in MEM-1% bavine
serum alburmin (BSA} in a final volume of 200 ul and incu-

‘bated for 1 h at 4°C with gentle mixing. The cell-virus or

cell-protein complexes were washed three times with ice-
cold PBS containing 0.5% BSA and then treated with 50 ul

~ of lysis buffer {Ly8) [60 mM Tris{pH 7.6), 160 mM NaCl, 0.1%

Triton X-100}. In the last wash, the cells were transferred to

a fresh tube. The virus and recombinant proteins present in

the lysates were guantified by ELISAs. In all binding assays
of either virus or recombinant proteins, a bmdmg cantrof
with no cells was performed.

Capture ELISAs for rotavirus particles and GST—fusion
viral proteins. To detect the virus particles, goat and rabbit
polyclonal sera to rotavirus were used as capture {diluted
1:10,000) and detection (diluted 1:1500) antibodies, respec-
tively. The rotavirus proteins fused to GST were captured
with the goat anti-rotavirus serum and detected with a
rabbit serum to GST (diluted 1:1500). In general, the ELISA
Wwas performed as follows: polystyrene 96-well plates were
coated with 100 pl of capture antibody diluted in PBS, for
2 h at 37°C. Residual free protein-binding sites were
blocked by incubation with 200 ul of 1% (w/v) BSA in PBS
for 2 h at 37°C. Incubation with 50 ul per well of viral or
protein antigen sample in lysis buffer for 1 h at 37°C was
followed by incubation with 50 ul per well of the appropriate
detection antibody {see above) diluted in 1% BSA in PBS.
Finally, 50 ul per well of the respective alkaline phos-

phatase-conjugated anti-immunoglobulin serum [goat anti-

rabbit 1gG or goat anti-mouse IgG {(diluted 1:1500), Kirker-
gaard and Perry} was incubsated for 1 h at 37°C, and then
Sigma 104 phosphatase substrate diluted in disthanol-
amine. buffer [100 mM diethanolamine {(pH 9.4), 1 mM
MgClg, B mM sodium azide] was added. The absorbance at
405 nm was recorded with a Microplate Autoreader EL311
{Bio-Tek Instruments),

Clening, expression, and purification of GST—fusion
proteins, The cloning, expression, and purification of RRV
GST-VP8 and GST-VP5 proteins have been described
(I18a ot af, 1897; Zérate et a/,, 2000),

Flow cytometry (FACS) MA104 cells grown to 80%

. confluence were washed and brought into a single-cell
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suspension by incubation with 0.6 mM EDTA in PBS at
37°C and dispersed by gentie pipetiing. Cells were coi-
lected by low-speed centrifugation (200 g) and resus-
pended in ice-cold MEM without serum, and the cell
cancentration was determined with a hemocytometer. In
each experiment, 5 X 10° cells were incubated with
either MAb 2089 or IgM control antibody (20 pg/mi) for 1 h
at 4°C, washed twice with 2% fetal calf serum in PBS,
and then incubsated with fluorescein-conjugated anti-
mouse IgM antibodies (15 wg/mi; Biosourse, USA) for t h

at 4°C. Fluorescence-activated cell sorting analysis was

done using a FACScan flow cytometer and Celiquest
software (Becton Dickinson} with approprlate gating pa-
rameters.

Biotinylation of celf surface proteins. A single-cell sus- -

pension of MA104 cells was prepared as described
above. Cells (1 X 107) were incubated for 30 min at 4°C
with water-soluble sulfo-NHS-biotin (2 mg/ml; Pierce) in
PBS, with occasional gentle mixing. Unreacted sulfo-
NHS-biotin was blocked by incubation with an equal
volume of 10 mM glycine in PBS for 30 min at 4°C, and
then the cells were washed twice with PBS and solubi-

lized with LyB supplemented with 1 mM PMSF, 20 wg/mi

“aprotinin, and 20 pg/mi leupeptin for 10 min at 4°C. After

lysis the cells were centrifuged for 10 min at 3500 rpm in
the Eppendorf microfuge and the cell lysate was used for
the SPIT assay (see below).

Radiolabeling of MA104 cell proteins. MA104 cells
were grown in 8-well plates {Costar) 10 approximately
70% confluence, Cell monolayers were washed twice
with methionine-free MEM and incubated for 16 h in
radiolabeling medium [MEM with 1/20 the regular con-
centration of methionine, 10% dialyzed serum, and 100
- uCi/m| Easy Tag Express-*S protein labeling mix (NEN}].
Labeled cells were washed twice with PBS and solubi-
lized with 1 mi of LyB as described above for the bictin-
labeled cells. '

Solid-phase immunoisolation technique. Direct SPIT
was carried out essentially as described by Burns &t &/,
-{1988). ELISA 96-well plates were coated with 50 pt of
'the antibody of interest {10 ug/mi) in PBS overnight at
:4°C. The plates were washed four times with PBS and
‘blocked with 0.6% gelatin in PBS for 1 h at 37°C, followed
'by addition of the radiolabeled or hiotinylated cell ly-
:sates. After overnight incubation at 4°C, unbound lysate
‘was removed and the plates were washed four times
with wash buffer (PBS containing 0.01% SDS, 0.1% so-
dium deoxycholate, 1% Nonidet-P40). The bound -pro-
'teins were solubllized by addition of gel sample buffer
‘[1% SDS, 5% 2-mercaptoethanol, 0.5 M urea, 60 mM
Tns—HCI {pH 6.8}, 10% glyceral, 0.0025% phenol red] and
'bo&lmg for 3 min. The samples were analyzed by SDS-
PAGE and fluorography in the case of the %S-labeled
.proteins or by Western blot with streptavidin-peroxidase
‘and enhanced chemiluminiscence (ECL, Amersham), in
‘the case of the biotin-labeled proteins.

Indirect immunofluorescence. Semiconfluent MA104
cells grown in coverslips were fixed with 2% formafde-
hyde, 0.25% glutaraldehyde in PBS, for 16 min at room
temperature, washed three times with PBS, and blocked
with 1 M glycine in PBS (w/v), for 1 h at room tempera-
ture. After three further washes, the cells were incubated
with 10 pg/ml of either MAb 2D8 or a control IgM (Sigma
Chemical Co.) for 1 h at room temperatura. Finally, fol-
lowing two more washes, the cells were incubated with
a 1:20 ditution of a FITC-conjugated goat anti-mouse IgM
{(Sigma Chemical Co.) for 1 h at room temperature. The
cells were washed three times and mounted on glass
slides in 80% glyceral in PBS, The slides were analyzed
by. using a Bio-Rad MRC-800 confocal microscope and
CoMOS MPL-1000 software.

Immunoelectron microscopy. Confluent MA104 cells in
25-cm® flasks were fixed with 2% formaldehyde, 0.25%
glutaraldehyde in PBS, for 30 min at 4°C, washed three
times with PBS, and blocked with 1% BSA in PBS for 15
min at room temperature, After three washes, the cells
were incubated with 10 wg/ml of either MAb 209 or a
control lgM {Sigma Chemical Co.) for 1 h at room tem-
perature. Finaliy, following two washes with PBS, the
cells were incubated with a 1:50 dilution of a peroxidase-
conjugated goat anti-mouse lgM (Sigma Chemical Co.)
for 1 h at room temperature. After three washes with
PBS, the cells were incubated with the peroxidase sub-
strate [0.6 mg/mi of DAB (Sigma Chemical Co.) in PBS
with 0.1% H,O,], for 15 min at 37°C, and the reaction was
stopped by removing the substrate and washing with
ice-cold PBS. The cells were then detached from the
flask with the aid of a rubber policeman, postiixed in 1%
osmium tetroxide, dehydrated, and embedded in Poly/

~ Bed 812/DMP30 (Polysciences, Warrington, PA), 30-um

sections were obtained from selected areas of trimmed
blocks, floated onto formvar-coated nickel grids, and
counterstained for 5 min with a 2.6% uranyl acetate
solutioh in 40% ethanol. Sections were examined and
photographed in a Jeo! JEM 1200 EXH electron micro-
scope.
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B. Caracterizacién bioquimica de los receptores de los rotavirus. en células MA104

Como una aproximacién para encontrar al receptor de los rotavirus se probé el efecto
de inhibidores metabélicos, de la reduccién de la cantidad de colesterol presente en la
membrana citoplasmética y de la extraccién de moléculas de la superficie celular, sobre la
susceptibilidad de células MA104 a la infeccién por rotavirus . Estos tratamientos mostraron
que el bloqueo de la N-glicosilacién, la inhibicién de la biosintesis de glicolipidos, el
secuestro del colesterol de la membrana y la extraccién de moléculas celulares con el
detergente octil-B-glucésido (OG) en éondiciones no liticas, reducen la infectividad de los
rotavirus en las células tratadas; de manera consistente, al preincubar a los rotavirus RRV,
nar3 y Wa con el extracto celular de OG, la infectividad disminuy$ con respecto al virus
control incubado sélo con OG. Estos resultados invoucran N-glicoproteinas, glicolipidos y
colesterol en los primeros eventos de la infeccién por rotavirus, sugiriendo que el receptor (o
més probablemente receptores) de los rotavirus se encuentra formando parte de los
microdominios lipidicos que se conoceﬁ como rafts.

Con el objeto de determinar cuales son los-component‘es‘ ‘del‘extrac'to‘de oG
responsables del bloqueo de la infectividad se analizé la naturaleza bioquimica de éste. Se
encontré que al tratar al e);(tracto celular con proteasas, el extracto pierde la capacidad de
bloquear la infectividad de los rotavirus, suigiriendo que las moléculas inhibidoras son de
naturaleza protéica. Posteriormente se fraccioné el extracto y mediante electroforesis
preparativa se encontraron cinco bandas que conservan la capacidad de bloquear la
infectividad de los rotavirus; los pesos de esas bandas fueron de aproximadamente 30, 45, 57,
75 y 100 kDe.

Ademds se probé el efecto del extracto de OG en la unidn de las cepas de rotavirus
RRYV, nar3 y Wa. Encontramos que al preincubar a los virus con el extrtacto se bloque6 la
 unién de las tres cepas de rotavirus en un 40 %, y que un suer6 policlonal evocado contra el
extracto de OG bloqueé la unién de las cepas nar3 y Wa. Este trabajo fue publicado con el
titulo “Biochemical characterization of rotavirus receptors in MA104 éells” (30).
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We have tested the effect of metabolic inhibitors, membrane cholesterol depletion, and detergent extraction
of cell surface molecules on the susceptibility of MA104 cells to infection by rotaviruses. Treatment of cells with
tunicamycin, an inhibitor of protein N glycosylation, blocked the infectivity of the SA-dependent rotavirus RRY
and its SA-independent variant nar3 by abount 50%, while the inhibition of O glycosylation had no effect. The

- inhibitor of glycolipid biosynthesis d,l-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP)

blocked the imfectivity of RRV, nar3, and the human rotavirus strain Wa by about 70%. Sequestration of
cholesterol from the cell membrane with B-cyclodextrin reduced the infectivity of the three viruses by more
thao 90%. The involvement of N-glycoproteins, glycolipids, and cholesterol in rotavirus infection suggests that
the virus receptor(s) might be forming part of lipid microdomains in the cell membrane. MA104 cells incubated
with the nonionic detergent octyl-B-glucoside {OG) showed a ca. 60% reduction in their ability to bind
rotaviruses, the same degree to which they became refractory to infection, suggesting that OG extracts the
potential virus receptor(s) from the cell surface. Accordingly, when preincubated with the viruses, the OG
extract inhibited the virus infectivity by more than 95%, This inhibition was abolished when the extract was
treated with either proteases or heat but not when it was treated with neuraminidase, indicating the protein
nature of the inhibitor. Two protein fractions of around 57 and 75 kDa were isolated from the extract, and these
fractions were shown to have rotav:rus-blockmg actmty Also, antibodies to these fractions efficiently inhibited
the infectivity of the viruses in untreated as well as in neuraminidase-treated eells, Five individual protein -
bands of 30, 45, 57, 75, and 110 kDa, which exhibited virns-blocking activity, were finally isolated from the OG ~

extract. These proteins are good candidates to function as rotavirus receptors.

Rotaviruses, the leading cause of severe dehydrating diar-
rhea in infants and young children worldwide, are nonenvel-
oped viruses that possess a genome of 11 segments of double-
stranded RNA contained in a triple-layered protein capsid.
The outermost layer is composed of two proteins, VP4 and
VP7. VP4 forms spikes that extend from the swrface of the
virus and has been associated with a variety of functions, in-
cluding the initial attachment of the virus to the cell membrane
and the penetration of the cell by the virion (14).

Rotaviruses have a very specific cell tropism, infecting only -

enterocytes on the tips of intestinal villi (26}, which suggests
. that specific host receptors must exist, In vitro, they also dis-
play a strict tropism, binding to a variety -of cell lines but
infecting efficiently only those of renal or intestinal epithelium
origin (15). Despite the advances in the molecular and struc-
tural biology of the virus, little is known about the rotavirus cell
| receptors. Some animal rotavirus strains interact with sialic
+ acid (SA) on the cell sutface, and this interaction is & require-
ment for the efficient attachment and infection of the virus to
susceptible cells (9, 17, 27, 34, 39, 57). Accordingly, a number
of glycoconjugates bind to and block the infectivity of animal
rotaviruses in vitro and in vivo (3, 4, 6, 17, 32, 46, 52-54, 56,
57). Some of these glycoconjugates may play a role as possible
f
|
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receptors, like GM3 gangliosides in newborn piglet intestine
(47), GMI in LLC-MK2 cells (52), and 300- t0 330-kDa gly-
coproteins in murine enterocytes (3). Moze recently, it has also
been suggested that o281, axB2, and «4f1 integrins may be
involved in rotavirus cell entry (11, 24),

The binding of animal. rotaviruses RRV and SA1l to an

SA-containing cell receptor is nonessential since variants
whose infectivity is no longer dependent on the binding to
these acid sugars have been isolated (35, 39). The secondary
importance of SA as an attachrnent site for rotaviruses, at least
under laboratory conditions of infection, is also refiected by
the fact that the infectivity of most, if not all, human rotavirus
(HRYV) strains is not affected by neuraniiniddse treatment of
cells (9, 17, 19, 41). Recently, through competition infection
assays using the SA-dependent RRV, its SA-independent vari-
ant nar3, and the naturally neuraminidase-resistant HRV
strain Wa, the ezistence of at Jeast three cell surface sites
involved in the interaction of rotaviruses with MA104 cells
during the early steps of infection was determined (41).
. In this study we used two approaches to characterize the cell -
surface structures that could serve as rotavirus receptors. In
the first approach, MA104 cells were treated with metabolic
inhibitors of glycosylation as well as of glycolipid synthesis to
determine the effects on the infectivity of rotaviruses RRYV,
nar3, and Wa, In the second approach, the putative receptors
for rotaviruses were extracted with the nonionic detergent oc-
tyl-B-glucoside (OG) under noncytolytic conditions. The mol-
ecules present in the extract, which were shown to inhibit
rotavirus infectivity when incubated with the viruses in solu-
tion, were biochemically characterized and partially purified.
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MATERIALS AND METHODS

Cells and viruses. The uman rotavirus strain Wa and the rhesus styain RRV
were. obtained from Hatry B. Greenberg, Stanford University, Stanford, Calif.
The SA-independent rotavirus RRV varjant nar3 has been previously deseribed
(39, 40). All rotavirus strains were propagated in MAILD4 cells as described
previously (13). The rhesus monkey epithelial cell ine MA104 was grown in
Eagle’s minimal essential medium (MEM) supplemented with 10% fetal bovine
serum (FBS) and was used for all experiments carried out in this work. BEK.21,
CHO, and L.929-cells were grown in MEM containing 10% FBS, Reovirus type
1 and poligvirus type 3, Leon strain, were kindly provided by C. Ramos (CISEJ,
National Institate of Public Health, Cuernavaca, Mexico) and R. M. del Angel
(CINVESTAV-IPN, Mexico City, Mezico).

Infectivity assay. MA104 cells in 96-well plates were washed twice with phos-
phate-buffered saline (PBS) and then about 1,000 focus-forming waits (FFUs) of
a trypsin-activated cell lysate containing rotaviruses RRY, nar3, Wa, or control
viruses, reovirus and poliovirus, was adsorbed to the cells for 45 min at 4°C. After
the adsorption period, the virus inceulum was removed, the cells were washed
once with PBS, MEM was added, and the infection was left to proceed for 14 h
at 37°C. The infected cells were detected by an immunoperoxidase focus detec-
tion assay, usiog as the detecting antibody a rabbit polyclonal hyperimmune
serum to porcine rotavirus YM, as described previously (33), The FFUs were
counted with the help of a Visiolab 1000 station (Biocom). This station, which
was used for both image acquisition and analysis, is configured with a Matrox
Meteor RGB frame grabber and a 8235 Cobu RGE CCD color TV camera.
Motorized stages (Marzhauser) were adapted to an inverted Nikon Diaphat 300
microscope. The stage control unit was a Marzhanser Multicontrol MC2000,
piloted by Explo (Biocom). Macro command files for Explo were developed to
perform a semiautomated counting of the infected cells, In this manner, an
accurate positioning in the center of each well was achieved automatically for
iater predefined scanning and visual counting of infected cells within a selected
well area.

Treatment of MA104 cells with metabolic inhibitors. Monolayers of MA104
cells in 96-well plates were grown to confluence; either 2 pg of tunicamycin
(Boehringer) per mi or 2 mM benzyl N-acetyl-a-p-galactosamide (benzylGal
NAc) (Oxford Giyeo Systews) in MEM was added, and the cells were further
incubated for either 24 h (mnicamycin) or 3 days (benzylGalNAc). To inhibit the
synthesis of glycolipids, 60% confluent MA104 cells were treated with 25 uM
d l-threo-1-phenyl-2-decanoylamino-3-morpholing-1-propanol (PDMP) (Ma-
treya, Inc.) in MEM-10% FBS for 3 days, replacing the medium with fresh drug
daily, After treatment with the respective drug, the cells were washed twice with
PBS and then infected with rotaviruses, reovirus, or poliovirus, as described
abaove, To determine the reconstitution of the susceptibility of the cells to virus
infection after drug treatment, the cells were washed twice with PBS at time zero,
MEM was added, and the cell monolayers were kept at 37°C, At the indjcated
times, the cells were washed once with PBS and infected as described above. Cell
viability was determined by exclusion of trypan blue {(22). -

The effect of tunicamycin and benzylGalNAc on the ceilular synthesis of N-
and O-glycans, respectively, was evaluated by detection of sugars on immuno-
blets, using a digoxigenin glycan detection kit (Bochringer Maunheim; no. 1500-
783). Under the treatment conditions described above, glycoconjugates were
reduced by about 50% in both tunicamycin- and benzylGallNAc-treated cells
compa:ed to untreated cefls (data not shown).

Extraction axd immunochemical analyses of lipids from Malo4 cells, PDMP-
treated or untreated MA104 cells were harvested by centrifugation and washed
twice with PBS. Total lipids were extracted essentially as described by Guo et al.
(19). Thin-layer chromatography was carried out in a solvent system of chloro-
form-methanol-water (5:4:1) containing 12 mM MgCl,. The plastic plate was
dried for 2 b at 37°C and then soaked by capillarity in #-hexane containing 10%
poly(isobutyl methacrylate) (Aldrich). The glycolipids were then detected immu-
nochemically on the thin-layer chromatograns, as reported previously (30), em-
ploying the same carbohydrate detection kit described above. After treatment of
MA104 cells with PDMP, as described above, the content of mono- and disia-
logangliosides was about 30 to 40% of that found in untreated cells (data not
shown).

Cholesterol depletior of MAL04 cell monolayers, Confiuent MA104 cell mono-
layers in 96-well plates were washed twice with PBS and then incubated with 10
mM methyl-B-cyclodextrin {(Aldrich) in PBS for 1 h at 37°C with occasional
shaking. After this time the cells were washed twice with PBS and infected as
described above.

To replenish the cells with cholesterol after methybﬁ-cyclodemm ireatment,
the drug was removed apd the cells in 36-well plates were washed twice with PBS
and then underwent essentially the same treatment as that described by Falconer
et al. (16). Briefly, 200 i of MEM~7%FBS with or without 0.1 md cholesterol
(5-cholesten-33-0l-3p-hydroxy-3-cholestene} (Sigma), which was freshly made in
100% ethanol, was added per well and left for the indicated periods. At the end
of the incubation time the cells were washed twice with MEM apnd infected as
described abave,

To determine the cholestercl content of untreated or cyclodextrin-treated
MA104 cells, the cells in suspension were pelleted; the pellet was suspended in
0.8% OG by extensive vortexing, and the suspension was cleared by centrifuga-
tion for 5 min at 2,000 X g in an Eppendorf centrifuge. The cholesterol present
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in the supernatant or in the cyclodextrin extract of cells was assayed spectropho-
tometrically using the Boehringer Mannheim diagnostic kit {no. 139050). All
cholesterol determinations were made in the presence of 0.2% QG,

OG treatment of MA104 cell monolayers. Confluent MAL4 cell monolayers
in 96-well plates were washed twice with PBS. The cells were then incubated with
0.2% OG (Pierce) in MEM for 90 min at room temperature with occasional
shaking, After this time, the cells were washed twice with PBS and infected as
described above. T¢ determine the cell viability and the degree of cell membrane
permeabilization that may have been caused by the detergent, we evaluated the
ability of the cells to exclude the vital dye trypan blue and the level of the
cytoplasmic enzyme lactate dehydrogenase in the OG extract (25). Treatment of
cells with 0.2% OG was shown 10 release less than 5% of the total lactate
dehydrogenase activity. A 100% lysis was determined by homogenization of the

cells in 0.2% OG. |

Binding assay. Rotavirus binding was determined by a nonradioactive assay,
essentially as described by Zérate et al. (59). Briefiy, a suspension of 5 x 10*
MAJI04 cells either untreated, previously treated witih PDMP or tunicamycin, or
extracted with OG or eyclodextrin, as described above, was incubated for 1 h at
4°C with 300 ng of trypsin-activated purified viruses in MEM-1% bovine serum
albumin. The cell-virus complexes were washed three times with ice-cold PBS
containing 0.5% bovine serum albumin. During the last wash, the cells were
transferred to a fresh Eppendorf tube and then lysed in 50 mM Tris (pH 7.5)-150
mM NaCl-0.1% Triton X-100. The viruses present in the lysates were quantified
by an enzyme-linked imamunosorbent assay (59). In all assays, a binding control
with no cells was performed.

To assay the binding-blocking activity of the O extract, 300 ng of purified
virus particles was incubated with 20 p.g of OG-extracted proteins per ml for 90
min at 37°C, The virus-OG extract mixture was then added to MA104 cells in
suspensmn, and the assay was performed as described above. The blocking
activity of the hyperimmune sera to the 57- and 75-kDa protein fractions (see
below} was assayed by preincubating the MA104 cells with 2 1:5 dilution of the
corresponding preimmune or hyperimunune sera for 1 h ar 4°C. After the cells
were washed with PBS, the viruses were added and the assay was carried out as
described above.

Effect of the OG extract on rotavirus infectivity. Confluent MA104 cell mono-
layers in T-flasks were washed twice with PBS-0.5 mM EDTA. and left to detach
in this buffer for 30 min at 37°C. The cells were counted, felleted at 85 X g for
5 min at 4°C, resuspended at a concentration of 2.2 X 107 to 2.5 % 107 cells/ml
in MEM-0.2% OG, and incubated with gentle shaking for 90 min at room
temperature. After this time the cells were pelleted, and the concentration of
extracted proteins in the supernatant was determined by the method of Lowry
{Bio-Rad); a typical concentration was approximately 5 pg of proteu:u‘lﬁﬁ cells.
The inhibitory activity of this extract on the infectivity of rotaviruses was mea-
sured by incubating dilutions of the extract in MEM with the virus for 90 sain at
37°C. As a control, the viruses were incubated with 0.2% OG in MEM. To test
for the specificity of inhibition, reovirus and poliovirus were assayed in the same
manner as were rotaviruses, The biochemical nature of the inhibitory factor
present in the OG extract from untreated cells was determived by boiling (95°C)
for 15 min or by incubation of the extract {50 pg of protein/ml) with 2 mg of tosyl
phenylalanine chloromethy! ketone (TPCK)-treated trypsin (Sigma) per ml for
1 h at 37°C or with 36 mU of neuraminidase per ml for 2 h at 37°C.,

Preparative gel electrophoresis. The proteins extracted from about 5 X 167
cells {in 2 ml of 0.2% OG) were adjusted with nonreducing Laemrli sample
buffer to give the following final concentrations: 62.5 mM Tris-HCl (pH 6.8), 2%
sodium dodecyl sulfate (SDS), 10% glycerol, and 0.025% bromophenol blue,
These proteins were immediately loaded, without heating, in a single tane of a
3-mm-thick, 14-cm-wide preparative SD$-11% polyacrylamide gel. The gel was
run at § mA, until the bromophenol blue ran out of the gel. After electrophoresis,
the gel was stained in 1% Coomassie blue R-250 in water (22) and slices about
3 rm wide weie cut and minced in PBS; the proteins in the gel pieces were
eluted inte PBS by mild shaking for 48 h at room temperature. The eluted
proteins were split into several aliquots, precipitated with 5 volumes of acetone,
washed twice with 80% cold acetone, and dried for 1 min in 2 Savant evaporator.
To analyze the precipitated proteins, one protein aliquot was resuspended in
reducing (5% B-mercaptoethancl) Laemmli sample buffer, boiled for 3 min, and
run in an SDS-11% polyacrylamide gel.. The ability of the eluted proteins to
block rotavirus infectivity was tested, as described above, using a second protein
aliquot resuspended in MEM with 1 mM B-mercaptoethancl. After the first
round of gel purification, the protein fractions with inhibitory activity weré run in
& second preparative 7% polyacrylamide gel and all the Coomassie blue-stained
bands weze cut out again, eluted, and assayed for inhibitory activity. After three
rounds of preparative gel electrophoresis, five protein bands, all of which blocked
rotavirus-infectivity, were isolated (see Fig, 8). In each case, after the bands had
been cut out, the proteins were eluted, acetone precipitated, and resuspended in
MEM-1 mM B-mercaptoethanoi, as described above. Starting from the second
preparative gel, the proteins were recovered by electroelution: the gel slices were
immersed in sample buffer (2% SDS, 19.2 mM glycine, 2.5 mM THs base) and
electroeluted in an ISCO chamber for 45 min (3 W) using 0.1% SDS-192 mM

~ glycine~25 mM Tris base as a rumning buffer,

Preparation of polyclonal antibodies. The proteins eluted from fractions 6
(~57 kDa) and 10 {~75 XDa) (see Fig. 5A), which were shown to have the
maximal inhibitory activity for rotavirus infection, were used to immunize rab-
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TABLE 1. Effect of metabolic inhibitors, cell membrane cholesterol depletion, and OG on the infectivity of rotaviruses in MA104 cells

% Infectivity (SE)° of:

Inhibitor”

RRV nar3 Wa Reogvirus: Poligvirus
None 100 100 100 100 100
FDMP (25 pg/ml) 20(2) 40 (9.4) 23 (3.8) 95 (3) 114 (M
Tunicamycin (2 pg/ml) 56 (2.5) 48 (2.8} — 91 (5.5) 192 (15)
BenzylGalNac (2 mM) 101 (0.5) 150 (4.8} 147(7.2) 110 (4.5) 108 (4.5)
0G (0.2%) 41(5.4) 41 (2.4) 39 (4.8) 89 (2 199 (29)
B-Cyclodextrin (1 mM) 9(1.8) 6(2.3) 5(1.8) 95 (0} 95 (3)

7 MAL04 cell monolayers were incubated with the indicated concentration of inhibitor for 1 h (B-cyclodextrin), 24 h (tunicamycin), or 72 h (FDMP and
benzylGalNAc) at 37°C or for 90 min (OG) at room temperature before virus jnfection.

¥ SE, one standard ervor of the mean of at least three independent experiments carried out in duplicate,

¢ The infectivity of Wa was inhibited by about 50% regardless of whether tunicamycin was added to the cells 24 h before or immediately after the virus adsorption;

thus, this inhibition was considered nonspecific.

bits, as described previously (22). Briefly, New Zealand White rabbits (3 to 4 kg)
were immunized subcutanequsly with 500 wg of protein in Freund’s complete
adjuvant. Two booster injections were given subcutaneously at 2-week intervals
with the same amount of protein emulsified in Freund’s incomplete adjuvant.
The zabbits were bled after the third immunization. A sample of serum was
obtained from each animal before immunization.

The ability of the sera to block rotavirus infectivity was assayed by incubating
dilutions of the sera with monolayers of MA104 cells in 96-well plates for 90 min
at 37°C. The cells were washed twice with PBS and then infected as described
above, The preimmune sera were used as pegative controls. The hyperimmune
sera were tested for their ability 1o recognize viruses RRY, nar3, and Wa by an
enzyme-linked fmuunosorbent assay, as described by Menchaca et al. (37); at the
lowest dilution tested (1:100), no reactivity was found (data not shown). These
antisera did not inhibit the hemagglutination of RRV and nar3 (data not shown).

Western immunoblotting, The proteins present in the 0.2% OG extract were
separated in an 11% polyacrylamide gel and transferred to nitrocellutose. The
transferred proteins were jncubated with the sera to the 57- and 75-kDa frac-
tions, diluted 1:1,000 in PBS, The bound antibodies were developed by incuba-
tion with protein A-peroxidase, and 3-amino-9-ethyl-carbazole (Sigma) was
added as a substrate, as previously described by Arias et al. (1).

Immunofiuorescence, MA104 cells grown on glass coverslips to approzimately
80% confluence were fixed with 4% paraformaldehyde in PBS for 20 min at 37°C.
After this time the cells were washed twice with PBS, either permeabilized or not
by incubation with PBS-0.5% Triton X-100 for 5 min at room temperature, and
then washed twice with PBS with gentle swirling. The fixed cells were blocked
with 1 M glycine for 1 h at 37°C, washed twice with PBS, and then incubated with
a 1:1,000 (enti-57-kDa fraction) or 1:1,500 (anti-75 kDa fiaction) dilution of the
sera for 90 min at 37°C. The cells were washed four times with PBS and then
incubated in the dark for 1 h at £C with a goat anti-rabbit immunoglobulin G
coupled to fluorescein isothiocyanate (Dako Co.), diluted 1:100 in PBS. The cells
were washed four times with PBS and mounted on glass slides on 10% glycerol
in PBS, The slides were analyzed using a Bio-Rad MRC-600 microscope. The
preimmune sera were used as negative controls.

RESULTS

Tohibitors of N glycosylation and glycolipid synthesis bloek
rotavirus infection. To assess the biochemical nature of the
cellular receptor for rotaviruses, MA104 cells were treated
with specific inhibitors of glycosylation prior to infection. Two
inhibitors were used: tunicamycin, which blocks an early step in
the N-glycosylation pathway involving transfer between UDP-
GlcNAc and dolichol-1-phosphate (12), and benzylGalNAc,
which is a competitive inhibitor of the transferase (V-acetyl-
- a-D-galactosaminyltransferase) involved in the first step of the
- biosynthesis of most types of O-linked carbohydrates (3). In
addition, we used the synthetic analog of ceramide, PDMP, to
inhibit the biosynthesis of the glycosphingolipid precursor glu-
cosylceramide (45). The cells pretreated with the inhibitors
were then infected with either wild-type RRV, the neuramin-
idase-resistant RRV variant nar3, or the HRV strain Wa.

Treatment of cells with 2 p.g of funicamycin per ml for 24 h
before infection inhibited the infectivity of rotaviruses RRV
and nar3 by about 50%, while preincubation of the cells for 3
days with PDMP, the inhibitor of glycolipids synthesis, blocked
the infectivity of the viruses by about 80% (RRV and Wa) or"

60% (nar3) (Table 1). On the other hand, inhibition of O
glycosylation by benzylGalNAc had no effect on the infectivity
of RRV but increased the infectivity of nar3 and Wa by about
50%, indicating that under conditions where the levels of cell
surface O-linked carbohydrates are decreased, these viruses
infect the cell more efficiently. The total cell content of N- and

" O-glycoproteins was reduced by at least 50% by the corre-

sponding inhibitory drug (data not shown). The infectivity of
reovirus and poliovirus, which were used as controls, was not
inhibited by any of these three drugs, with poliovirus actually
showing a twofold increase in. infectivity in the cells treated
with tunicamycin (Table 1), as has been reported for other
viruses like human immunodeficiency virus type 2 and B-lym-
photropic papovavirus (28, 43),

Under the conditions ernployed, the inhibitors did not have
a significant effect on cell protein synthesis, as judged by elec-
trophoresis of 3*S-labeled proteins, or on the viability of cells,

" as judged by trypan blue exclusion (data not shown). To con-.

trol for a possible nonspecific, toxic effect of the drugs on the
replication of rotaviruses, in a separate experiment we added
the inhibitors immediately after the virus had been adsorbed
for 45 min at 4°C. Under these conditions the drugs-did not
affect rotavirus infectivity, with the exception of rotavirus Wa,
whose infectivity was decreased about.50% by tunicamycin; for
this reason, this inhibition was considered to be nonspecific.
The effect of the inhibitors was reversible since the cells be-
came fully susceptible to rotavirus infection by about 20 and
24 h after removing tunicamyein and FDMP; respectively (data
not shown). Taken together these results suggest that glycolip-
ids and N-glycosylated but not O-glycosylated proteins are
important for rotavirus infection. To determine if the treat-
ment of cells with tunicamycin and PDMP inhibited the at-
tachment of the virus to the cell surface or if the inhibition of
infectivity occurred at a postattachment step, we performed
binding assays using cells treated with the different drugs. We
found that treatment of cells with tunicamycin did not affect
the binding of either of the three viruses tested while treatment
of cells with PDMP did not affect the attachment of RRV and

.Wa but decreased the binding of nar3 by 54% (Table 2). This

level of inhibition in the attachment of the virus to cells is very
simifar to the 60% inhibition in the infectivity of nar3 caused
by PDMP (Table 1), which suggests that most if not all of the
blockage in the infectivity of nar3 in PDMP-treated cells is due
to an inhibition of the binding of this variant to the cell surface.
Infection of octyl-B-glucoside-extracted cells. As a different
approach to characterize the rotavirus receptor, we used the
nonionic detergent OG 1o extract the receptor from the cell
membrane under noncytolytic conditions, as has been de--
scribed for other virus receptors (2, 10, 23, 36, 49, 55). MA104
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TABLE 2. Effect of metabolic inhibitors, cell membrane cholesterol
depletion, and OG on the binding of rotaviruses to MA104 cells

% Binding (SE)* of virus strain:

Inhibitor®
RRV nard Wa
None 100 100 100
PDMP (25 jpg/mi) 110(19) 46 (20) 104 (12.5)
Tunicamycin (2 p.g/ml} 111 (14) 101 (12.5) 94 (21)
Qctyl-B-glucoside (0.2%) 32(45) 40075 33(0.3)
B-cyclodextrin (1 miv) 112 (8.5) 109 (16) 116 (4.5)

7 MA104 ¢el monolayers were incubated with the indicated concentration of
inhibitor for 1 h (B-cyclodextrin), 24 b (tunicamycin), or 72 h (PDMP) at 37°C or
for 90 min (OG) at room temperature before the assay.

® SE, one standard error of the mean of at least three independent experi-
ments carried out in duplicate.

cells were incubated with 0.2% OG for 90 min at room tem-
perature; under these conditions the cells maintained their
viability and integrity, as judged by trypan blue exclusion and
the low levels of lactate dehydrogenase activity, a cytosolic
marker detected in the OG extract (less than 5% of total
enzyme activity). The cells extracted with the detergent were
found to be about 60% refractory to infection by the three
viruses tested {Table 1). As described above for the metabolic
inhibitors, this effect was also found to be reversible; if the
detergent was washed away after the treatment period, the
cells fully regained their susceptibility for infection at about 8 h
posttreatment (Fig. 1A), which most probably accounts for the
time of synthesis, transport, and accumulation of the receptor
in the cell membrane at the levels needed for the virus to
efficiently infect the cell. Of interest, the attachment of all
three viruses to OG-extracted cells was inhibited by 60 to 70%
{Table 2), indicating that the reduced infectivity of the viruses
in OG-treated cells might be due to & decreased ability of the
virus particles to bind to the cell surface.

The OG extract inhibits rotavirus infection. Since treatment
of MA104 cells with OG diminished the ability of the viruses to
attach to and thus to infect cells, it is likely that the detergent
was extracting cell surface molecules involved in the initial
interaction of rotaviruses with the cell, possibly the rotavirus
© receptor(s). If this were the case, the molecule(s) present in
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the OG extract could interact with the virus in solution, pre-
venting the binding of the virus to the cell membrane and thus
blocking its infectivity, We found that incubation of the OG
extract with either of the three rotavirus strains did block their
infectivity in a concentration-dependent manner (Fig. 1B). At
the maximum concentration tested, 400 g of protein per ml,
the infectivity of the viruses was inhibited by about 95%; 50%
inhibition was achieved at about 40 pg of protein per ml In
contrast, the infectivity of poliovirus and reovirus was not af-
fected by the extract (Fig. 1B). These results strongly suggest a
specific interaction of the viruses with the OG-solubilized cel

- surface molecules. Preincubation of the viruses with a solution

of 0.2% OG did not affect their infectivity. The infectivity in
the presence of OG was taken as the 100% value for each virus.

The inhibition of rotavirus infectivity caused by the OG
extract seems to be due to a blockage in cell attachment since
preincubation of the viruses with 20- ug of the OG-extracted
protein per ml decreased RRV binding to the cell by 40%, nar3
binding by 41%, and Wa binding by 43% (Table 3). These
percentages are in close agreement with the degree of inhibi-
tion of infectivity achieved with this concentration of extract
(Fig. 1B).

The inhibitory capacity of OG exiradts obtained from BHK,
CHO, and L cells, which are about 1,000-fold less susceptible
to rotavirus infection than MAI104 cells, was determined. As
cant be seen in Fig. 2, the OG extracts from the thres poorly
perimissive cells showed some inhibitory activity, although in all
cases this activity was less pronounced than that observed with
the extract from MA104 cells. ‘

Biochemical nature of the inhibitory component present in
the MA104 OG cell extract. To determine the bicchemical

‘nature of the inhibitory component present in the OG cell

extract, we tested the effect of heat inactivation, neuramini-
dase, and proteolytic treatment on the inhibitory activity of the
extract. We found that either boiling for 15 min or treatment
with trypsin completely abolished the inhibitory activity while
treatment with neuraminidase had no effect on the blocking
capacity of the exiract (Fig. 3). These results indicate that the
inhibitory component of the extract is a protein.

The profile of proteins extracted with OG is shown in Fig.
4A, lane 5. Treatment with tunicamycin, PDMP, or neuramin-
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FIG. 1. (A) Recovery of the susceptibility of MA104 cells to rotavitus infection after extraction with OG. Cell monolayers in 96-well plates were extracted with 0.2%
OG and allowed to recover in MEM at 37°C. At the indicated times, the monolayers were washed with PBS and infected with rotaviruses, (B) Inhibition of rotavirus
- infectivity by the OG extract from MA104 cells. The indicated concentrations of OG-extracted protein were incubated with the viruses for 90 min at 37°C, The
virus-protein mixtures were used to infect WA104 cell monolayers in 96-well plates, In both panels, the percent infectivity is relative to the infectivity of the viruses
incubated in 0.2% OG. Error bars represent 1 standard exxor of the mean of three or more experiments carried out in duplicate.
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TABLE 3. Effect of the OG extract, and antibodies to 75 kDa OG
protein fraction, on the binding of rotaviruses to MA104 cells®

‘ % Binding (SE)® of virus strain:
Inhibitor

RRV ‘nar3 Wa
0.2% OG (control) 100 .100 100 .
OG extract (20 pg/ml) 60 (2.3) 59 (4) 57 (1.5)
No serum (control) 100 100 100
Polyclonal antibodies to the 75-kDa
OG fraction
Preimmune serum 102 (10) S7(8)  105(5.5)

92(6.5) 68(25) 28(3.5)

2 Rotaviruses were incubated with the indicated concentration of OG-ex-

Hyperimmune serum.

tracted proteins for 90 min at 37°C. The virus-OG extract mixture was then

added to MA104 cells in suspension, and the assay was performed as described
in Materials and Methods. The blocking activity of the hyperimmune sera to the
75-kDa protein fractions was agsayed by preincubating the MA104 cells with a
1:5 dilution of the preimmoune or hyperimmune sera for 1 h at 4°C. After the cells
were washed, the viruses were added and the assay was carried out as described
in Materials and Methods,

& SE, one standard ervor of the mean of at least three independent experi-

ments carried out in duplicate.

idase modifies this profile (lanes 2 to 4), reflecting the modi-
fication in the carbohydrate content of glycoproteins caused by
tunicamycin and neuraminidase. In the case of PDMP, this
result suggests that the impaired synthesis of glycolipids alters
either the transport of proteins to the plasma membrane or
their extractability from the cell surface by OG. In this regard,
it is of interest that the OG extract from PDMP-treated cells
failed to block rotavirus infectivity (data not shown), suggest-
ing that the inhibitory proteins could not be extracted from
these cells.

Cholesterol depletion of MA104 cells inhibits rotavirus in-

fectivity. It has been proposed that glycosphingolipids, choles-

terol, and proteins can interact specifically in cell membranes
to form microdomains termed rafts (46). Given the involve-
ment of glycolipids and N-glycosylated proteins on rotavirus
infectivity, we tested if depletion of the cell chalesterol would
have any effect on virus infectivity. To do this, we incubated the

cells with 10 mM B-cyclodextrin for 1 h at 37°C; this treatment
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FIG. 2. Inhibition of rotavirus infectivity by OG extracts from cells poorly
permissive to rotavirus infection. OG-extracted proteins (20 pg/ml) from CHO,
BHK, L, or MA104 cells (as indicated) were incubated with the viruses for 90 min
at 37°C, The virus-protein mixtures were used to infect MA104 cell monolayers
in 96-well plates. The percent infectiviry is relative to the infectivity of the viruses
incubated in 0.2% OG. Error bars represent 1 standard érror of the mean of
three experiments carried out in duplicate.
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FIG. 3. Biochemical nature of the inhibitory factor present in the OG extract.
A 0.2% OG extract was obtained from cells in suspension. Just prior to the
incubation with the virus, the extract was either boiled (95°C} for 15 min (heat),
incubated with 2 mg of trypsin per m! of extract for 1 h at 37°C {trypsin), or
incubated with 36 mU of neuraminidase per ml (INA). The untreated extract {no
treatment) was used as a positive control. Viruses and extract (100 wg of protein
extract per ml of virus) were mixed and incubated for 90 min at 37°C, and then
MA104 cells in 96-well plates were infected with the Virus-protein mixtares. The
percent infectivity is relative to the infectivity of viruses incubated with a solution
0f0.2% OG in MEM (virus control). Error bars represent 1 standard error of the
mean of three or more experiments carried out in duplicate.

" has been shown to selectively extract cholesterol from the

plasma membrane. in preference to other membrane lipids
(28). Under these conditions, about two-thirds (65%) of the
cell cholesterol was removed (see Materials and Methods).
The treatment of cells with B-cyclodextrin inhibited the infec-
tivity of RRV, nar3, and Wa rotavirus strains by more than
90% but had no effect on the infectivity of reovirus and polio-
virus (Table 1). It is noteworthy that the binding of the three
rotavirus strains was not affected (Table 2), indicating that the

FIG. 4. Analysis of the-proteins extracted from MA104 cells, Cell monolayers
were treated with either neuraminidase, tunicamyein, or PDMP, as described in
Materials and Methods, and the cells were then extracted with 0.2% OG for 50
min. at room temperature. (A) The extracted proteins were separated by elec-
trophoresis under reducing conditions in an SDS-11% polyacrylamide gel and
silver stained, OG-extracted proteins from MA104 cells treated with neuramin-
idase (lame 2), tunicamycin (lane 3), or PDMF (lane 4) or left uatreated (lane 5)
are shown, Lane 1 contains molecular mass markers, {(B) Cells in suspension
were extracted with 10 mM B-cyclodextrin for 1 h at 37°C, as described in
Materials and Methods. Proteins in untreated cells {lane 1), extracted cells (lane
2), and the cyclodextrin extract (lane 3) were analyzed by gel electrophoresis.
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decrease in the cholesterol content of the cell affects virus
infectivity at a postattachment step.

The protein profile of cells treated with B-cyclodextrin was
not very different from that of untreated cells {Fig. 4B, lanes 1
and 2), even though this antibiotic extracted a small amount of
protein from the cells (lane 3).

To demonstrate that the depletion of cholesterol was the
cause of the reduction of virus infectivity after the B-cyclodez-

“trin treatment, cells in 96-well plates were washed twice with
MEM, and then either MEM alone, MEM-7% FBS, or
MEM-7% FBS containing 0.1 mM cholesterol was added for
different times. At the end of the incubation period, the cells
were washed twice and infected with rotaviruses: At 8 h post-
treatment, the cells incubated in the presence of cholesterol
had fully recovered their susceptibility to rotaviruses while the
cells incubated with MEM alone or MEM-7% FBS were still
about 80 and 50% refractory to rotavirus infection, respectively
{data not shown),

Fractionation of the inhibitory components present in the
OG extract from MA104 cells. To characterize the proteins
that block rotavirus infection, we fractionated the OG extract
obtained -froru MA104 cells by preparative SDS-polyacryl-
amide gel electrophoresis. After the gel electrophoresis, slices
of a single-lane gel were cutout, and the proteins were eluted
in PBS, concentrated by precipitation with acetone, and resus-
pended in PBS with 1 mM B-mercaptosthanol. This method
has been successful for recovering proteins with enzymatic
activity (20, 48). The proteins obtained from the different frac-
tions {Fig. 5B) were tested for their ability to block rotavirus
infection. Proteins eluted from two well-defined regions of the
gel, around 57- and 75 kDa, had the ability to efficiently inhibit
the infectivity of all three rotaviruses tested (Fig. 5A). The
pattern of inhibition observed in Fig. 5A was found to be
consistent in independent gel fractionation experiments.

Axutibodies to the OG extract protein fractions inhibit rota.

" viros infection. Protein fractions 6 and 10 in Fig. 5A, which

represent the peak of inhibitory activity, were used to immu-
nize rabbits. The hyperimmune sera obtained against these two
fractions were found to block the infectivity of all three strains

. of rotavirus when preincubated with the cells for 90 min at
37°C prior to addition of the virus, while the preimmune sera

had po effect (shown for the serum to the 75-kDa protein

fraction in Fig. 6A). The inhibitory effect of the two antisera

was not additive since a mixture of the two inhibited rotavirus
infectivity by about 70% at a dilution of 1/100 {data not
" shown). Of interest, both sera blocked the infectivity of HRV
Wa and that of the SA-independent variant nar3 in cells
treated with neuraminidase (shown for the serum to the 75-
- kDa fraction in Fig. 6B), suggesting that they contain antibod-
jes t0 an SA-independent rotavirus receptor. In a binding in-
hibition assay, the serum to the 75-kDa fraction did not inhibit
the attachmnent of rotavirus RRV to MA104 cells but inhibited
32% of the binding of nar3 and 72% of that of Wa (Table 3).
The blocking specificity of these antisera was confirmed by the
following assays: they did not recognize any of the three viruses
by enzyme-linked immunosorbent assay, and they did not in-
hibit the hemagglutination activity of RRV and nar3. Further-
.more, the sera were shown not to inhibit the infectivity of
- poliovirus or that of reovirus in an FFU reduction assay as
described in Materials and Methods for rotavirus (data not
shown).

By Western blotting, the sera to the 75-kDa fraction recog-
nized a protein of about 73 kDa and, to a lesser extent, a
protein of about 57 kDa in the 0.2% OG cell extract (Fig, 6C,
lane 3). Of interest, the serum to the 57-kDa protein fraction
also recognized proteins of 73 and 57 kDa, although the latter
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FIG. 5. Inhibition of rotavims infectivity by OG-extracted proteins fraction-
ated by gel electrophoresis. About 250 wg of proteins extracted with 0.2% OG
from MA104 cells was separated by preparative SDS-polyacrylamide gel elec-
trophoresis under nonreducing conditions. After electrophoresis, the pel was
stained with Coomassie blue in water, gel slices were cut out, and the proteins
were eluted. (A) Inhibitory activity of the eluted proteins present in the fractions
shown in panel B. (B) Gel electrophoresis of the eluted protein fractions. Only
the portion of the gel where inhibitory activity was found is shown; the remaining
higher- and lower-molecular-mass protein fractions had no inhibitory activity.

protein was recognized more efficiently by this serum (lane 4).
The preimmune sera did not recognize any of these proteins
(lanes 1 and 2).

The hyperimmune sera were shown to recognize proteins on
the surface of the MAT104 cells, as judged by their reactivity
with nonpermeabilized cells by flow cytometry (data not
shown} and by indirect immiunofiuorescence (shown for the
anti-75-kDa serum in Fig. 7). The pattern of immunofluores-
cence (for both anti-57- and anti-75-kDa sera) was patchy over

- the surface of the cell, but there was a higher concentration of

the fluorescent signal on the intercellulay junctions (Fig. TA).
In permeabilized cells, a weak signal associated mainly with the
nuclei was found (Fig. 7B). No fluorescent signal was detected
when the preimmune sera were used to stain either permeabil-
ized or nonpermeabilized cells (Fig. 7C and D).

Purification of the cellular proteins which block rotavirus
infectivity, The proteins with rotavirus blocking activity were
purified by SDS-polyacrylamide gel electrophoresis from an
OG extract obtained from MA104 cells. After three rounds of
purification by gel electrophoresis, using the inhibitory activity
of the proteins as marker, we were able to isolate five bands
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FIG. 6. Inhibitory activity of hyperimmune sera to OG-extracted proteins. (A and B) OG protein fractions 6 and 10 shown in Fig. 5B, containing polypeptides of
around 57 and 75 kDa, respectively, were used to raise antibodies in rabbits. Setial dilutions of the preimmune (dashed lines) and hyperiminune (continuous lines) sera
to the 75-kDa protein fraction were incubated with untreated (A) or neuraminidase (NA)-treated (B} MA104 cells for 90 min at 37°C before addition of the virus.
Similar inhibition resuits were obtained with the serum to the 57-kDa protein fraction (data not shown). Error bars represent 1 standard emror of the mean of three

. Or more experiments carried out in duplicate. {C) Immuncblot analysis of the OG-egtracted proteins. The proteins extracted from MA104 cells with 0.2% OG were
separated in an SDS~11% polyactylamide gel under reducing conditions and transferred to nitrocetlulose. The transferred proteins were incubated with a 1,000-féld
dilution of the preimmune (lanes 1 and 2) or hypenmmune (lane.s 3 and 4) sera to the 57-kDa (lanes 2 and 4) or 75-kDa (fanes 1 and 3) protein fractions. The bound
antibodies were developed by incubation with protein A-peroxidase and a chromogenic substrate.

with molecular masses of approximately 110, 75, 57, 45, and 30
kDa (Fig. 8) which were able to inhibit the infectivity of all
three rotavirus strains tested, Although these proteins consis-
tently inhibited rotavirus infectivity through the rounds of pu-
rification carried out, the final amount of protein recovered
was small, which prevented us from determining the precise
specific inhibitory activity for each protein and testing if they
were recognized by the hyperimmune sera. Table 4 shows the
results of a blocking infectivity assay with the purified proteins;
in this blocking assay, the same amount of protein shown i the
gel in Fig. 8 was used. The relative inhibitory activity of éach
protein for all three viruses was found to be 75 kDa > 110
'kDa > 45 kDa = 30 kDa > 57 kDa. Given the fractionation

method employed, it is guite possible that each of these bands
may represent more than one protefn species.

DISCUSSION -

The entry of rotaviruses into- MA104 cells seems to be a
multistep process involving interactions of the virus surface
protein VP4 and maybe of VP7 with more than one cell surface
site present in efther the same or a different ce]lular struc-
ture(s) (11, 41).

In the present study we employed two approaches to char-
acterize the biochemical nature of the rotavirus receptor(s), In
the first approach we used metabolic inhibitors of glycosylation
and synthesis of glycolipids to study their effect on the infec-
tivity of three different rotavirus strains. We found that tuni-
camycin, an inhibitor of protein N glycosylation, diminished
the infectivity of rotaviruses RRV and nar3 despite their dif-
ferential dependence on SA for infectivity, implying that these
viruses interact with N-linked glycoproteins at some point dur-
ing cell entry. The fact that the treatment of cells with this drug
did not affect the binding of the viruses suggests that the
blockage occurs after the initial attachment of the virion to the
cell surface. Tunicamyein has been successfully used to specif-

1ca11y analyze the role of N-glycans as receptors for several
viruses (7, 28, 43, 44).

Treatment of MA104 cells with PDMP, an inhibitor of gly-
colipid biosynthesis, resulted in the more pronounced inhibj-
tion of infectivity observed for all three rotavirus strains (Table
1). Interaction of rotaviruses with gangliosides GM1 and GM3
has been reported (47, 52), dnd this interaction has been shown
to be SA dependent. In this case, however, the inhibition
caused by PDMP seems not to be the result of a deficient
attachment of the SA-dependent rotavirus RRV to the cell
surface since it was not siguificantly affected (Table 2). This
observation suggests that RRV does not interact, or at least
does not interact exclusively, with the SA present on PDMP-
sensitive gangliosides. On the other hand, the binding of the
SA-independent variant nar3 was decreased in PDMP-treated
cells, suggesting that either glycosphingolipids or, more prob-
ably, a protein whose correct transport or conformation de-
pends on their presence might be used by nar3 to attach to the
cell. Of interest, the binding of the HRV strain Wa was not
affected by PDMP, in agreement with the suggestion that nar3
and Wa, despite having an infectivity resistant to neuramini-
dase treatment of cells, bind to different cell surface sites (41).
Finally, the fact that PDMP, but not tunicamycin, affected the -
attachment of nar3 Suggests that the inhibition caused by the
N-glycosylation inhibitor is not due to its reported ability to
inhibit ganglioside biosynthesis (50, 58).

In addition to the involvement of N-glycosylated proteins
and glycolipids in rotavirus entry, we found that cholesterol
depletion inhibited the infectivity of rotaviruses by more than
90% (Table 1). These findings are of interest with regard to the
recent description of functional lipid microdomains, or rafts, in
the cell membrane {51). These rafts have been proposed to
be composed of cholesterol, glycosphingolipids (gangliosides
among others), and a specific set of associated proteins. They
are thought to function as specialized platforms for apical cell
sorting of proteins and signal transduction. For some proteins
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FIG. 7. Immunofiuorescence of cells incubated with the serum to the 75-kDa Q@ protein fraction. MA104 cells were fived with paraformaldeliyde and perme-
abilized with Triton X-100 (B and D) or not p¢rmeabilized (A and C). The cells were incubated with a 1:1,500 dilution of the preimmune (C and D) or hyperinuaune
(A and B) sera to the 75-kDa protein fraction for 90 min at 37°C and stained with a goat anti-rabbit immunoglebulin G coupled to fluorescein isothiocyanate,

which form part of these lipid microdomains (oxytocin recep-
tor, placental alkaline phosphatase, gD1 decay-accelerating
factor), the disassembly of the rafts by cholesterol depletion
disrupts or modifies the receptor activity, even though the
receptor might be present in the same abundance on the cell
membrane (21, 29). In this regard, the finding that the attach-
ment of RRV, nar3, and Wa to cholesterol-depleted cells is not
affected while their infectivity is severely impaired is consistent
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FIG. 8. Isolated proteins with inhibitory activity for rotavirus infectivity. The
protein bands that were shown to block totavirus infectivity after three rounds of
purification by preparative gel electrophoresis {(see Table 4) were analyzed in an
11% potyacrylamide gel under reducing conditions. The protein bands were
detected by silver staining.

with the possibility that the rotavirus receptor(s) might be
forming part of some of these lipid microdomains. It is tempt-
ing to hypothesize that in cholesterol-depleted cells, the recep-
tor(s) retains its ability to bind rotavirus particles but in order.
to fully promote virus entry it must be organized in a lipid
microdomain. In addition, the fact that the OG extract from
PDMP-treated cells failed to show inhibitory activity suggests
that PDMP treatment may have disrupted the lipid raft orga-
nization such than one or more of the active proteins in Fig. 8
never became associated with or localized within these mem-
brane microdomains and as result are not extracted with OG.’
Experiments are under way to test this hypothesis.

The infectivity of the two nonenveloped viruses that were

TABLE 4. Blocking of rotavirus infectivity by purified
OG-extracted proteins from MAI04 cells

% Infectivity” of virus strain:

Protein Relative amt”
(kDa) of protein RRYV nard Wa
110 2 50 51 38
75 1 41 17 29
7 s 62 50 68
- 45 10 55 23 3
30 15 44 25 23

4 The amount of each protein incubated with the rotavirus strains is the same
as that shown in the gel of Fig. 8, The 75-kDa band was the least abundant and
was set at 1 (about 10 ng) in relative termos. The concentration of this protein
during the infectivity assay was about 100 ng/ml.

¢ The infectivity-blocking assay was carried out only once due to the small
amount of material available.
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used as controls, poliovirus and reovirus, was not inhibited by
the described drugs, showing that the effect observed on the
mfectmty of rotaviruses was specific. The human poliovirus
receptor is ap integral membrane protein with the conserved
amino acids and domain structure characteristic of members of
the immunoglobulin superfamily (31, 38). The nature of the
reovirus receptor-is less well defined; most of the available
evidence suggest that reovirus binds to multiple sialoglycopro-
teins rather to a single homogeneous species on the cell surface
(8, 18, 42).

In a second approach to characterize the rotavirus receptor,
MA104 cells were incubated with a solution of 0.2% OG. It has
been shown that at low concentrations, like the one used in this
work, OG is able to extract proteins from the cell surface
without impairing the viability of the cells (see Results) (23,
36). This nonionic detergent has been useful in experiments to
obtain the receptors for Semliki Forest virus, parvovirus, ve-
sicular stomatitis virus, polyomavirus, simian virus 40, and ra-
bies virus from intact cell monolayers (2, 10, 23, 36, 49, 55).
MA104 cells extracted with OG lost their ability to bind rota-
viruses by about the same extent (609} to which they became
‘refractory to infection, suggesting that OG extracts from the
cell surface the receptor molecules needed by all three strains
of rotavirus to attach to and thus infect the cell. In agreement
‘with this finding is the fact that the OG extract, when prein-
cubated with these viruses, inhibited both their binding to and
‘infection of MAI104 cells. This suggests that the putative OG-
solubilized cell receptors are able to interact with the viruses in
isolution. The inhibitory activity of the OG extract was lost by
itreztment with proteases and heat but not by treatment with
'neuraminidase, indicating that the active component is a pro-
tein.

To test for a correlation between the susceptibility of the cell
line and the ability of the OG exiract fo inhibit rotavirus
infection, we abtained OG extracts from BHK, CHO, and L
cells, which are about 1,000-fold less susceptible to rotavirus
infection than are MAL04 cells. The extracts from these three
cell lines inhibited the infectivity of rotaviruses to different
degrees but in general to a lesser extent than that achieved with
the MAI104 cell extract (Fig. 2). As suggested in this work and
by others (11, 41), these results might be explained if more
'than one eell surface molecule were implicated in rotavirus
infection, which would make possible the absence of one of the
receptor moelecules in the less susceptible cell lines while other
surface compopents, which could be extracted with OG and
block rotavirus infectivity, would still be present.

Two protein fractions with blocking activity for rotavirus
infectivity were obtained by gel fractionation of the OG extract
of the MA104 cells. The hyperimmune sera prepared against
these two fractions were shown to react primarily with two
polypeptides of 73 and 57 kDa. Although itis not possible tobe
certain if the more immunogenic proteins are the active inhib-
itory components of the extract, it seems at least that the
inhibitory antibodies present in both hyperimmune sera rec-
ognize the same cell surface molecule or different molecules in
a protein complex since the blocking efficiency of the individual
sera was not additive and since the cell surface recognition
patterns obtainéd with the two antisera were strikingly similar.
~ Five individual protein bands with inhibitory activity for ro-
tawrus infectivity were isolated from the OG extract, These
protems need to be assayed to test the specificity of their
inhibitory activity and to investigate if they are somehow re-
iated to each other. However, the fact that all of these proteins
Slock the infectivity of RRV, nar3, and Wa rotaviruses suggest
that at least one of them, or a complex formed by more than
one, could be a common cellular receptor for rotaviruses. The
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determination of the identity of these proteins should help to
define the cell surface molecules involved in the interactions
that seem to occur between rotaviruses and the cell surface
during infection.

As a working hypothesis, we propose that the rotavirus re-

ceptor is likely to be a complex of several cell components

including gangliosides, N-linked glycoproteins, and probably
other proteins which might all associate in lipid rafts and need
the lipid microdomain organization to function efficiently in
the binding and internalization of rotavirus particles. The pro-
tein components of this proposed complex could include the
integrin molecules that have been reported recently (11, 24).
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C.La iﬁtegrina cvP3 media la entrada de los rotavirus a la célula huésped

Como resultado de la caracterizacién del extracto de OG arriba mencionado se
identificé a la integrina avB3 como un posible receptor para rotavirus. En este trabajo se
encontré que anticuerpos dirigidos contra esta integrina son capaces de bloquear la
infectividad de los rotavirus. También se mostré que la interaccién de los rotavirus es
in.dependiente del motivo RGD presente en los ligandos naturales de esta iﬁtegrina. La
transfeccién de la lIinea celular CHO' con los genes de ia integr'i‘na avB3, incrementé
significativamente la suceptibillidad de estas células a la infeccién con rotavirus, y este
incremento pudo bloquearse con anticuerpos dirigidos contra esta integrina.

Como parte de la caracterizacién de la integrina otvB3 como posible receptor para
rotavirus, hicimos experimentos para prébar si esta integrina estd involucrada en la unién
inicial de los rotavirus a la superficie celular. En este trabajo se utilizaron las cepas de
rotavirus RRV, nar3 y Wa. Encontramos que los anticuerpos dirigidos contra esta integrina no
afectaron la unién de ninguno de los tres virus, indicando que la interaccién de los rotavirus
con la integrina avP3 podrfa ocurrir como un paso posterior a la unién inicial. Estos

resultados fueron publicados en el articulo “Integrin ovB3 mediates rotavirus cell entry” (29) .
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Rotavirus strains differ in their need for sialic acld (SA) for initial
binding to the cell surface; however, the existence of a postat-
tachment cell receptor, common to most, If not all, rotavirus
strains, has been proposed. In the prasent study, antihodies to the
ay and f; integrin subunits, and the ayf; ligand, vitronectin,
efficiently blocked the infectivity of the SA-dependent rhesus
rotavirus RRV, its SA-independent variant nar3, and the neuramin-
jdase-resistant human rotavirus strain Wa. Vitronectin and anti-g3
antibodies, however, did not block the binding of virus to cells,
indicating that rotaviruses interact with 83 at a postbinding step,
probably penetration. This interaction was shown to be indepen-
dent of the tripeptide motif arginine-glycine-aspartic acid present
in the natural ligands of this integrin. Transfection of CHO cells
with ayfis genes significantly increased their permissiveness to all
three rotavirus strains, and the increment of virus infectivity was
reverted by incubation of these cells either with antibedies to 83
or with vitronectin. These findings implicate ovB3 Integrin as a
celfular receptor common to neuraminidase-sensitive and neura-
minidase-resistant rotaviruses, and support the hypothesis that
this integrin could determine, at least in part, the cellular suscep-
tibility to rotaviruses,

otaviruses, the leading cause of severe dehydrating diarrhea

in infants and young children worldwide, are nonenveloped
viruses that posses a genome of 11 segments of double-stranded
RINA contained in a triple-layered protein capsid, The outer-
most layer is composed of two proteins, VP4 and VP7. VP4
forms spikes that extend from the surface of the virus, and it has
been associated with a variety of functions, including initial
" attachment of the virus to the cell membrane and the penetra-

tion of the virion into the cell (1).

Rotaviruses have very specific cell tropism, infecting only
enterocytes on the tip of intestinal villi {2), which suggests that
specific host receptors must exist. [n vitro, they also display
restricted tropism, binding to a variety of cell lines, but efficiently
infecting only those of renal or intestinal epithelium origin (3).
Despite advances in knowledge regarding the molecular and
structural biology of the virus, little is known about rotavirus cell
receptors. It is known that some animal rotavirus strains attach
to sialic acid (SA}) on cell surfaces, and this interaction has been
shown to be required for the efficient infection of virus to
susceptible cells, both in vitro and in vivo (4). However, the
binding of animal rotaviruses to an SA-containing cell receptor

. has been shown to be nonessential, because variants whose
. infectivity is no longer dependent on the binding to these acid
sugars have been isclated (5). The secondary importance of SA
as the attachment site for rotaviruses is also demonstrated by the
* fact that the infectivity of most, if not ail, human rotavirus
. (HRV) straius is not affected by neuraminidase (NA) treatment
- of cells (6-8).

Integring are a family of «/p heterodimers of cell adhesion
receptors. that mediate cell-extracellular matrix and cell—cell
. interactions, and are known to function as signaling receptors for
a variety of cellular processes, including spreading, migration,
. proliferation, differentiation, and survival (9-11}. These cell
- molecules are commonly used as receptors for many different
viruses, including echoviruses 1, 8, 9, and 22 (12-15}, cozsack-
jevirus A9 (16), foot-and-mouth disease virus (17, 18), papillo-
- mavirus (19), adencvirus (20), adeno-associated virus type 2

14644-14649 | PNAS | December 19,2000 | vol.97 | no.26

(21), and hantaviruses (22}, with integrin s being, so far, the
most frequently used as virus receptor (14, 16, 17, 20, 22).
Recently, it was found that rotavirus surface proteins contain
sequence binding motifs for waf;, asB;, and af; integrins.
Antibodies 1o these integrins, and peptides containing these
sequence motifs, were shown to block the infectivity of simian

rotavirus strain SA1l and the HRYV strain RV5 (23). In addition,

azB; and ayB; integrins have been shown to mediate the
attachment and entry of rotavirus SA1l into the human my-
elogenous leukemic cell line K562 (24).

We recently reported that proteins from MA104 cells, ex-
tracted with the nonionic detergent octyl B-glucoside under
noncytolytic conditions, have the capacity to inhibit the infec-
tivity of rotaviruses when preincubated with the virus before cell
infection (25). In the present study, we have identified one of
these proteins as the Bs integrin subunit, and we demonstrate
that «.3; integrin interacts with NA-sensitive and -resistant
strains at a postattachment step and is capable of promoting
rotavirus infection of the poorly permissive CHO (Chinese
hamster ovary) cells.

Materials and Methods

Cells and Viruses. MA104 cells were cultured in Eagle’s minjimal .
essential medium (MEM) supplemented with 10% (vol/vol)
FCS. CHO cells were grown in DMEM with 10% (vol/vol) FCS.
CHOQ cells transfected with omBs (CHO-AS) and @,
(CHO-VNRC) integrins (26) were grown in DMEM/10% FCS,
in the presence of 400 pg/ml G418 (GIBCO). Rotavirus straing
RRYV, Wa, and nar3 (3, 8) were propagated in MA104 cells (8).
Reovirus serotype 1 was obtained from C. Ramos (Instituto
Nacional de Saiud Pdblica, Cuernavaca, Morelos, Mexico) and
was grown in 1929 cells as previously described (27). Poliovirus
type 3 was obtained from R. M. del Angel (Centro de Investi-
gacién y Estudios Avanzados del Instituto Politécnico Nacional,
Mexico D.F.) and grown in MA104 cells. Rabbit polyclonal
antibody against reovirus type I was kindly provided by P. Lee
{Univ. of Calgary, Alberta, Canada).

Ligands, Peptides, and Antibodies. Laminin, glycophorin A, chon-
droitin sulfate A, BSA, and collagen type I were obtained from
Sigma, fibronectin was cbtained from GIBCO, and vitronectin
was either purchased from Sigma or purified from human plasma

- as described previously (28). All proteins were used at 10 pg/ml,

utless otherwise indicated. Peptides GRGDSP and GRGESP
{(hereafter called RGD and RGE, respectively) were obtained
from GIBCO and used at 400 ug/ml Polyclonal goat IgG
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antibodies directed against an epitope located at the amino
terminus of integrin subunits oz, as, &, o, ax, o1, B2, and Bs,
and mAb 4B7R to subunit B;, were obtained from Santa Cruz
Biotechnology and used at 20 ug/ml. mAbs to integrins o
(FB12), a2 (P1E6), a3 (P1BS5), a4 (P1H4), as (P1D6), as
(NK1-GoH3), oy (P3G8), am (CA3), awfs (LM609), B
(P4G11), Bz (P4HY), Bs (25E11), and B4 (ASC-9), purchased
from Chemicon, were used at 10 pg/ml. mAbs to integrins o
(P1E6, 3.2 ng/mi), B2 (MHM23, 41 ug/ml), and &, (P4G9, 8.1

pg/ml) were purchased from Dako and used at the concentra- |

tions indicated. mAb BS-IVEZ2 to Bs (Upstate Biotechnology)
was used at 10 pug/ml. mAb 26 to £3 {Transduction Laboratories)
was used at § pg/ml.

Infectivity Assay. MAI104 or CHO cells in 96-well plates were
washed twice with MEM, and then about 1,000 focus-forming
units (ffu) of RRV, nar3, or Wa rotavirus, or of control virus,
reovirus or poliovirus, were adsorbed to the cells for 45 min at
4°C (for 1 b at 37°C in the case of CHO cells). After the
adsorption period, the virus inoculum was removed, the cells
were washed twice with MEM, and cultures were maintained for
14 h at 37°C, Infected cell cultures were fixed and tested with an
immunoperoxidase focus detection assay, as described previ-

. ously (29}. The ffu were counted by using a Visiolab 1000 station

(Biocom, Paris; ref. 25).

Blocking Assays, To evaluate the blocking activity of integrin
ligands and antibodies, and of RGD and RGE peptides, MA104

. or CHO cells were washed twice with MEM and incubated with
© indicated concentrations of the reagents in MEM, for 60 min (90
. min for antibodies) at 37°C. For all incubations with vitronectin,

MEM containing 400 uM Mn?* instead of Ca?* was used (30),
whereas for all other procedures, including washings, regular
MEM with Ca?* was used. After the incubation step, reagents
were removed and the cells were infected as described above. To
evaluate whether antibodies to 8; and vitronectin were able to

. inhibit rotavirus infectivity if added after the virus had been
! adsorbed, MA104 cells in 96-well plates were washed twice with
. MEM and chilled on ice for 5 min, and the virus was adsorbed

at 4°C for 60 min. The cells were then washed twice with ice-cold
MEM, and either vitronectin (1.5 ug/ml) or anti-B; antibodies

! (Santa Cruz Technology, 20 ng/ml) were added, and the mixture
. was incubated for 1 h at 4°C. The cells were washed once with

MEM and maintained for 14 h at 37°C before immunbstaining

* for virus. As control for these experiments, vitronectin or anti-f3;

antibodies were added for 1 h at 4°C before addition of the
viruses for 1 4 at 4°C, or were added to the cells after the virus
had been adsorbed for 1 h at 37°C.

i Binding Assay. The binding assay was carried out as described by

Zirate et al. (31). Briefly, a suspension of 5 X 10* cells,

| preincubated either with 20 pg/ml of a goat polyclonal antibody
+ to the B3 integrin subunit (Santa Cruz Technologies) or with 1.5
i mg/ml of vitronectin for 1 h at 4°C, were mized with 300 ng of

purified virus in MEM/1% BSA in a final volume of 200 pl and
incubated for 1 h at 4°C with gentle mixing. The cell-virus

. complexes were washed three times with ice-cold PBS contain-
i ing 0.5% BSA. In the final wash, the cells were transferred to a
: fresh tube, and then treated with 50 ul of lysis buffer (50 mM
- Tris, pH 7.5/150 mM NaCl/0.1% Triton X-100). The virus
. present in the lysates was quantified by an ELISA (31}). In all
| binding assays, a binding control with no cells was performed.

: Flow Cytometty. MA104 and CHO cells grown to 30% confluence

were washed and brought into a single-cell suspension by incu-

, bation with 0.5 mM EDTA in PBS at 37°C and dispersed by
+ gentle pipetting. Cells were collected by low-speed centrifuga-
“ tion (200 X g) and resuspended in ice-cold MEM without serum,
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and the cell concentration was detérmined with a hemocytom-
eter. In each experiment, 2.5 X 10° cells were incubated with
either mAb LM609 or IgG1 control antibody (5 ug/ml) for 1 h
at 4°C, washed twice with 2% (vol/vol) FCS in PBS, and
then incubated with fluorescein-conjugated anti-mouse IgG
antibodies (12 ug/ml; Zymed) for 1 h at 4°C. Antibody bind-
ing was analyzed by using a FACScan flow cytometer and
CELLQUEST software (Becton Dickinson) with appropriate gat-
ing parameters,

Resulis

Antibodies to” ayf; Integrin Inhibit Rotavirus Infectivity. Several
protein bands with the ability to block rotavirus infection were
isclated by preparative gel electrophoresis from MA104 cell
extracts obtained with the nonionic detergent octyl B-glucoside
(25). Tryptic peptides from one of these bands, with an apparent
molecular mass of 110 kDa, were sequenced; one of them was
found to be identical to amino acids 266-279 of the human 8,
integrin subunit, whereas two other peptides were derived from
filamin and spectrin proteins. Given this finding, antibodies to 83
were tested for their ability to block the infectivity of the
SA-dependent simian rotavirus RRV, its NA-resistant variant
nar3, and the natural NA-resistant HRV strain Wa. A mono-
clonal antibody (mAb 26) to this integrin inhibited the infectivity
of all three rotavirus strains by 40-45%, depending on the virus
strain (Fig. 14). Because 83 is known to associate with integrin
subunits o, and am (9), we tested the blocking activity of
antibodies to these integrin subunits, A polyclonal antibody to ay,
or a mAb (LM609) that recognizes both o, and 5 subunits,
inhibited the'infectivity of rotaviruses (Fig. 1B), whereas 2 mAb
to subunit am, had no effect (not shown).

Because a1, a4, and a.f3; integrins have been suggested to
play a role during rotavirus infection (25), the blocking activity
of antibodies directed against each subunit of these integrins was .
compared with the activity of antibodies to o, and 85 (Fig. 1B). .
Antibodies to oy, e, and f; inhibited the infectivity of all three
rotavirus strains by 22-44%, depending on the antibody and the
virus strain tested, whereas mAbs to o5 and $; had low or no
inhibitory capacity, depending on the virus strain. On the other
hand, antibodies to either a, or B3 inhibited all strains by
44-50%, with the exception of nar3, which was reduced by 27%
by the ay antibody. Antibodies to integrin subunits oy, s, as, ag,
B4, Bs, and oy, did not block the infectivity of any of the three
viruses by more than 9% (not shown).

The Block in Infectivity by mAbs to a2 and Bs Integrins Is Additive.

When antibodies directed against each subunit of a given
integrin heterodimer were mixed, no additive inhibition of
infectivity was observed (not shown). However, when combina-
tions of antibodies directed &gainst different integrins were
tested, antibodies to azf; and o33 had a clear additive blocking

. effect (Student’s f test, P < 0.001), suggesting that these integrins

are involved in different stages of rotavirus infection. None of
the other integrin antibody combinations blocked the infectivity

of the viruses additively (Fig. 2).

Inhibition of Rotavirus Infectivity by Integrin Ligands. The incuba-
tion of cells with various integrin ligands showed that vitronectin,
which is known to interact with o83, blocked rotavirus infec-
tivity by 60-70% at 0.5 pg/wml (Fig. 3). Fibronectin, which is also
an o33 ligand, inhibited infectivity by 30-50% when used at 20
times the above concentration, whereas collagen type I, which
binds to azBy, blocked virus infectivity by 20% at 10 ug/mi.
Other integrin ligands and glycoproteins, such as laminin, chon-
droitin sulfate, glycophorin A, and BSA, had no effect on
rotavirus infectivity when incubated with cells before virus
infection (Fig. 3).
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Fig. 1. Rotavirus infectivity is inhibited by antibodies to avB3 integrin. Antibodies to B; integrin (A) or to different integrin subunits {B) were added to
monolayers of MA104 cells for 80 min at 37°C. After incubation with antibody, the cells were washed twice with MEM, and then RRY, nar3, or Wa viruses were
adsorbed for 45 min at 4°C, the viral inoculum was removed, and the cultures were maintained for 14 h at 37°C, Celis were then fixed and immunostained. Data
are expressed as percentage of the virus infectivity obtained when the cells were preincubated with MEM as control. The average numbers of focirepresenting
100% infectivity were 134, 122, and 133 in A, and 83, 98, and 86 in B, for RRY, nar3, and Wa, respectively, The bars represent the standard error of at least three
independent experiments performed in duplicate. in B, the dotted.lines at 80% and 100% infectivity are shown for reference. The antibody used in A was mAb
26, The antibodies used in 8 were asfollows: polyclonal goat antibodies to aa, o, o and Bz (20 pa/mi); mAb 4B7R ta 51 (20 ug/mi); mAL LM6QS to ayBa (10 xg/ml);
mAb P1EG to az (3.2 pa/ml); and MHM23 to B {41 ug/ml).

relieved the blocking effect of vitronectin. These results indicate
that rotaviruses bind to .83 through an alternative region,
different from the RGD-binding site, and suggest that vitronec-
tin might be blocking rotavirus infectivity through steric hin-
drance. The fact that the RGD peptide was able to block
rotavirus infectivity at a low level suggests that the virus binds to
aef33 through a site proximal to the RGD-recognition domain,

Rotaviruses Interact with a Region of «,8; Different from its RGD-
Binding Site, Typically, w83 integrin recognizes its ligands
through the tripeptide RGD (9); however, neither VP4 nor VP7
proteins of any of the tested rotavirus strains have this consensus
sequence, To evaluate whether rotaviruses were interacting with
this integrin by an RGD sequence formed in the three-
dimensional structure of the viral proteins, or by an RGD-
independent binding site, an RGD peptide was used to block
viral infectivity. Incubation of the cells with this peptide inhib-
ited infectivity of all three rotavirus strains by 20%, as compared

Rotaviruses Interact with o, 83 at a Postattachment Step. To deter-
mine whether the interaction of rotaviruses with o83 occwrred’

with 70% inhibition caused by vitronectin (Fig. 4), Incubation of
the cells with RGD before the addition of vitronectin relieved
the blocking capacity of this protein, indicating that RGD
efficiently blocked the attachment of vitronectin to a3 A
control peptide, RGE, neither blocked rotavirus infectivity nor

during attachment or at a postattachment step, rotavirus binding
inhibition experiments with vitronectin and antibodies to 8; were
carried out. Neither vitronectin nor antibodies to the B3 subunit
inhibited the binding of any of the rotavirus strains tested (Fig,
54). These results suggest that o, 85 is not used by rotaviruses for

120
RRV nar3
L R L L R R . S L L T TR
T
80 Ny EEREE R - LR - 4 E
. £ S <
:E Y \’\ \}\
g % £ %
b3 . - 27 A WIN
= - ”, ”
S 404 2 N o
® N N S
\:\ \:\ \:\
A AYAY LAY
20+ % N A
\’\ \,\ \’\
N A X
Cd 2, f‘
aafy + + o+ + + o+
odB T + + + + + +
ayBs e + + o+
axPa + + o+ + + +

Fig.2. Antibodiesto aB3 and azpy integrins inhibit rotavirus infectivity additively. Combinations of antibodies directed against different integrins were tested
for their ability to block rotavirus infectivity in MA104 cells, as described in the legend for Fig. 1. Data are expressed as percentage of the virusinfectivity obtained
when the cells were preincubated with MEM as control. The average numbers of foci representing 100% infectivity were 128, 123, and 141 for RRV, nar3, and
Wa, respectively. The bars represent the standard error of at least three independent experiments performed in duplicate. The dotted lines at 80% and 100%
infectivity are shown for reference. The antibodies used were the same as described in the legend for Fig. 1, except for mAb LM609, which was not used.
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Fig. '3. Inhibition of rotavirus infectivity by integrin ligands. MA104 cells

were incubated with either 0.5 wg/ml of vitronectin or 10 ugymi of fibronec-
tin, collagen type |, chondroitin sulfate, taminin, glycophorin A, or BSA for 60
min at 37°C; washed, and infected with rotaviruses as described ih the Jegend
for Fig. 1. Data are expressed as percentage of the virus infectivity obtained
when the cells were preincubated with MEM as control, The average numbers
of foci representing 100% infectivity were 128, 123, and 141 for RRV, nar3, and
Wa, respectively. The bars represent the standard error of at least three
independent experiments performed in duplicate,

their initial attachment to the cell surface, In addition, if
vitronectin or the anti-B; antibody was added to the cells after
the viruses had been adsorbed at 4°C, infectivity inhibition still
occurred (Fig. 5B). Of interest, the inhibitory effect of the
antibody was greater when added after adsorption of the virus
than when added before the virus. On the other hand, if the virus
was adsorbed for 60 min at 37°C (a temperature that allows the
internalization of the virus into the cell) before vitronectin or the
anti-Bs antibody was added, no inhibitory effect was observed
{not shown).

Recombinant B3 integrin Promotes Rotavirus Infection of CHO Cells.
CHO cells, which are about 1000-fold less susceptible to viral
infection than MA104 cells, and the stable transfected CHO

120
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Fig. 4. Rotaviruses attach to a site on eyf; different from the integrin

RGD-recognition domain. MA104 cells were incubated with MEM.or peptides
GRGDSP (RGD) or GRGESP (RGE) (400 ug/imf) for 60 min at 37°C, The cells were
washed and vitronectin (vn, 1.5 pg/mi) was subsequently added to contro}
{MEM) or peptide-incubated cells for 60 min at 37°C, The cells were then
washed and infected with rotaviruses as described in the legend for Fig. 1.
Data are expressed as percentage of the virus infectivity obtained when the
cells were preincubated with MEM as controf, The average numbers of foci
representing 100% infectivity were 109, 161, and 114 for RRV, nat3, and Wa,
respectively. The bars represent the standard €rror of at least two indepen-
dent experiments performed in duplicate.
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variant cell lines VNRC and AS, which express the «,58: and
ammfBs integrins, rcsPectlver (26), were used to determine
whether 5 integrin expression facilitates rotavirus infectivity.
Both VNRC and AS cells were 3 o 4 times more susceptlble to
rotavirus infection than paerental CHO cells. This increase in

- infectivity was shown to be blocked by incubation with either an

antibody to 33 or vitronectin (shown in Fig. 64 for VINRC cells),
indicating that the augmented infectivity observed in these cells
is due to the expression of B3 integrin. The level of ayfs cell
surface expression in VNRC cells as compared with parental
CHO and MA1D4 cells is shown in Fig. 6B.

Discussion

Comparative characterization of three rotavirus strains, the
SA-dependent simian fotavirus RRYV, its NA-resistant variant
nar3, and the HRYV strain Wa, which is naturally resistant to NA
treatment of cells, has been used to understand the early events
of rotavirus infection. At least three cell surface sites seem to be
involved in the rotavirus—-MAI104 cell interaction during the
early steps of infection with these three viruses (8, 32, 33). In the
present study, o33 integrin has been identified as a postbinding
receptor for rotavirus in these cells,

Rotavirus binding to o83 has been shown to be RGD-
independent, consistent with the fact that neither of the surface
proteins, VP4 or VP7, nor the protein that forms the interme-
diate layer of the virus, VP6, has an RGD sequence motif.
Hantavirus cell entry has also been shown to be mediated by 83
integrins (22). Like that of rotaviruses, their entry is not blocked
by RGD peptides and is still mediated by aipBs-integrin mutants
defective in ligand binding, indicating that their interaction with
Ba is independent of the integrin binding to physiologic ligands.
The bindi.ug of o, B3 to sequences other than RGD is not without
precedent, since such an interaction has been reported for other
proteins, including matrix metalloproteinase 2, basic fibroblast
growth factor, and ADAM 23/MDC3 human disintegrin (34).

Rotavirus nar3 binds to MA104 celis through the VPS5 domain
of VP4 (31}, and more recently we have found that this attach-
ment is mediated by B, integrin (32). We also found that RRV
interacts with this integrin after initially binding to a SA-
containing compound through the VP8 domain of VP4 (32). The
fact that antibodies to a81 and a,8; blocked rotavirus infection
in an additive mannex suggests that these integrins play a role at
different stages of virus entry, an observation consistent with the
idea that regardless of the primary cell molecule recognized by
these three rotavirus strains, they ail engage in a postattachment
interaction with integrin B3, It is of interest to note that
rotaviruses bind to essentially every cell line that has been tested,
although they efficiently infect only cells of intestinal or renal
origin (3). Thus, the interaction with @83 could be responsible,

at least in part, for the restricted cell range of these viruses.

By flow cytometry o3 integrin has been found in MA104,
COS7, and Caco-2 cells (Fig. 6B and ref. 35), which are all
susceptible to rotavirus infection. On the other hand, this
integrin was not detected, or was barely detected, in CHO, BHEK,
and K562 cells (Fig. 68 and ref, 36), which are 100- to 1000-fold
less susceptible to infection by these viruses. Thus, there seems
to be a correlation between the susceptibility to rotavirus
infection and the presence of o B3 integrin. Analysis of a larger
panel of permissive and semipermissive cell lines is, however,
needed to confirm this observation.

Rotavirus infection was initially reported to be mediated by
integrins by Coulson’s group (23, 24). They demonstrated that
rotavirus SA11 binding to the human myelogenous leukemic cell
line K562 increases with integrins a;f3; and o3, expression via
transfection (24), and that the binding increase resulted in an
angmented infection of the transfected cells. It was also shown’
that treatment of K562 cells with the phorbol ester phorbol
12-myristate 13-acetate (PMA) significantly increases cell infec-
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Fig.5. Rotavirusesinteract with ayfis ata postattachment step. (A) MA104 cellsin suspension were incubated with a goat polyclonal antibody (20 g/ml) against
B3 integrin, or with vitronectin (Vn, 1.5 pg/mf) for 1 h at 4°C, The cells were washed once with PBS and subsequently mixed with purified RRV, nar3, or Wa
rotaviruses for 1 h at4°C, After washing, the cells were lysed and the attached viruses were quantified by an ELISA (31). (B) MA104 cells were incubated in 96-well

" plates with rotaviruses for 1 h at 4°C, and then either B3 antibodfes or vitronectin (at the same concentrations used in 4), were added for 1 h at 4°C (1st virus/2nd
Ab ar V), In the control experiment (st Ab or Vai/2nd virus), vitronectin and antibodies were added before the viruses, using the same incubation conditions.
The cells were then further incubated for 14 h at 37°C and immunostained for the virus. Data are expressed as percentage of the virus binding, or infectivity,
.when the cells were preincubated with MEM as control. The average numbers of foci representing 100% infectivity were 130, 99, and 114 for RRV, nar3, and
Wa, respectively. The bars represent the standard error of at least two independent experiments performed in duplicate.

- tion, without increasing virus binding levels, leading to the
,conclusion that the induction of the endogenous mzB; gene
expression was the most likely basis for the augmented infectiv-
ity. It is known, however, that in addition to the induction of
" aaPy, PMA also induces high expression levels of a,8; integrin
, in K562 cells (36). The fact that Hewish et al. (24) did not detect
an enhancement in SALl virus binding to PMA-treated cells
-suggests that the infectivity increase was the result of a post-
binding interaction. Thus, it is likely that at least a fraction of the
- Infectivity increase in PMA-treated X562 cells could have been
\ the result of the induced o33 expression. Because CHO cells do
- Ot express a3, on their surface (unpublished observation), the
rotavirus infectivity enhancement observed in the VNRC and
: AS By-expressing cells is likely to be due only to the enhanced
" expression of this integrin.

Integrin subunit B3, as well as a3, integrin, has been reported
"to be present in murine and human enterocytes, primarily
. associated with the basolateral cell surface (37-39). Thus, if

these integrins are involved in facilitating rotavirus cell entry in
a natural infection, they might be initially available for virus
| interaction in limited amounts, unless the cell-cell contact
| regions are disrupted to expose their basolateral surface. In this

regard, in a recent study rotaviruses were shown to induce
structural and functional alterations in tight junctions of polar-
ized intestinal Caco-2 ceil monolayers (40). In addition, in
polarized MDCK celis, 28 integrin is exposed apically to the
tight junctions (41). Finally, it is also relevant that enteroviruses
such as coxsackievirus A9 and echovirus 9 can employ a.f3s
integrin as cellular receptor (14, 16), and that adenovirus-
" mediated gene delivery to the intestinal epithelium is dependent
on, or is significantly increased by, the presence of a,f33, among
other integrins (35, 38).
~ Rotavirus cell infection involves d delicate cell and tissue
tropism which may require the specific presence of several cell
molecules organized in a precise manner. This idea is consistent
with the fact that although expression of ayf3; integrin in CHO
cells (present study) or «,f integrin in K562 cells (24) enhances -
the susceptibility of these cells to rotavirus infection, the level of
ermissiveness achieved does not attain that of MA104 cells,
indicating that other cell surface molecules important for rota-
virus entry are absent from the former cell lines, It remains to
be established, among other things, whether any of the receptor
molecules described so far are irreplaceable, and if, in fact, there
exists a unique infectivity pathway for rotaviruses, with distinct
entry points for different virus strains.
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(A} Recombinant g3 integrin promotes CHO cell infection. Pafental CHO cells (CHO) or stably transfected CHO cells expressing the a and f5; integrin

'subunit genes (VNRC) (26) were Infected in 96-well plates with rotaviruses, VNRC cells were also infected after they had been preincubated with either vitronectin

| 1(1.5 pg/ml; VNRC+Vn) or fi3 goat polyclonal antibodies (20 ug/ml; VNRC+f33 Ab). Data are exprassed as percentage of the virus infectivity obtained when the

lceﬂs were preincubated with MEM as control. The average numbers of foci representing 100% infectivity were 72, 157, and 43 for RRV, nar3, and Wa, respectively.
{CHO cells are about 1000-fold less infectable than MA104 cells by the three virusas testad, and therefore dilutions of virus stocks were adjusted accordingly, to
‘count the above-indicated number of infected cells in control wells. The bars represent the standard ervor of at least four independent experiments performed

| in duplicate. () Flow cytometric analysis of o, 83 integtin surface expresslon in parental CHO, VNRC, and MA104 celis, mAb LM609 (solid lines), which recognizes
ithe e Bz heterodimer, and the isotype 1gG1 control antibody (dashed lines) were used at 5 pg/ml.
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D. La proteina de choque térmico hsc70 estd involucrada en la entrada de rotavirus a la
célula huésped

En este trabajo se caracteriz6 como receptor de los rotavirus a la proteina de choque
térmico hsc70. A pesar de que esta protefna se considera de localizacién citopldsmica y
nuclear, existen reportes de que puede encontrarse en la superficie de las células (60); sin
embargo, dado que carece de sefiales de exportacién hacia la membrana citoplasmatica, el
mecanismo por el cudl esta protefna llega a la superficie no ha sido dilucidado. Por todo ello,
uno de los objetivos de este trébajo fue mostrar que 1?. proteina hsc70 efectivamente se
encuentra en la superfice de las células MA104, mediante citometria de flujo. Ademds,
encontramos que anticuerpos dirigidos contra la proteina hsc70 bloquean la infectiv.idad de
los rotavirus; por otro lado, mostramos que estos virus fueron capaces de unirse
especificamente a la proteina hsc70 recombina.nte expresada en bacteria ¢ inmovilizada en
placas para ELISA.

Encontramos que los anticuerpos dirigidos contra hsc70 no fueron capaces de prevenir
la unién de ninguna de las tres cepas de rotavirus utilizadas en este trabajo (RRV, nar3 y Wa),
"y que anticuerpos dirigidos conira las proteinas virales VP7 y VP4 bloquearon la unién de los
rotavirus con hsc70 en ensayos de ELISA. Este trabajo se publicé en el articulo “Heat shock

cognate protein hsc70 is involved in rotavirus cell entfy’? (28).
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In this work, we have identified the heat shock cognate protein (hsc70) as a receptor candidate for
rotaviruses. hsc70 was shown to be present cn the surface of MA104 ceils, and antibodies to this protein
blocked rotavirus infectivity, while not affecting the infectivity of reovirus and poliovirus. Preincubation of the
hse70 protein with the viruses also inhibited their infectivity, Triple-layered particles {mature virions), but not
double-layered particles, bonnd hse70 in a solid-phase assay, and this interaction was blocked by monoclonal
antibodies to the virus surface proteins VP4 and VP7, Rotaviruses were shown to interact with hsc70 at a
postattachment step, since antibodies to hsc70 and the protein itself did not inhibit the virus attachment to
cells. We propose that the functional rotavirus recepfor is a complex of several cell surface molecules that

include, among others, hsc70.

Rotaviruses are formed by a triple-layered protein capsid
_(12). In the surface of the virus there are two proteins, VP4 and
VP7, which are responsible for the initial interactions of the
-virus with the host cell, VP4, the viral attachment polypeptide,
is cleaved by trypsin into subunits VPS5 and VP8, and this
cleavage is associated with the penetration of the virion into
the cell (12)..

Rotavirus strains can be divided, with regard to their re- -

quirements to attach to the host cell, into neuwraminidase
(NA)-sensitive {those requiring sialic acid) and NA-resistant
strains (those that either do not require sialic acid or bind to
sialic acid molecules resistant to the NA treatment). Many of
the strains isolated from animals, including the rhesus rotavi-
rus RRV, are NA sensitive (9, 16, 28, 33), while a number of
animal rotaviruses and most, if not all, human rotavirus strains,
.including the human rotavirus Wa, are resistant to NA (9, 16,
34). Some NA-sensitive rotavirus strains have been suggested
to bind ganglioside GM3 containing N-glycolyl neuraminic
acid as the sialic acid moiety, which is sensitive to NA treat-
ment (11, 47), while some human rotaviruses have been pro-
posed to use GMI, an NA-resistant ganglioside, to attach to
cells (21). In addition, it has recently been shown that rotavirus
nar3, a variant of RRV that, unlike the parental virus, does not
require sialic acid to bind to cells, uses integrin o2B1 as its
docking molecule on the cell surface (54).

Regardless of the cell molecule employed to initially attach
to the cell surface, it has been shown that both NA-sensitive
.and NA-resistant rotaviruses interact with integrin avp3 at a
postattachment step (19). These findings have led to the hy-
pothesis that rotavirus cell entry is a multistep process (1, 34),

We recently showed that an octyl-B-glucoside extract of
MA104 ceils, obtained under nonlytic conditions, has the abil-

'
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ity to efficiently block rotavirus infectivity when preincubated
with the virus before cell infection (20). From this detergent
exiract, we isolated a protein band of about 73 kDa which
showed a high blocking specific activity for rotaviruses (20).
Four tryptic peptides derived from this band were sequenced;
two of them corresponded to a-actinin, while the other two
had a 100% identity with the human heat shock cognate pro-
tein hsc70, at amino acid regions 160 to 171 and 221 to 236.
hsc70 is present on the surface of rotavirus-susceptible and
nonsusceptible cells. Even though hsc70 does not have an
export signal sequence, it has been shown that it can be ex-
posed on the surface of various cell types (see below). In this
work, the presence of this protein on the surface of MAL104
cells was demonstrated by flow cytometry (Fig. 1A) and by
immunofluorescence (Fig. 1B), where nonpermeabilized cells
showed the ringlike pattern of staining that has been previously

.observed for human 5838 Ewing’s sarcoma cells expressing

hsc70 on their surface (37). In addition, we analyzed by fow
cytometry the presence of this protein on the surface of various
cell lines which differ in their susceptibility to the virus, We
assayed Caco-2 cells, which are infected as efficiently as

‘MA104 cells by rotaviruses RRV, nar3, and Wa; Hep2 cells,

which are not infected by human rotavirus Wa and are about
10- and 1,000-fold less susceptibie than MA104 for rotaviruses
nar3 and RRV, respectively; and BHK cells, which are about
10,000-fold less susceptible to infection by all three viruses -
{data not shown). Hsc70 was detected on the surface of these
three cell lines, being more abundant in Hep2 and BHK cells
than in Caco-2 cells (Fig. 1C).

Antibodies to hsc70¢ block rotavirus infection. Given these
findings, monoclonal antibodies (MAbs) to hsc7) were evalu-
ated for their ability to block rotavirus infectivity when prein-
cubated with MA104 cells before virus infection. An anti-c-
actinin MAb was found not to affect rotavirus infectivity, while
MADbs either specific for hsc70 or which cross-react with both
hsc70 and hsp70 blocked the infectivity of all three viruses by
about 50 to 60%, depending on the MADb and the virus strain
(Fig. 2A). On the other hand, one MAb specific for hsp70
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FIG. 1. hsc70is present on the surface of cells. (A) Flow cytometry analysis of hsc70 surface expression in MA104 cells. MAb MA3-014, specific
for hsc70 (solid line), was used at a 1:25 dilution. The control antibody of isotype immunoglobulin M (dashed line) was used at 20 ng/ml. The assay
was performed as described previously (29). (B) Immunofluorescence of nonpermeabilized MA104 cells incubated with a MAD to hsc70. MAL04
cells were fized with paraformaldehyde and were incubated with a 1:25 dilution of MAb MA3-014 (left panel) or control immunoglobulin M (10
wg/ml) (right panef) for 90 min at room temperature, followed by staining with a goat anti-mouse immunoglobulin M coupled to flucrescein
isothiocyanate, as described earlier (29), (C) Flow cytomietry analysis of the presence of hsc70 on the surface of Caco-2, Hep2, and BHK cells, using

the same hsc70 and control antibody described above for MA104 cells.

{(MAb MA3-009) did not show rotavirus-blocking activity. In
addition, a mixture of MAbs to hsc70 inhibited the infectivity
-of all three rotavirus strains by about 80%, while not affecting
the infectivity of poliovirus and reovirus, two other nonenvel-
oped viruses (Fig. ZB), The MAbs and a hyperimmune serum
" to hsc70, prepared by immunization of rabbits with a recom-
binant purified human hsc70 protein (see below), did not in-
hibit rotavirus infectivity if incubated with the cells after the
viruses had been adsorbed at 37°C for 1 h (not shown), The
rabbit polyclonal antibodies to hsc70 were used to test if this
protein was involved in the infection by rotaviruses of cells
. other than MA104. These antibodies inhibited the infectivity of
rotaviruses Wa, nar3, and RRYV in Caco-2 cells as efficiently as
. it MA104 cells (Fig. 2C) and also blocked the infectivity of
nar3 in Hep?2 cells (Fig. 2C). The inhibition of the infectivity of
rotaviruses RRV and Wa in Hep? cells and of all three strains
in BHK cells could not be evaluated reliably since only a few
cells were infected, These findings suggest that hsc70 is in-
volved in rotavirus infection of cells other than MA104 but also
indicate that hsc70 by itself is not the protein that determines
the tropism of rotaviruses.
hsc70 binds to rotaviruses and inhibits their infectivity. A
recombinant human hsc70 protein containing a COOH-termi-
nal histidine tail was produced in bacteria and purified by
nickel column affinity. This protein, as well as a natural bovine

hsc70 protein (StressGen Biotechnologies), was able to block
rotavirus infectivity in a dose-dependent manner when prein-
‘cubated with the viruses before infection. At a concentration of
50 ng/ml, they inhibited the infectivity of the viruses by about
40 to 50% (Fig. 3A and B). In contrast, c-actinin (Fig. 3A),
spectrin (Fig. 3B), and bovine serum albumin (not shown) had
no effect on the infectivity of the viruses.

To confirm that rotaviruses bind directly and specifically to
hsc70, purified triple-layered particies (TLPs) of RRV or virus
particles lacking the surface proteins (double-layered particles,
DLPs) were tested for their ability to bind the recombinant
human hsc70 protein in an enzyme-linked immunosorbent as-
say. The TLPs bound to hsc70 in a dose-dependent manner,
while the DLPs failed to bind this protein at the concentrations
assayed (Fig. 4A), The binding of TLPs to hsc70 was shown to
he specific, since it was efficiently competed by MAbs 159 to
VP7 (P = 0.02) and 2G4 to VP5 (P = 0.009) but not by MAbs
7A12 to VP8 (P = 0.14) and 255/60 to VP6 (Fig. 4B).

Neither antibodies to hsc70 nor the hse70 protein blocks the
binding of rotaviruses to cells. The hsc70 polyclonal seram
blocked the infectivity of the viruses in MA104 cells to an
extent similar to that achieved with the MAbs to this protein;
however, it did not significantly block the binding of rotavi-
ruses to cells (P = 0.29, 0.50, and 0.47 for rotaviruses Wa, nar3,
and RRV, respectively; Fig. 5A). Similarly, despite its ability to
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FIG. 2. Rotavirus infectivity is inhibited by antibodies to hsc70. MAbs to hse70 (A) or a mixture of MAbs to hsc7) (B) was added to monolayers
“of MA104 cells for 90 min at 37°C. After incubation with antibody, the cells were washed, and then RRV, nar3, or Wa viruses (or reovirus and
- poliovirus in panel B) were-adsorbed for 45 min at 4°C, the viral inoculum was removed, and the cultures were maintained for 14 h at 37°C. Cells
‘were then fixed and immunostained as described earlier (20). Data are expressed as percentage of the virus infectivity obtained when the cells were

preincubated with minimal essential medium as control. The average number of foci counted, representing 100% infectivity, was 107, 173, and 100
in pane} A and 189, 129, and 112 in panel B for RRV, par3, and Wa, respectively. The bars represent the standard error of at least three
independent experiments performed in duplicate. The antibodies used in panel A were MA3-001 (open triangles), MA3-006 (open squares),
MA3-007 (open circles), MA3-008 (open diamonds) (hse70 + hsp70), MA3-009 (closed squares) (hsp70), and a MAD to a-actinin (closed circles),
The mizture of antibodies used in panel B contained MaAbs MA3-001, MA3-006, MA3-007, MA3-008, and MA3-014. All these antibodies were
from Affinity Bicreagents Inc. (C) Rotavirus infectivity in Caco-2 and Hep?2 cells is inbibited by antibodies to hse7(. Rabbit prefrumune {open
symbols) or hyperimmune (closed symbols) purified polyclonal antibodies to hsc70 were added to monolayers of Caco-2 and Hep?2 cells, followed
by addition of the viruses using the same incubation conditions described abave. The average number of foci counted representing 100% infectivity
iwas 118, 113, and 99 for rotaviruses RRV, nar3, and Wa, respectively, in Caco-2 cells and &) for nar3 in Hep?2 cclls. The bars represent the standard
“error of at least two independent experiments performed in duplicate.
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block the infectivity of rotaviruses, the hsc70 protein did not
significantly affect the binding of the viruses to cells (P = (.11,
0.74, and 0.50 for rotaviruses Wa, nar3, and RRV, respectively;
‘Fig, 5A). These results suggest that rotaviruses interact with
hsc70 on the cell surface at a postattachment step. This obser-
vation is supported by the fact that if antibodies to hsc70 or the
hsc70 protein is added after the viruses have been adsorbed to

cells at 4°C, conditions where the virus particles attach to the
cell surface but do not enter the cell, they are still able to
efﬁcnently inhibit infectivity (Fig. 5B).

hsc70 is a constitutive merber of the heat shock-induced
hsp70 protein family that functions in normal cellular physicl-
ogy. The proteins in this family are highly conserved nucleo-
cytoplasmic ATPases which have been associated to a number
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FIG. 3. Rotavirus infectivity is blocked by protein hsc70. The indi-
cated concentrations of either recombinant human hsc?0, bovine
i hsc70, w-actinin, or spectrin were incubated with the viruses for 90 min
© at 37°C. The virus-protein mixtures were added to MAL104 cells for 45
© min at 4°C. The cells were washed and the cultures were maintained
- for 14 h at 37°C. Cells were then fixed and immunostained as described
. earlier (20), Data are expressed as the percentage of the virus infec-
" tivity obtained when the viruses were preincubated with minimal es-
« sential medium as control. The average number of foci counted, rep-
. resenting 100% infectivity, was 134, 127, and 116 in panel A and 114,
| 94, and 118 in panel B for RRV, nar3, and Wa, respectively. The bais
represent the standard error of at least three independent experiments

' performed in duplicate.

1‘ of functions, including protein folding, translocation across

i-biological membranes, and assembly and disassembly of oligo-

| meric compleges. In response to different stress .conditions,
these proteins prevent the formation of protein aggregates by

| stabilizing unfolded intermediates which are subsequently re-

folded to the native state or degraded (23, 32, 36). In partic-
ular, hsc70 has been shown to favor protein transport across
organellar membranes, bind nascent polypeptides, and disso-
_ciate clathrin from clathrin coats (40). :

. Itiswell documented that infection of animal ceils by viruses
often results in alterations of the cellular stress response, which
is characterized by elevation and relocalization of heat shock

| proteios (26). In most cases the induced stress proteins have

' been shown to be members of the hsp60, hsp70, and hsp®0

! families, depending on the type of virus and host cell (26). In

' some cases, a direct interaction between the stress proteins and

i viral polypeptides has been documented, and stress proteins

"have been described to be present in the mature virions of

'rabies (48) and human immunodeficiency {52) viruses, In par-

'ticular, hsp70 and hsc70 have been repoerted to interact with

Lcapsid proteins from poligvirus (30), vesicular stomatitis virus

:(22), Sindbis virus (39), vaccinia virus (27), simian virus 40

f (50}, adenovirus (51), hepatitis B virus (44), reovirus (56), and -

polyomavirus (10). These interactions have been shown to
facilitate different stages of the viruses’ life cycle, including the
transport into the mrclens of adenoviral DNA (51) and poly-
omavirus proteins (10); the activation of the polymerase of
hepatitis B virus (42); the enhancement of virus gene expres-
tsion in meastes and canine distemper viruses (41, 43); and, in
|generai the packaging of the virus particles. In the case of
| adenovirus, it has been shown that the induction of hsp70 and
+hsp40 is essential for the replication of the virus (18).

* Despite their typical nucleccytoplasmic residence and the
‘fact they do not contain obvious endoplasmic reticulum-Golgi
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targeting signal sequences, hisc70 and other heat shock proteins
have been reported to be present on the surface of tumor cell
lines (5, 15, 37, 38) and in cells infected with viruses (7, 8), as
well as in mammalian spermatogenic cells (6, 35), epidermal
cells (46), and monocytes and B cells (31). The type of asso-
ciation that the heat shock proteins establish with the cell
surface is not known; however, it has been recently shown that
hsc70, hsp70, and other stress proteins interact with specific
receptors in antigen-presenting cells and are internalized by
receptor-mediated endocytosis (3, 4). hsc70 is also known to
interact with lipids, and it has been shown that this protein is
able to form cation channels in acidic phospholipid membranes
(2.

With regard te the interaction of stress proteins with viral
polypeptides at the cell surface level, an hspf0-like protein
located on the surface of freshly isolated human monocytes, as
well as in established monocytic and T-cell lines, has been
shown to interact with the human immunodeficiency virus gp41
protein, and it has been suggested that this interaction might
facilitate the virus infection (52). Also, hsc70 has been de-
scribed as an enhancement factor on the surface of murine
fibroblasts and in a human T-cell line for the syneytium for-
mation induced by human T-cell lymphotropic virus type 1 (13,
49). In this work, we have shown that hsc7( seems to be in-
volved in the cell entry of rotaviruses. To our knowledge, this
is the first report to provide evidence to support the role of a
stress protein during the early steps of a viral replication cycle.

% Binding

Reciprocal of mAb

ng of virus per well
dilution (103)

FIG. 4. Binding of rotavirus RRV to hsc70. (A) The indicated
amounts of purified RRV TLPs and DLPs were added to microtiter
plates to which 500 ng of nickel column affimity-purified recombinant
buman hsc70/well had been previously adsorbed. The bound virus was
detected by incubation with a rabbit hyperimmune serum to rotavirus,
followed by an alkaline phosphatase-conjugated secondary antibody,
as described earlier (55). The phosphatase activity was detected with
the Sigma 104 substrate, reading the optical density at 405 nm (OD,gs).
(B) Binding of RRV to hsc70 in the presence of antirotavirus MAbs.
Purified RRV TLPs (300 ng) were preincubated for 1 h at room
temperature with the indicated dilutions of MAbs (ascites fluid), After
incubation with the MAbs, the virus-antibody mixture was added to the
hsc70-coated wells and the bound virus was detected as described
above. The bars represent the standard deviation of the mean of two
independent experiments performed in duplicate., The MAbs used
were 255 to VP6, 7A12 to VP8, 2G4 to VP5, and 159 to VP7. By
Student’s ¢ test, the P values for antibodies 2G4 and 159 showed that
the blocking of binding for the two highest concentrations of these
antibodies was significantly different from the control MAb 255 to VP6
(P = 0.02 and 0.05 for 2G4; P = D.009 and 0.04 for 15%). In the case
of antibody 7A12, the P values were 0,14 and 0.07.
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FIG. 5 Rotaviruses mteract with hisc70 at a postattachment step. (A) MA104 cells in suspension were preincubated with 80 g of preimmune
(PI) or hyperimmune (HI) sera/mi to human hsc70 (partially purified by ammonium sulfate precipitation) during 1 h at 4°C. The excess, unbound
antibody was removed, ard then 300 ng of either RRV-, nar3-, or Wa-purified TLPs was added and the mixture was further incubated for 1 b at
- 4°C, To assay the bmdmg blocking activity of the hsc70 protein (hsc70), 300 ng of the corresponding virus was incubated with the recombinant
' human hse70 (10 pg/ml) for 1 h at room temperature, and then the virus-protein mixture was adsorbed to cells as described above. The amount
! of virus bound to cells was determined by an enzyme-linked immunosorbent assay as described earlier (55). By Student’s ¢ test, the P values for
* the hyperimmune serum and the hsc70 protein showed that their blocking activity for the binding of all three viruses was not signi.ﬁcautly different

from that of the control preimmune serum. The P values ranged from 0.11 for hsc70 incubated with rotavirus Wa to 0.74 for hse70 incubated with
virus nar3. (B) MA104 cells were incubated in 96-well plates with rotaviruses for 1 h at 4°C, and then either a hyperimmune (HI) serum to hse70

(80 p.g/mi) or the protein itself (hsc70) was added for 1h at 4°C h. The cells were then further inéubated for 14 h at 37°C and were immunostained

for the virus as described earlier (20). Data are expressed as the percentage of the virus binding or infectivity when the cells were preincubated -
* with minimal essential medium as contrel. The average numbers of foci representing 100% infectivity were 109, 119, and 145 for RRV, nar3, and

nar3 nar3 Wa .

Wa, respectively. The bars represent the standard deviation of the mean of at least two independent experiments performed in duplicate.

Similar to what was found with integrin avp3, rotaviruses
seem to interact with hsc70 at a postattachunent step. This
observation is supported by the fact that (i) antibodies to hsc70
: which block the infectivity of the viruses when preincubated

with the cell before infection do not block their cell attach-

, ment; (i) preincubation of the viruses with a recombinant.

- human hsc?0 protein inhibits the virus infectivity without no-

toricusly affecting the binding of the viruses to cells; and (i)’

. when antibodies to hsc70, or the protein itself, are added to
' cells after the virus has been allowed to adsorb to the cell
- surface at 4°C, they still efficiently inhibit virus infectivity.
. These findings indicate that the interaction of rotaviruses with

viruses with the cell, after their initial attachment to other cell
. surface molecules. Given the major conformational changes
‘ . that viral surface: proteins have been shown to undergo during
' (14, 17, 24, 45), it is reasonable to hypothesize that the rota-
} virus outer layer. proteins, VP4 and VP7, also undergo confor-
| mational rearrangements during one or more of the multxple
' contacts that are proposed to take place between the virus
particles and cellular molecules on the cell surface or diring
. the cell entry and/or uncoating of the viruses. In this scenario,

hsc70 may represent a late and common interaction of the.

the cell entry of several enveloped and nonenveloped viruses

it is tempting to speculate that a protein with chaperone ac-
tivity, like hsc70, could have a pivotal role to help in these
processes (19, 25).

It has been shown that rotavirus-ponsusceptible cells stably
transfected with the genes for o2, ad, or av and B3 integrin
subunits are only a few times more susceptlble than the paren—
tal cell lines.

This limited increase in susceptibility indicates that integrins
alone, as seems to be the case for hsc70, are not the only

-molecules needed to transform a poorly permissive cell line

into one fully susceptible (like MAIQ4) to the virus, Alto-
gether, these data suggest that hsc70 is involved in the entry of

"ﬂ.\ rotaviruses, by working in combination with other proteins,
“'most likely integrins, although other, hitherto unidentified cell

receptors cannot be discarded.

It has recently been shown that sphingolipids and cholesterol
are important for rotavirus infection and has been proposed
that a complex of proteins immersed in the lipid microdomains
known as rafts might serve as-the functional receptor for ro-
taviruses (1, 20). Integrins and hsc70 might be components of
this complex. In this regard, there has been an interesting,
recent observation that bacterial lipopolysaccharide (LPS)
from gram-negative bacteria and lipoteichoic acid (LTA) from
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the outer cell wall of gram-positive bacteria bind 1o CD14, a
glycosylphosphatidylinositol-linked protein which functions as
their cell surface receptor on human monocytic and endothe-
lial cell lines. After their initial binding to CD14, LPS and LTA
are rapidly transferred to the heat shock proteins hsp70 and
hsp90 on the cell membrane. Antibodies to these heat shock
proteins were found to block the transfer of LPS and to inhibit
- interleukin 6 production upon LPS stimulation. These data
indicate that LPS transfers from CD14 to hsp70 and hsp$0,
which may be part of an LPS-LTA muitimeric receptor-trans-
ducing complex that might be present in hp1d microdomaing
(53).
It remains to be determined if, during the infection of cells
- by rotaviruses, hsc70 serves only as an anchor on the mem-
. brane for the viruses during their transit to the cell’s interior or
- if the chaperone activity of the protein is important for this
event.
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DISCUSION

Recientemente se ha hecho evidente que la entrada de los virus a su célula huésped es
un proceso que involucra varios pasos' y en el que diversas proteinas, tanto celulares coi‘no
virales, estdn involucradas. La necesidad de establecer varias interacciones con receptores
especificos en la superficie celulér se ha observado en virus perteneciéntes a diferentes
‘familias. Asi, se sabe que el virus de la inmunodeficiencia humana, el virus del Ebola, y el
virus de Herpes, por mencionar sélo alguhos, utilizan mds de un receptor para entrar a su
célula huésped (70). Ademds, se ha observado que ias primeras interacciones virus-célula
generalmente inducen cambios conformacionales en la particula viral que le permiten exponer ‘-
nuevos sitios en las proteinas ;rirales que participan en el proceso de penetracién del virus
hacia el citoplasma celular, donde se inicia el ciclo de ;‘eplicacién viral.

En el caso de los rotavirus, se ha encontrado que la entrada de estos virus es también
un proceso de varios pasos, en el que existen cuando menos cuatro moléculas celulares
~ identificadas como receptores. El estudio de las interacciones iniciales del virus con la célula,
realizado a lo largo de este proyecto, permitié determinar que la profeina VP4 es la
responsable de la unién inicial del virus a la superficie de la célula. Previamente se habfa
mostrado que el rotavirus RRV se unfa, a través del dominio VP8 de la proteina VP4, a un
receptor en ‘la supei‘ficie de 1a c€lula que coﬁtiene AS (22, 36, 46); mas .recientemente se ha
propuesto que esta molécula receptora pudiera ser el gangliésido GM3 (31, 66). En este
trabajo encontramos que la variante nar3 se une a un receptor resistente al tratamiento de las
células con NA, esta interaccion es fnediada por el dominio VPS5 de la protefna VP4 (80).
Previamente, Méndez y col habian mostrado que a pesar de su insensibilidad al tratamiento
con NA, la variante nar3 adn tiene la capacidad de unirse a AS, puesto que es capétz de
aglutinar eritrocitos a trgvés de los AS presentés en la su-perficie de éstos (55). Sin exﬁbargo,
encontramos que la variante nar3 no utiliza su dominio de unién a AS, adn en células no
tratadas con NA, y que se une inicialmente a la célula a través de la proteina VPS5, puesto que

la proteina recombinante GST-VP5 bloquea la unién de nar3, mientras que la protefna GST-
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VP8 no tiene ningtn efecto. Ademds, los AcM dirigidos contra VP8, que son capaces de
bloguear tanto la infectividad como la unién de la cepa RRV, no afectan a la variante nar3, a
pesar de que son c.apaces de reconocer al virus nar3 en ensayos de ELISA (55).

El aﬁélisis de la secuencia del gene de VP4 de la variante nar3 mostr$ tres cambios en
la secuencia de aminoédcidos con respecto a la cepa parental RRV, concretamente en las

' posiciones 37 (Leu-Pro), 187 (Lys-Arg) y 267 (Tyr-Cys) (56). Los primeros dos cambios se
encueniran dentro del dominio VP8, en particular el residuo 187 estd situado en el dominio de
hemaglutinacién (interaccién con AS); la caracterizacién de virus revertantes mostré que este
cambio es ¢l mds relevante para obtener el fenotipo de resistencia al trai:anﬁento con NA (56).
El tercer cambio en la proteina VP4 de la variante nar3 cae dentro del dominio VP35; Cuadras
y col, en. nuestro laboratorio, encontraron que la Cys introducida en la posicion 267 estd
involucrada en la formacién de un puente disulfuro alterno con la Cys 318 de la proteina VP4
(10), y plantearon la posibilidad de que este puente disulfuro alterno pudiese cambiar la
conformacién de VP4 en la variante nar3, este cambio le permitiria interaccionar con la célula
directamente a través de VP35, de modo diferente a la interaccién que se observa para el virus
parental. | .

Por otra parte, a pesar de que el anticuerpo 2G4 (dirigido contra VP5) no bloquea la
unién a la superficie de la célula del rotavirus RRYV, sf es capaz-de neutralizar la infectividad
de este virus. Esto indica que después de que el virus RRV se une a un receptor sensible a
NA, a través de VP8, ocurre una segunda interaccién (facilitada por el primer éontacto)
mediada por VPS; esta segunda interaccién es bloqueada por el AcM 2G4. En conjunto, estos

- resultados sugieren que la proteina VP4 de la variante nar3 sea conformacionalmente distinta

a la VP4 de la cepa parental RRV; ésto explicarfa por qué el virus nar3 es capaz de

interaccionar con la célula directamente a través de VP5. No obstante, hay que sefialar que las

. posibles diferencias entre la estructura de ambas proteinas parecen ser sutiles, puesto que,

como mencionamos anteriormente, el virus nar3 conserva la capacidad de aglutinar eritrocitos
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y los anticuerpos dirigidos contra VP8 reconocen a esta variante tan bien como lo hacen con
RRV (56).

El mapeo del sitio de unién a la superficie de la célula presente en VPS5 se éentré, en
primer lugar, en las reglones que habian sido descritas como potencxalemente funcionales
dentro de esta proteina. Como se describe en la introduccidn, estas regiones son el tripéptido |
' DGE (localizado en los aa 308-310), que es capaz de mediar la unién a integrinas del tipo
0&2{31 (8) y la regi6én hidrofébica (en los aa 384-401), que posee actividad de fusion de
liposomas ir vitro (13, 16). Utilizamos protefnas recombinantes mutagenizadas en estas
regiones y péptidos sintéticos que contienen estas secuencias en ensayos de unién a células
MA104; estos experimentos nos petmitieron establecer que la regién que contiene el
tripéptido DGE es responsable de la unién de nar3, a través de la proteina VP5, a la
superficie de la célula. Ademads, identificamos directamente a la integrina ai2B1 como el
receptor iniciall de nar3, puesto que anticuerpos dirigidos contra esta integrina son capaces de
bloguear la unién inicial de la variante na:ré. Encontramoé que la integrina 0t2B1 también estd
involucrada en la infectividad de la cepa RRV, puesto que AcM contra esta integrina, asi
como el péptido DGE, bloqueén la infectividad de RRV, perb no su unidén a la superficie
celular. Estos datos refuerzan nuestro modelo de interacciones sucesivas, segin el cual hemos
propuesto que el virus RRV se une en primer lugar a un receptor sensible al tratamiento con
NA, y posteriormente interacciona con la integrina 02f31, a través de VPS5; por otro lado, la
variante nar3 se une inicialmente con la integrina 021 evitando la interaceidn inicial con el
receptor sensible a NA (79).

. Como ya mencionamos en los resultados, en el laboratorio se aislé y caracterizé un .
AcM dirigido contra Ia superficie de las células MA104, el cual bloquea Ia infectividad de los
rotavirus; este AcM, llamado 2D9, es uﬁd inmunoglobulina del tipo M. Aunque el
comportamiento de este AcM en los experimentos de -infectiv‘idad y de unidén de rotavirus es
muy similar al que se observé con el AcM dirigido contra la integrina 0231 (dado' que

bloquea la unién de nar3, pero no la de RRV, y que es capaz de bloquear Ia infectividad de
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ambos virus), el AcM 2D9 no parece reconocer a esta integrina, ya que por ensayos de-
inmuﬁotincién de vellosidades intestinales el AcM 2D9 y el ACM' anii-integrina a.2B1

presentan patrones distintos de tincién, indicando que reconocen diferentes tipos celulares.

Sin embargo, en células MA104 la estructura celular que reconoce el AcM 2D% pﬁrece estar

fisicamente cercana a la integrina o281, puestol que desplaza la unién de anticuerpos contra

esta integrina en ensayos de citometria de flujo (Isa y col, datos no publicados). Es posible

que el virus nar3 pueda utilizar al antigeno que reconoce €l AcM 2D9 como un receptor

alternativo, ya que células que carecen de la integrina o2p1, pero que son reconocidas por el

. AcM 2D9 pueden ser infectadas con este virus, aunque con muy baja efi'ciencia (49).

Ademés de haber descrito a la integrina 0231 como el receptor de la variante nai‘3? en
este trabajo encontramos dos resultados interesantes. Por un lado, el péptido que representa' la
regién hidrof6bica (RH) de VP5 bloquea la infectividad de los virus RRV y nar3, pero no
afeéta la unidn de estos virus, ni ia de la proteina recombinante GST-VP35. El paso, durante la
ruta de entrada, que es bloqueado por el'péptido RH, parece ocurrir después de 1a unién inicial
del virus a la célula. Recientemente se ha descrito que la proteina VPS5 expresada en bacterias,
tiene la capacidad de fusionér_liposomas, y que muy probablefnente esta actividad se
encuentra en la regién hidrofébica, puesto que al mutagenizai' residuos dentro de esté region
se pierde la actividad de fusién (13, 16). Es posible que la capacidad de VPS5 para
interaccionar com membranas lipidicas esté involucrada en el mecanismo de entrada de los
fotavirus, facilitando este proceso.

Por otro lado, encontramos que al mutagenizar el tripéptido DGE en 12 proteina
* recombinante GST-VP5 (responsable .de la unién a la integrinal 02B1) no se elimina la
capacidad de esta proteina de unirse a la superficie de la célula, lo que nos llevé a estudiar la
posible existencia de otra regién de unién en la protefna VPS5,

El uso de péptidos sintéticos que representan distintas regiones de VPS5 nos permitié
identificar una regién, entre los aa 642-659.(péptido 5), como la responsable de esta segunda

interaccién de VP5 con la superficie de la célula; adem4s, la construccién de una proteina
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VPS5 truncada, que sélo contiene los dltimos 300 aa de la proteina (VP5-COOH) nos permitié
establecer que este segundo sitio de unién es independiente de la regién de unién a lé
integrin'a o2B1. El hecho que el péptido 5 bloquea la infectividad de los rotavirus RRV y
nér3, pero no su unidn, apunta‘ hacia la posibilidad de que se trate de una interaccién post-
unién para ambos virus. Recientemente Jolly y col. reportaron una serie de regiones de VP4
capaces de unirse 2 la superficie de las células MA104; estas regiones fueron identificadas
utilizando 1a técnica de despliegue en fagos. Dentro de los fagos seleccionados en ese trabajo
.se encontraron tres que representan una region entre los aa 650-657 (38); esta regién cae
dentro de la secuencia representada en el péptido 5 (aa 642-659). La identificacién de este
dominio de union de VPS5 ala superficie celular, mediante dos estrategias distintas, confirma
este hallazgo. |

De manera paralela a este trabajo, en nu_éstro laboratorio ‘encontramos que la iaroteina '
de choque térmico hsc70 ésté involucrada en la infectividad de los rotavirus, en una
interaccién post—uniSn (28). Quedaba pues por demostrar si la interaccién mediada por el
- extremo carboxilo de VPS5 es responsable de la interaccidn de los rotavirus cdn esta proteina.
En este trabajo encontramos qué, efectivamente, la regién de VPS5 localizada entre los aa 642-
659, es responsable de esta interaccién, que ocurre como un paso posterior a la unién del virus
con la integrina 021, que es mediada por la secuencia DGE de VPS5,

El papel de la interaccion virus-hsc70 durante el proceso infcccioso no es claro atin;
una posibilidad es que la proteina hsc70 sirva como un puﬁto dé anclaje que favorezca la -
intéraccién de los rotavirus con otras moléculas celulares que pudiesen ser las responsables de
la entrada de estos virus a la célula. Sin embargo, el hecho que Ia protefha hsc70 tenga
actividad de chaperona sugiere que podria jugar un papel mds activo en la entrada de los
rotavirus; por ejemplo, favoreciendo .cambios .conformacionales en la partféula viral que le
permitiéran a los rotavirus penetrar hacia el citoplasma de la célula, o favoreciendo la perdida
de la capa externa de la particula viral, lo cual es un paso necesario para que estos virus
inicien el proceso de transcripcién.
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Recientemente se publicé una prediccién de la estructura secundaria de la‘ proteina
VP4 basada en datos de criomicroscopia electr6nica de los rotavirus realizada en presencia de
- los AcM 7A12 vy 2G4 (75); estos AcM estdn dirigidos contra las proteinas VP8 y VPS5,
respectivamente. Este trabajo dio informacién resjaecto a la distribucién de la proteina VP4 en
la espicula. Como se muestra en la figura 14, el polipéptido VP8 forma la cabeza de la
espicula, y justo debajo de ésta se encuentra la regi6n hidrofébica reconocida por el AcM 2G4
‘(alrededor.del aa 393). Esto significarfa que la regién de interaccién cbn la integrina 02B1
(DGE), que se encuentra entre los aa 308-310 no estd aIejad'a de la punta de la espicula, .
puesto que se encuentra entre VP8 y la -regién hidrofébica. Por 'otr.o lado, la regién de VP35
répresentada en el péptido 5 (aa 642-659) deberia encontrarse en la parte baja de la espicula,
cercana a la regién que estd en contacto con VP7. Siguiendo el modelo de interacciones
sucesivas se podrfa pensar que, para el caso del virus RRV, después de la interacci6n inicial
con AS y con la integrina 21, que se llevan a cabo con la punta de la espicula (es decir éon
VP8 y con la regién DGE de VP5), la particula viral sufre un cambio conformacional que le
permite interaccionar con la proteina hsc70 a través de una regi6n que se encuentra cercana a
la base de la espicula. Se sabe cjue una porcién de VP35 en la espicula se encuentra oculta por
la proteina VP7 y que ﬁehc contactos con la proteina de capa intermedia VP6; sin embargo,
suponemos que la regién del péptido 5 deberfa encontrarse expuesta, puesto que los rotavirus
pueden interaccionar con la proteiﬁa hsc70 purificada. Esta idea es congrdente con la
observacion de que el AcM 159, dirigido contra VP7, es ca?az de bloquear la interaccién de
los rotavirus con la proteina hsc70. Proponemos entonces que la regién de interaccién con la
proteina hsc70 (que estd representada en el péptido 5) se encuentra cerca de la superficie del
virién formada por VP7; ésto explica por qué el AcM 159 bloquea casi por completo la unién
del rotavirus RRV a la protefna hsc70 purificada, mientras que el anticuerpo 2G4, que se
une en la punta de la espicula sélo bloquea esta interaccién en un 50%, probablemente
debido a impedimentos estéricos y no a un bloqueo directo de la regién involucrada en esta
ihteraccién.
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Figura 14. (A) Prediccion de la estructura secuendaria de VP4, se muestra el consenso obtenido
utilizando seis métodos de prediccidn distintos. La regién de VP8 (en rojo) estd basada en la
estrucutra cristalogréfica reportada (Dormtitzer et al. 2002), el dominio VP5 se muestra en verde.
Las flechas corresponden a las regiones estructuradas como hojas B y los cilindros corresponden
a hélices o. (B) Prediccién de la organizacién de VP4 en la espicula viral, basada en datos de

criomicroscopfa electrénica de rotavirus en presencia de AcM, figura tomada de Thiova et al.
2001.
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Otro aspecto de la unién de los rotavirus que nos interesaba estudiar era determinar si
el corte con tripsina afecta, en alguna medida, este eveﬁto. Previamente se habia descrito que
la unién de los rotavirus a la supeificie celular es independiente del corte con tripsina (7, 40).
En este trabajo encontramos que efectivamente, la unién de los rotavirus a las células MA104,
es independiente de que la particula viral haya sido cortada o no con tripsina, puesto que las
particulas que poseen la proteina VP4 intacta (sin cortar) se unen a la célula de manera
especifica y con un perfil de saturacién muy similar al de las particulas cortadas. Sin embargo,
cuando hicimos una caracterizacién de las proteinas virales responsables de la unién de los
rotavirus cortados o no con tripsina, encontramos diferencias. Mientras que el virus RRV se
une a la superficie de la célula a través de VP8, sin importar si ha sido tratado o no con
tripsina, la variante nar3 se comporta de manera distinta. Cuando las particulas virales de nar3
han sido cortadas con tripsina se unen a la célula a través del dominio DGE de VP35, pero la
unién del virus nar3 no cortado es mediada por Ia glicdprotefna viral VP7. |

Previamente habfamos establecido que la integrina avf3 participa durante la entrada
de los rotavirus, en un paso post-unién, y habiamos encontrado que esta i_nteraccién €s
independiente del motivo canénico (RGD) de unién a este tipo de integrinas (29). En este
trabajo encontramoé que el virus nar3 no cortado se une a la infegrina ovP3 a través de VP7,
ya que AcM neutralizantes dirigidos contra VP7 bloquean la unién del virus nar3 no cortado y
un anticuerpo dirigido contra la integrina B3 tiene el mismo efecto.

Por otro iado, se ha reportado que los hantavirus también interaccionan conla
integrina B3 de manera independiente del tripéptido RGD (26). La comparacién entré la
secuencia de la protei’na VP7 de los rotavirus y la proteina G1G2 de los hantavirus; nos
permitié encontrar una regidn de nueve amino4cidos en la que estas proteinas soﬁ idénticas en
un 66.7 %. Resalta el hecho que un péptido sintético (llamamdo CNP) que representa esta
regién, bloquea la infectividad de los rotavirus RRV y nar3, as{ como la unién del virﬁs nar3

no cortado. Ademds se obtienen resultados muy similares utilizando el péptido derivado de la
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secuencia de la protefna G1G2 de los hantavirus, 1o que indica que ambos péptidos son
capaces de unirse a la misma entidad molecular, que probablemente es la integrina avﬁ3.

También encontramos que el péptido CNP es capaz de unirse a la integrina ovf33
inmovilizada en‘placas de ELISA. Ademds, este péptido puede bloquear la unién del virus
nar3 no cortado en este mismo tipo de ensayo. Finalmente, encontramos que el sitio de unién
del péptido CNP en la integrina otvP3 es distinto del sitio utilizado por el tripéptido RGD, ya
que los péptidos CNP y RGD no compiten entre sf por 14 uni6n a la integrina ovf33.

La unién de virus nar3 no cortado nos ha servido como modelo para estudiar la
interaccidn directa ente los rotavirus y la integrina orvB3. Esta interaccién es mediada por la
proteina VP7, concretamente por la regién representada en el péptido CNP (aa 161-169).
Pero la interaccion entre los rotavirus y la integrina ovf33 no es evidente cuando el virus estd
cortado con tripsina (donde ya habiamosencontx“ado que la interaccidn inicial es o con AS,
mediada por VP8, o con la integrina 0281, mediada por VPS5, dependiendo de la cepa lque se
~ trate), por lo que suponemos que es hecesa.rio que ocurran'.cambios en la particula viral,
posiblemente facilitados por los contactos previos del virus con la superficie de la célula, para -
que el virus cortado se una a esfa integrina mediante la regién CNP de VP7 y se lleve a cabo
una infeccién producti{fa.

Recientemente, se publicé un an4lisis comparativo de criomicroscopia electrénica
entre rotavirﬁs que habian sido cortados o no con tripsina. Este estudio mostrd que los virus
no cortados no tienen las espiculas de VP4 bien definidas, éugiricndo que éstas se encuentran
" menos ordenadas y que el corte con tripsina da lugar a espiculas bien ordenédas, que se
observan claramente en la microscopia (9) (ver figura 2), lo que podria ser importante para la
entrada del virus. Otra observacion interesante sefialada en este estudio es que ai)arentemente
existen diferencias en la conformacién de la proteina VP7 entre los virus cortados y no
cortados, a pesar de que el tratamiento con tripsina no produce ningiin corte en la proteina
VP7; por ello se ha propuesto que estas diferencias podrian ser un reflejo del cambio

conformacional que ocurre en VP4 con el tratamiento proteolitico. El hecho que €l virus nar3
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no cortado pueda unirse a la célula a través de VP7, mientrés 'que el virus cortado lo haga a |
través de VPS5, podria deberse a las diferencias encontradas en las conformaciones de VP4 y
VP7 causadas ﬁor el corte con tripsiﬁa. |
Este trabajo nos ha permitido descriﬁir por primera vez una funcién para la‘protefna
viral VP7. Ademds, hemos encontrado un nuevo dominio peptidico capaz de interaccionar
con integrinas del tipo aivP3, que es utilizada por los rotavirus y que es diferente del motivo
de unién canénico RGD. Queda por determinar si esta secuencia también puede ser utilizada
por los hantavirus para unifse a la integrina ovB3. Por otro lado, existe la posibilidad de que
este motivo de unién a integrinas dé tipo aivP3 pueda ser utilizado por otras proteina virales o
celulares para interaccionar con esta protefna.
En conjunto, los resultados obtenidos durante ¢l desarrollo de este trabajo nos‘ han
permitido apﬁntalar y definir varias de las primeras interacciones de los rotaviruus con su
.célula huésped, que se resumen en el siguiente modelo de trabajo; éste integra las
obs'ervaciones que se han hecho a lo largo de varios afios en nuestro laboratorio (Figura 15) y
en el que proponemos que: |

a) El rotavirus de origen; animal RRV interacciona en primer lugar con un receptor que
~contiene AS (sensible al tratamiento con NA); este receptor no ha sido identificado
difectamcnte, pero un candidato es el gangliésido GM3 (31, 66). Esta int_eraCCién es mediada
por el sitio de unién a AS presente en VPS, entre los aminodcidos 93-208.

b) Déspués de esta interaccidn, el virus RRV se une con la integrina 0281 a través del
motivo DGE presente en la.r‘egién amino terminal de VP5 (307-309). Esta interaccién
representa la unidn inicial del virus naz3.

¢) El AcM 2D9 bloguea la unién del rotavirus nar3, pero adin no se concoce la
- molécula contra la que va dirigido. Suponemos que esta entidad molecular se encuentra
fisicamente cerca de la integrina d2B1, y es posible que funcione como un receptor

alternativo de la variante nar3 en células que carecen de esta integrina.
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d) Las interacciones iniciales de los rotavirus RRV y nar3, que son medjadas por
regiones localizadas en la regién distal de la espiculas, les permiten interaccionar
posteriormente con la protefna hsc70 y con la integrina o3, utilizando para ésto la regién
carboxilo de VP5 (que suponemos se encuentra cerca de VP7) y la regidn de VP7 que
contiene al pépﬁdo CNP, reépectiv'amente.

e) En el caso del rotavirus de origen humano Wa, se ha encontrado que AcM dirigidos
contra VP7 son capaces de bloquear su unién a la superficie de -Ia célula (Villatoro y col,
datos no publicados) y es posible que su receptor inicial sea un gangliésido cuyos AS sean
resistentes al tratamiento con NA, como por éjemplo el gangliésido GM1 (11, 31). Sin
embargo se sabe que este virus interacciona con la integrina avB3 y con la protefna hsc70 en
un paso posterior a su unién inicial.

f) Las ihtegrinas 0401 y axP2 también estén involucradas en el proceso de entrada de
los rotavirus y es posible que puedan funcionar como receptores alternativos en diferentes
Ilineas celulares.

2) La regidn hidrofébica de VPS5 podria estar involucrada en los primero's gventos de
la infeccidn, probablemente dufante el proceso de entrada. |

Todos estos datos apoyan la idea de que la entrada de los rotavirus es un proceso que
involucra varios pasos, asi como una serie de‘ receptores que son utilizados de manera
sucesiva por el virus. Esta serie de eventos finalmente le permitiria a la partfcula viral liegar al
- citoplasma.

Una integracion de los datos que han sido aportados hasta ahora en este campo se
puede encontrar en la revisién “Early events of rotavirﬁs infection: the search for the

receptor(s)” que se presenta en el anexo (1).
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RRV nar3
(AS dependiente)(AS independiente)

L VP5
DGE

VP5 (P51.
o

Receptor con AS

hsc70

Integrina a:2B1 Integrina av33

-Figura 15. Modelo de las primeras interacciones de los rotavirus. El rotavirus silvestre RRV se
une incialmente con un receptor que contiene AS, a través del dominio VP8 de la protefna VP4.
Después de esta primera interaccién, que puede producir un cambio conformacional en VP4, el

~ virus RRYV se une a un receptor resistente a NA, la integrina o231, Esta interaccién es mediada

por el tripéptido DGE presente en VPS5 (aa 308-310). Esta segunda interaccién podria facilitar las
interacciones posteriores con la integrina av[?)?: y con la protefna de choque térmico hsc70; estas
interacciones estdn mediadas por la regién CNP de VP7 (aa 161-167) y por la regién del péptido

5 de VP5 (aa 642—658), respectivamente. La variante resistente a NA, nar3, se une inicialmente -
con la integrina ¢i2f1, y posteriormente interacciona con la integrina oivf3 y con hsc70. El
antigeno que reconoce el AcM 2D9 no se ha identificado, pero suponemos que se encuentra

fisicamente cerca de la integrina a2p1.

TRSIS CON
FALLA DE ORIGEN.
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PERSPECTIVAS

| Los resultados obtenidos hasta €l momento nos han permitido establecer que existen
varios receptores para rotavirus y que el pr'ocesol de entrada implica varios pasos. Sin
embargo, para comprender mejor este mecanismo es necesario estudiar los cambios
conformacionales que suponemos sufre la particula viral durante este proceso. Resultados
preliminares obtenidos en nuestro laboratorio indican que el anticuerpo no neutralizante HS2
(dirigido contra VP5) es capaz de neutralizar la infeccién del virus cuando éste ya se
encuentra unido a !a superficie celular; ésto sugiere que el AcM HS2 es capaz de reconocer el
épftope contra el que va dirigido, debido posiblemente a un carﬁbio en la estructura de la
particula viral, mediado-por el contacto inicial con la superficie celular. Por otro lado, también
es necesario estudiar los efectos que tienen las interacciones iniciales del virus sobre la célula
huésped; por ejemplo, ¢s posible que los contactos del virus con las integrinas inicien
cascadas de sefializacién dentro de la célula qué afecten de algtin modo el curso de la unién y
la penetracién. También seria interesante estudiar el papel de la proteina hsc70 en el procéso
de entrada, puesto que es muy posible que particip.e activamente en los cambios
conformécionaies de la particuia viral durante su paso hacia el citoplasma.

Por otro lado, es necesario identificar a los receptbres .iniciales de los rotavirus
naturalmente resistentes a NA, ya sean de origen humano o animal, y a sus contrapartes en las -
proteinas virales. A pesar de los esfuerzos realizados en nuestro laboratorio para caracterizar
la unién de la cepa de origen humano Wa, no ha sido posible identificar a su receptor, pero se
ha podido éstablecer que la proteina VP7 de este virus es probablemente respoﬁsable de
mediar la interaccién inicial del virus Wa con la célula. Queda por determiﬁarse cual es la
regién de VP7 responsable de dicha interaccion y el receptor inicial de esta cepa.

Sabemos que el trbpismo de los rotavirus es restringido, sin embargo las moléculas
que se han identificado como receptoras tienen una distribucién més amplia que el tropismo
observado para estos virus. Es légico suponer que la sdla presencia de estas moléculas no es,
por lo tanto, responsable de la suceptibilidad a. la infeccidn por rotavirus, sino que la presencia
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de todas estas moléculas en conjunto serfa necesaria. De hecho, datos de nuestro laboratorio
muestran que la disoéiacién de microdominios lipidicos, conécidos como rafts, utilizando
cilodextrina bloquea la infeccién por rotavirus, sugi;iendo Que al menos algunas de las
moléculas receptoras podrian estar _aSoci,adas con ellos. Por lo anterior, una lfnea de
investigacién que actuélmente se sigue en nuestro laboratorio es determinar si las moléculas
que han sido identificadas como receptores de los rotavirus se encuentran formando un

complejo, y el papel de los microdominios lipfdicos, en la infeccién por rotavirus,
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Early events of rotavirus infection:
the search for the receptor(s)

Carlos F. Arias, Carlos A. Guerrer&, Etnesto Méndez, Selene Zarate, Pavel Isa,
Rafaela Espinosa, Pedro Romero and Susana Lopez

Departamento de Genética y Fisiologia Molecular, Instituto de Biotecnologia, Universidad
Nacional Autinomade México, Cuernavaca, Morelos 62250, Mexico

Abstract. The entry of rotaviruses into epithelial cells seems to be 4 multistep process.
Infection competition experiments have suggested that at least three different
interactions between the virus and cell sutface molecules take place during the eatly
events of infection, and glycolipids as well as glycoproteins have been suggested to be
primary attachment receptors for rotaviruses. The infectivity of some rotavirus straing
depends on the presence of sialic acid on the cell surface, however, it has been shown -
that this interaction is not essential, and it has been suggested that there exists a
neuraminidase-resistant cell surface molecule with which most rotaviruses interact. The
comparative characterization of the sialic acid-dependent -rotavirus strain RRV
(G3P5(3]), its neuraminidase-resistant variant nar3, and the human rotavirus strain Wa
(G1P1A[8]) has allowed us to show that 281 integtin is used by nat3 as its primary cell
attachment site, and by RRV in a second interaction, subsequent to its initial contact with
a sialic acid-containing cell receptor. We have also shown that integrin aVf3 is used
by all three rotavitus strains as a co-receptot, subsequent to their initial attachment
to the cell. We propose that the functional rotavirus receptor is a complex of several
cell molecules most 11ke1y immersed in glycosphingolipid-entiched plasma membrane
‘microdomains.

2001 Gastroenteritis viruses. Wilgy, Chickester (INovartis Pamdatzan .S‘ympa;zz;m 238)
p47-63

Group A rotaviruses are non-enveloped viruses that possess a genome of 11
segments of double-stranded RNA contained in a ttiple-layered protein capsid.
The outermost layet is composed of two proteins, VP4 and VP7. The smooth
external surface of the virus is made up of 780 copies of glycoprotein VP7, while
60 spike-like structutes, formed by dimers of VP4 extend from the VP7 sutface
(Estes 1996).

10n academic leave from the Departamento de Bioquimica, Facultad de Medicina, Universidad
Nacional de Colombia
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VP4 has essential functions in the virus life cycle, including receptor binding and
cell penetration (Crawford et al 1994, Lépez et al 1985, Ludert et al 1996). The
properties of this protein are’ therefore important determinants of host tange,
virulence and induction of protective immunity. The role of VP7 during the
early interactions of the virus with the cell is not clear, although it has been
shown that it can modulate some of the VP4-mediated virus phenotypes,
including receptor binding (Beisner et al 1998, Méndez et al 1996), and it has
been suggested that it might interact with cell surface molecules after the initial
attachment of the virus through the spike protein (Coulson et al 1997, Estes
1996, Méndez et al 1999). For rotaviruses to enter the cell, VP4 has to be cleaved
by trypsin into two subunits, VP5 and VP8 (Atias et al 1996, Lopez et al 1985).

Rotavituses have a very specific cell tropism, infecting only the enterocytes on
the tip' of villi of the small intestine, suggesting that specific host receptors must
exist. Invitr, they also display a strict tropism, binding to a variety of cell lines, but
infecting efficiently only those of renal or intestinal epithelium origin.

Diffetent rotavirus strains display different requirements to bind, and thus infect,
susceptible cells. The cell attachment of some rotavirus strains isolated from
animals (other than humans) is greatly diminished by treatment of cells with
neuraminidase (INA), indicating the need for sialic acid (SA) on the cell sutface
(Ciatlet & Estes 1999, Fukudome et 2] 1989, Keljo & Smith 1988, Méndez et al
1993). The interaction with a SA-containing receptot, however, does not seem to
be essential, since variants which no longer need SA to infect the cells can be
isolated from the SA-dependent strains (Ludert et al 1998, Méndez et al 1993). In
addition, many animal rotavirus strains are NA-resistant and most, if notall, strains
isolated from humans are also NA-resistant (Ciarlet & Estes 1999, Fukudome et al
1989, Méndez et al 1999). Thus, there is a great interest in identifying the NA-
. resistant cellular receptor(s) for rotavirus, and to determine the role it (they) may
have on the narrow tropism observed for this vitus. In this context, it is also of
importance to define the viral proteins, and their specific domains, involved in '
contacting the cell receptor(s).

‘To understand the eatly events of rotavirus infection we have undertaken the
comparative characterization of three rotavirus strains: the SA-dependent sitian
rotavirus RRV, its NA-resistant variant nat3, and the human rotavirus (HRV)
strain Wa, which is naturally resistant to NA. A summary of the advances and
approaches we have taken to characterize the early events of infection of these

viruses i presented.

The interaction of rotavirus with its host cell is a multistep process

‘Several lines of evidence suggest that rotaviruses need to interact with mote than
one cell surface molecule to enter the cell, using during this process different
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FIG. 1. Distinctive structural features of the outer shell protein VP4. The trypsin cleavage
region is indicated by an arrow, which defines the boundary between VP8 and VP5. In VP8,
the haemagglutination domain (HA) (aa 93 to 208) is shadowed; the astetisks below this
domain indicate aa 155 and 188-190, which are important in the SA binding activity of this
protein, The disulfide bridges between Cys203 and Cys216, and between Cys318 and Cys380,
ate indicated by §=8. In VP5, the position of the DGE and IDA tripeptide sequence binding
motifs which might putatively be recognized by integrins «281 and «4f1, respectively, are
shown. The hydrophobic region (HR), which has been proposed to be a putative fusion
domain, and a predicted heptad repeat (coiled-coil) which might form part of a coiled-coil
structure are also dep1cted

domains of the virus sutface protein VP4 (Fig. 1). The following studies, which
support these multiple interactions, were carried out in the thesus monkey kidney
epithelial cell line MA104, which is highly susceptible for rotavirus infection. -

(a) Inaninfection assay designed to detect competition for cell sutface molecules
at both attachment and post-attachment steps (Méndez et al 1999), it was
found that HRV Wa efficiently competed with the infectivity of the SA-

- dependent potcine rotavirus strain YM, and that of the vatiant nat3 both in
untreated, as well as in NA-treated cells. This competition was non-treciprocal
since YM and nat3 did not compete with the infectivity of Wa. In contrast, a
two-direction competition between the variant nar3 and a SA-dependent
strain was found. The fact that the competition between the two NA-
resistant strains nat3 and Wa was not reciprocal indicates that they biad to

- different molecules. In addition, the SA-dependence phenotype clearly
differentiates strains, like RRV or YM, from nar3 and Wa. Altogether, these
findings suggest the existence of at least three cellular structures involved in
rotavirus cell infection, with at least one being shared by human, SA-
dependent, and animal, NA-resistant, variant strains.

(b) The comparison of the binding characteristics of wild-type RRV (wtRRV)

' and nar3 to MA104 cells showed that both the SA-dependent and SA-

independent interactions of these viruses with the cell are mediated through

two different domains of VP4 (Méndez et al 1993). It was shown that RRV
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TABLE1 Inhibition of binding and infectivity of RRV and nar3 viruses by MAbs to
VP4 and by VPS and VP5 recombinant proteins

% Binding and infectivity in the presence of the indicated MA bs or
recombinant pro¥eins

no «VP8  «VP5 GST-  GST-
Virns — MdAb  (7412) (2G4) GST VP8 PS5

Binding® = RRV 100 9 84 102 25 97
nat3 100 72 9 99 100 24
Infectivity® RRV 100 8 9 87 44 102
nar3 100 95 16 110 104 50

*Expressed as the percentage of virus binding in the absence of antibodies or recombinant proteins.
bE:n:pres.sed as percentage of the vitus infectivity obtained in the absence of antibodies or recombinant
proteins, The arithimetic means from two independent experiments performed in duplicate are shown.

©

~ attaches to the cell through VP8, while nar3 does so through the VP5 domain

of VP4 (Zirate et al 2000a). This obsetvation is supported by the fact that
neutralizing antibodies to VP8 block the attichment to cells of RRV, but
not of its variant nat3, while a monoclonal antibody (MAb) to VP5 (2G4)
inhibits the binding of nar3, but not that of RRV. In addition, recombinant
VP8 and VP5 proteins produced in bacteria as fusion products with
glutathione S-transferase (GST), ate capable of inhibiting the binding and
infection of wild-type and vatiant viruses, respectively, when pre-incubated
with the cell (Table 1, Zarate et al 2000b). While nar3 only needs to interact
(through VP5) with the NA-resistant receptot, wtRRV seems to engage in the

two interactions desctibed in a sequential mannet, since MAb 2G4, despite

selectively blocking the binding of nar3, efficiently neutralizes the
infectivity of both viruses (see also below). ‘ :

The sequential interaction of RRV with two molecules on the surface of
MA104 cells is further supported by the observation that MAb 2D9, which
is directed to a cell surface antigen, specifically blocks the infectivity of both
wtRRV and nar3, but competes only with the attachment of the vatiant,
indicating that wtRRV is blocked at a post-binding step (L6pez et al 2000).

- Since MAb 2D9 also blocks the infectivity of nar3 in NA-treated cells, and

prevents the cell attachment of the recombinant protein GST-VPS, but does
not affect the binding of GST-VP8 (Fig. 3), it would seem to be directed to
the NA-resistant receptor used by nar3 to attach to the cell, or to a molecule

closely associated with it. 145
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Multiplicity of rotavirus receptors

Despite the advances in the molecular and structural biology of these vituses, little
is known about the rotavirus cell receptors. A number of glycoconjugates have
. been shown to bind to, and to block the infectivity of, SA-dependent animal
rotavirus strains, and some of them have been suggested to play a role as possible
receptors, like GM3 gangliosides in newborn piglet intestine (Rolsma et al 1998),
GM1in LLC-MK2 cells (Superti & Donelli 1991), and 300-330 kDa glycoproteins
in murine enterocytes (Bass et al 1991). It has also been suggested that the NA-
resistant ganglioside GM1 may act as a receptot for some HRV strains in MA104
cells (Guo et al 1999). Recently, it was reported that VP4 contains the DGE and
IDA tripeptide sequence motifs known to interact with integrins «2f1 and 41,
respectively (Fig. 1), while VP7 contains the #X 82 integrin ligand site GPR, and
the a441 binding motif LDV (Coulson et al 1997, Hewish et al 2000). Antibodies to
the integrin subunits «2, §2 and a4, as well as peptides that mimic the ligand sites
were shown to block the infectivity of the SA-dependent rotavirus SA11 and the
HRYV strain RV5 (Coulson et al 1997). It was also shown that integrins «2f1 and
a4f1 can mediate the attachment and entry of rotavirus SA1l into the human
myelogenous leukemic cell line K562 (Hewish et al 2000).

- As part of the biochemical characterization of the rotavirus cell receptors, we
have recently shown that the infectivity of rotaviruses RRV, nar3 and Wa is

TABLE 2 Effect of metabolic inhibitors, cell membrane cholesterol depietion, and
octyl-B-glucoside on the infectivity and binding of rotavituses in MA104 cells

% Infectivity % Bz'fzding
Inbibitor* - RRV nar3 Wa RRY  mar3 Wa
No treatment 100 100 100 100 100 100
PDMP (25 pugfmi) 20 - 40 23 110 46 104
Tunicamycin (2 pgfml) 56 48 - 111 101 94
~ BenzylGalNAc (2 mM) 101 150 147 ND ND ND
Octyl-B-glucoside (0.2%) 41 41 39 32 40 33
f-cyclodexrtrin (10 mM) 9 6 -5 112 109 116
OG extract® (20 ug/ml) 5 3 4 60 59 57

*MA104 cell monolayers were incubated with the indicated concentration of inhibitor for 1h (8-
cyclodexttin), 24 h (tunicamycin), or 72h (PDMP and BenzylGalNAc) at 37°C, or for 90 min (octyl-g-
glucoside) at room temperature, before virus infection.

Rotavituses were incubated with either 20 or 400 pug/ml of OG-extracted proteins, for the binding and
infectivity inhibition assays, respectively. At 20 ug/ml the binding of all three viruses was inhibited by
- about 40%.

The mean of at least three independent experiments catried out in duplicate is shown.
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FIG. 2. Inhibition of rotavirus mfcctiwty by the OG extract. The indicated concentrations of
OG-extracted protein wete incubated with the viruses for 90 min at 37 °C, The virus—protein
mixtures were used to infect MA104 cell monolayers, after an adsorption period at 4 °C, the
inoculum was removed and the infection was left to proceed for 14 h at 37 °C. At this time the -
cells were fixed, and the infectious titre was determined by an Immunoperomdasc focus assay.
Percentage infectivity is teferred to the infectivity of the viruses incubated in 0.2% OG. Etrot
bars tepresent one standard erfor of the mean of three independent experiments carried out in
duplicate.

partially blocked by metabolic inhibitors of N-glycosylation (tunicamycin), and
glycolipid synthesis (PDMP), while it is not affected by the inhibition of the
- cellular O-glycosylation (Guetreto et al 2000a). In addition, we also showed that
depletion of cholesterol from the cell membrane with methyl-f-cyclodextrin
reduced the infectivity of the three viruses by more than 90%, while not affecting
their binding to the cell (Table 2). The involvement of N-glycosylated proteins,
glycolipids, and cholesterol in rotavirus infection suggest that the virus receptoz(s)
might be forming part of the cell membrane glycosphingolipid-entiched lipid
microdomains, termed rafts (Simons & Ikonen 1997).

In a different approach we showed that treatment of MA104 cells with the non-
ionic detergent octyl-f-glucoside (OG), under non-lytic conditions, renders the -
cells largely refractory to binding and infection by rotaviruses (Table 2)
(Guertero et al 2000a), most probably due to the extractiori of the rotavirus
receptor(s). Accordingly, pre-incubation of the viruses with the OG extract
inhibited ‘infectivity by more than 95% (Fig. 2). Five protein bands with the
ability to block rotavirus infectivity were purified by préparative electtophoresis
from these extracts, and amino acid sequence analysis of the band of 110kDa,
revealed the presence, among other proteins, of the 83 integrin subunit.
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02f1 integrin mediates the cell attachment
of the N A-resistant RRV variant nar3

The initial interaction of nar3 with the cell sutface is likely to be with integrin «2f1,
through the DGE integrin binding domain present in VP35, since: (i) antibodies to
the «2 subunit reduce by 30% the infectivity of both wtRRV and nat3, but only
block the cell attachment of nar3; (ii) MAbs to «2 block the attachment of the GST—
VPS5 fusion protein but not that of GST-VP8 (Fig. 3); (iii) GST-VP5 specifically
displaces up to 75% of the cell binding of nar3, while a GST-VP5 mutant

polypeptide in which the a2 integrin binding motif DGE was changed to AGE
* no longer displaces it (Zarate et al 2000b); and (iv) a synthetic VP4 peptide which
comprises the 21 integrin binding motif DGE efficiently inhibits the attachment -
of nar3, but not that of RRV (Fig. 3) (Zérate et al 2000b).

Even though the behaviour of MADb 2D9 is similar to that of «2f1 integrin
antibodies (Fig. 3), 2D9 is probably not directed to this integrin, since its pattern
of staining of mouse small intestinal cells is quite different from that obtained with
a2fl . MAbs (R. Espinoza, C. F. Arias & S. Lopez, unpublished data).
Nevertheless, the cell structure recognized by 2D9 must be in close proximity to
integrin 6281 on the surface of MA104 celis, since MAD 2D9 displaces the binding
of antibodies to «2B1 by flow cytometry (P. Isa, C. F. Atrlas & S, Lépez,
unpublished results). 2D9 might serve as an alternative cell receptor for the
variant nar3, since cells that lack «2f1 but are 2D9-positive, like L or CHO,
can be infected by this virus, albeit at much lower efficiency (P. Isa, C. F. Arias &
S. Lopez, unpublished data).

Integrin B3 functions as a co-receptor for rotaviruses

The relevance of §3 integrin for rotavirus infection was established by the fact that
antibodies to this integtin subunit reduced by 50% the infectivity of RRV, nar3 and
Wa rotaviruses. In accordance to this finding, when vitronectin, a 3 integrin
ligand, was pre-incubated with cells, it specifically blocked rotavirus infectivity
up to 70% (Guertero et al 2000b). ‘

Since integrins a21, ¢4f1 and aX 2 have been suggested to play a role during
rotavirus entry (Coulson et al 1997), we performed blocking expetiments using
mixes of antibodies directed to these integrins and to aVf3. A clear additive
blocking effect was found when antibodies to integtins 02f1 and aVp3 were
‘mixed, suggesting that these two integrins might be involved in different stages
of rotavirus infection (Guerrero et 2l 2000b), _

The expression of B3 integtin into the pootly permissive CHO cells was
shown to facilitate the infectivity of rotaviruses. CHO cells stably transfected
with the B3 integrin gene (Diaz-Gonzilez et al 1996), overexptessing either
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FIG. 3. Effect of antibodies to the cell surface, and of a VP4 peptide, on the binding of RRV
and nat3 viruses. MA104 cells were preincubated for 1 hat 37 °C with a MAD to integrin subunit
a2, with MAb 2D9 or with peptide DGE. After incubation, these cells were washed, and purified
RRYV or nat3 viral particles or affinity purified GST-VP8 and GST-VP5 fusion protein were
adsorbed for 60 min at 4 °C with gentle shaking. The amount of cell bound virus, or fusion
protein, was determined by an ELISA, as described (Zérate et al 20002). 'The VP4 synthetic
peptide evaluated comptises amino acid residues 300 to 321 of the protein, and contains the -
DGE sequence binding motif for integrin «2f1. Data aré expressed as the percentage of virus
or recombinant protein binding, in the absence of antibodies or peptide. The arithmetic means
and standard deviations of two independent experiments are shown. :

aIIbf3 ot «VB3 integrins, were three to four times more susceptible to
rotavirus infection than the parental CHO cell line. This increase in
infectivity was shown to be blocked by incubation of the cells with either
MAbs to 3 or vitronectin (Fig. 4) (Guertero et al 2000b). Furthermore, it
was shown that the interaction of rotaviruses with aVpB3 is at a post-
attachment step, probably penetration, since vitronectin and antibodies to 3
do not, or only slightly, inhibit rotavirus cell attachment. Also, the interaction
of rotaviruses with 3 integrin was found to be RGD-independent, as expected
from the fact that neither VP4 nor VP7 have this integrin binding miotif
(Guertero et al 2000b). :
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FIG. 4. The expression of ﬁ3 integrin in CHO cells fac111tates rotavirus cell infection.
Monolayers of conttol CHO cells oxr CHO cells expressing integrin olTbf3 (Dlaz -Gonzilez et
al 1996), in 96-well plates, wete infected with 2x10° fflu’s of RRV, nar3 or Wa viruses pet well.
After 60 min adsorption at 37 °C, the infection was left to proceed for 16 hat 37 °C, at which time
the cells were fixed and immunostained. In the condition where the cells were preincubated with
vitronectin (CHO/wIIbf3 + Vn), the integrin ligand (1.5 pg/ml) was added for 1 hat 37 °Cbefote
virus infection. Data are expressed as percentage of the virus infectivity obtained in the CHO
cells. The arithmetic mean from two independent experiments performed in duplicate are
shown. The standard etror is shown.

A model for the early interactions of rotaviruses with MA104 celis

Asa summary of the data presented here, we propose the following working model
(Fig. 5), which takes into account the currently available information:

(a) Wild type RRV interacts primarily with a SA-containing cell receptor
through the VP8 domain of VP4. The identity of the SA-containing
molecule has not been determined, although good candidates -are
ganglioside GM3 (Guo et al 1999, Rolsma et al 1998), or the SA present in

-~ the integrin molecules (see below). The SA-binding domain of VP8 is located
between amino acids 93 to 208, with residues 155, and 188 to 190, having an
important role in this function (Fig. 1) (Fiore et al 1991 Fuentes Panana et al
1995, Isa et al 1997).

(b) Subsequentto theinitial interaction with SA, RRV interacts with a second cell

" receptot, most probably «281 integrin, through the DGE integrin-binding

motif located in the VP5 subumt of VP4 (Zarate et al 2000b). The ability of
1o
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the N A-resistant variant nat3 to interact directly with this integrin is likely to
be the result of a slight different conformation of its VP4 protein, compared to
that of the wtRRV protein (Méndez et al 1993, 1996). Although the present
data clearly indicate the existence of two different interactions between wild-
type RRV and the cell surface, it has not yet been established whether two cell
molecules, or two sites in the same molecule (e.g. ®281), interact with VP8 and
VP5. The fact that in infection competition assays the wild-type and vatiant
viruses compete with each other reciprocally, suggests that if it is not the same
cellular entity, the two cell molecules must be in close proximity.

(c) Integrins a4f1 and aXp2 have been implicated in rotavirus cell infection
(Coulson et al 1997, Guerrero et al 2000b, Hewish et 2l 2000). The role of
these integrins has not been determined yet, however, given that no
additivity was observed when mixes of antibodies to these and othet
integrins were tested (Guetrero et al 2000b), they may represent alternative
interaction sites for rotaviruses. '

(d) The results obtained in the infection competition assays described above
suggest that HRV Wa initially attaches to a cell surface molecule that is used
by RRV and nar3, in a subsequent step after their interaction with «2f1
integrin. It can not be ruled out, however, that the attachment receptor for
Wa is not actually used by RRV and nar3, but that HRV Wa interferes with

- the infectivity of these viruses by binding to a molecule that might be located
in close proximity to either w281, or to co-receptor «Vp3. The cellulat
molecule used by HRV Wa to bind to cells has not yet been characterized,
although ganglioside GM1 seems to be a good candidate (Guo et al 1999).

FIG. 5. A model for the eatly interactions of rotaviruses with MA104 cells, Wild type RRV
interacts primarily with a SA-containing cell receptor through the VP8 domain of VP4.
Subsequent to this initial interaction, which might induce a conformational change in VP4,
the virus interacts with a second, NA-resistant cell receptor, here proposed to be a2f1 integrin.
This interaction is through the DGE binding motif of VP5, present at aa 308-310. This second
virus—cell interaction might facilitate a third interaction of the virus with 3 integrin, The SA-
independent variant nar3 is proposed to interact directly, through VP5, with the «2£1 integrin.
For the sake of clarity, the SA-containing and NA-resistant cellular receptors are depicted here as
two separate entities (the first possibly being ganglioside GM3), however, they could be two
domains of the same receptot molecule (see text). The natute of the attachment site for the
HRYV strain Wa has not been determined, however, we propose that it binds to a molecule that
is in close proximity to «2f1, probably GM1 (see text). The antigen recognized by MAb 2D9
(2D9-Ag) has not been identified, but we assume that it should also be close to the a281 integrin
(see text). After their initial contact with the cell, all three rotavirus strains are proposed to
interact with f3 integtrin, this interaction might mediate the penetration of the viruses into the
cell’s interioz. In this model most, if not all, of the molecules involved in rotavirus binding and
- entry are proposed to form a complex, probably embedded in glycosph1ngol1p1d-cnnched lipid
: mlcrodomams on the cell surface,

15g..



58 , ' ARIASET AL

Also, the viral protein domain responsible for this intetaction has not been

, determined.

(e) We have found that integrin aV 3 plays an 1mportant role for infection of all
three rotavirus strains at a post-attachment step, most likely penetration;
howevet, the precise function of this protein has yet to be characterized.

(f) The essential components of the glycosphingolipid-entiched -membrane
domains, termed rafts, are glycoproteins, glycosphingolipids and
cholesterol. Since these three components have been found to be important
for the initial steps of totavirus infection (Guerreto et al 2000a), and «V B3
integrin has been observed to be present in rafts (C. A. Guerrero, S. Lopez
& C. F. Arias, unpublished data, Green et al 1999), we propose that some or
all of the various virus-cell interactions described above might take place in
these lipid microdomains.

The data presented hete are consistent with the existence of several
rotavirus receptors which might be tightly organized, maybe forming a
complex in  glycosphingolipid-enriched rafts. The requirement for several
cell molecules to be present and organized in a precise fashion, might
. explain the exquisite cell and tissue tropism of these viruses. It remains to
be established which, if any, of the receptor molecules described so far is
indeed non-teplaceable, and if in fact there exists a2 unique pathway of
infectivity for rotaviruses, with distinct entry points for different strains.

In conclusion, much temains to be learned about the process of binding and
penetration of rotaviruses. The characterization of the nature of the interactions
that occur between the cellular and viral partners, and the signal transduction
pathways potentially triggered by the. eatly virus—cell contacts, should give
insight into the elaborated mechanism used by these viruses to enter cells.
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